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Abstract

Developing strategies to study reactivity and selectivity in flexible catalyst systems has become an 

important topic of research. Herein, we report a combined experimental and computational study 

aimed at understanding the mechanistic role of an achiral DABCOnium cofactor in a regio- and 

enantiodivergent bromocyclization reaction. It was found that electron-deficient aryl substituents 

enable rigidified transition states via an anion–π interaction with the catalyst, which drives the 

selectivity of the reaction. In contrast, electron-rich aryl groups on the DABCOnium result in 
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significantly more flexible transition states, where interactions between the catalyst and substrate 

are more important. An analysis of not only the lowest-energy transition state structures but also 

an ensemble of low-energy transition state conformers via energy decomposition analysis and 

machine learning was crucial to revealing the dominant noncovalent interactions responsible for 

observed changes in selectivity in this flexible system.

Graphical Abstract

Keywords

computational analysis; linear free energy relationship; energy decomposition analysis; machine 
learning; asymmetric catalysis; conformers

INTRODUCTION

High selectivity, rate enhancement, and chemospecificity are features of enzyme-catalyzed 

reactions that chemists strive to emulate with synthetic catalysts.1 Unlike nature’s process of 

evolution, the rational and deliberate design of small-molecule catalysts necessitates precise 

structural changes that ideally provide predictable and rationalizable effects on reactivity 

and selectivity. In the field of asymmetric catalysis, the desire to reliably tune the steric and 

electronic profile of the chiral environment to affect the selectivity of a reaction has resulted 

in the extensive use of rigid, C2-symmetric ligands and organocatalysts,2 where flexibility 

has traditionally been considered an undesirable feature. In these systems, classical physical 

organic techniques, in conjunction with locating transition state (TS) structures by density 

functional theory (DFT), have become commonplace for understanding the interactions 

underpinning selectivity.3 In the case of traditional chiral catalysts, their relative inflexibility 

allows for computational studies, where often only the lowest-energy structure of key 

intermediates and TSs are used to ascertain interactions affecting selectivity.

Recently, catalyst architectures have departed from tradition by embracing flexibility as 

a design element, leading to novel reactivity and selectivity, as well as new mechanistic 

questions.4 This is exemplified by a report where a phosphite–oxazoline ligand, featuring 

a flexible biaryl motif, was employed for Pd-catalyzed allylic substitution (Scheme 

1A).5,6 This flexible ligand outperformed established representative ligands for overall 
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substrate tolerance, providing higher enantioselectivities across a series of model substrates. 

Unique mechanistic questions about selectivity in a flexible organocatalyst system have 

been demonstrated by a guanidine-/bisthiourea-promoted enantiodivergent Mannich-type 

reaction, where switching the polarity of the solvent was able to invert the enantioselectivity 

of the reaction (Scheme 1B)7 An Eyring analysis demonstrated that the solvent-dependent 

enantioselectivity of the conformationally flexible catalyst was a result of switching 

between an enthalpically and entropically controlled mechanism. Within the realm of 

organocatalysis, some of the most prolifically studied flexible systems have been small-

molecule peptide catalysts.8,9 Recent work by the Miller and Baker groups demonstrated 

that, in a peptide-catalyzed, atroposelective bromination,10,11 a more flexible peptide 

enhanced enantioselectivity, as compared to a less flexible analogue (Scheme 1C).12 This 

outcome resulted from the catalyst’s ability to more easily access selective and reactive 

catalyst conformations in transition states. Despite these advances, understanding the origins 

of selectivity in conformationally flexible catalyst systems remains an ongoing challenge.

In most of the previous mechanistic studies of flexible catalyst systems, flexibility arises 

from freely rotatable σ bonds in the chiral catalyst. As a result, the primary selectivity-

determining interactions considered are those between the catalyst and substrate. The 

interplay of reaction components becomes more challenging to deconvolute in the field of 

ionpairing and phase-transfer catalysis,13,14 where flexibility can result from intermolecular 

interactions between multiple catalyst components. In these reactions, interactions among 

the substrate, charged catalyst, and an oppositely charged reagent must be considered, where 

changing the structure and relative position of one component can have a multifaceted effect 

on reactivity and selectivity. Another practical challenge in understanding the interactions 

between the multiple flexible reaction components is the existence of several different 

types of noncovalent interactions between each pair of components. Recently, energy 

decomposition analysis (EDA) calculations have been used to quantitatively analyze the 

different types of catalyst–substrate interactions, such as London dispersion, electrostatics, 

polarization, charge transfer, and steric (Pauli) repulsions.15 Although EDA studies have 

been successfully applied to relatively rigid catalysts, analyzing EDA results in flexible 

systems is uniquely challenging due to the high dimensionality produced by aggregating 

data from multiple conformers. Inspired by the use of machine learning (ML) algorithms to 

process complex data sets and predict chemical reactivity/selectivity,16 we surmised that ML 

algorithms may also be employed to facilitate the interpretation of EDA results.

Recently, the Toste group reported a regio- and enantioselective bromocyclization of 

difluoroalkenes to access CF2Br-containing stereocenters under chiral anion phase transfer17 

(CAPT) conditions (Scheme 1D).18 During the optimization of this reaction, it was observed 

that the identity of the brominating reagent effected the regio- and enantioselectivity of 

the reaction. This effect was so pronounced that the favored regioisomer, as well as the 

enantiomer of both exo- and endo-cyclization products, could be inverted (−25% < eeexo 

< 91%) by the choice of the arene on the 1,4-diazabicyclo[2.2.2]octane (DABCO)nium 

reagent. With a brominating reagent derived from DAB2, the endo cyclization product was 

the major regioisomer (1.7:1 rr) and was produced in 69% ee, while the exo cyclization 

was obtained in −25% ee. These selectivities were inverted with a brominating reagent 
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derived from DAB12, where the exo cyclization product was the major regioisomer 

(4.1:1 rr) and was produced in 91% ee, while the endo cyclization was obtained in 

−55% ee. A better understanding of how this achiral cofactor interacts with the chiral 

phosphate and substrate to affect the regio- and enantioselectivity would provide insight 

on how to leverage noncovalent interactions in a flexible catalyst system to achieve 

selectivity; however, the lack of “well-defined” ground states and TSs presents a significant 

challenge. Each cyclization pathway involves several conformers with similar energies 

and distinct structures, featuring different stabilizing and destabilizing interactions. As a 

result, information derived from lowest-energy structures alone leads to an incomplete 

understanding of the interactions that control the selectivity.

Herein, a combined experimental and computational approach was developed to study 

the observed switching of selectivity by the identity of the DABCOnium reagent. The 

flexibility of the system makes it such that a significant number of TSs, which contain 

varied conformations of each component, are energetically accessible. These TSs must be 

accounted for when predicting the reactivity/selectivity and analyzing the effects of the 

DABCOnium structure. Therefore, in our calculations, noncovalent interactions in not only 

lowest-energy TS structures but also other low-energy conformers were analyzed using a 

combined DFT, EDA, and data analysis approach. To provide a complete picture on the 

origin of selectivity, the dominant interactions responsible for regio- and enantioselectivity 

were revealed by evaluating the feature importance in a random forest model developed 

using different EDA energy terms in the ensemble of low-energy TS conformers.

COMPUTATIONAL DETAILS

General Workflow for Computational Analysis.

In order to investigate the origin of regio- and enantioselectivity in this flexible 

catalyst system, we employed a combined energy decomposition analysis/machine 

learning (EDA/ML) approach to reveal the dominant noncovalent interactions in the 

bromocyclization transition states (Scheme 2). After conformational sampling (step 1) 

and DFT geometry optimizations (step 2), EDA calculations were performed to dissect 

noncovalent interactions in low-energy TS conformers into chemically meaningful energy 

terms (step 3). Next, a feature importance analysis was carried out using ML algorithms to 

identify the most important factors that control the selectivity for this reaction (steps 4–7). 

The computational details of each step in the workflow are provided below.

Conformational Sampling and Density Functional Theory Calculations.

Due to the conformational flexibility of this system, an extensive conformational search was 

performed to identify the low-energy conformers of each stationary point. Conformational 

sampling was carried out for each intermediate and TS using metadynamics simulations 

and a genetic z-matrix crossing (iMTD-GC) approach in the gas phase with the conformer–

rotamer ensemble sampling (CREST) algorithm.19 The CREST metadynamics simulations 

were performed with the semiempirical tight-binding method GFN2-xTB20 using the default 

settings for the iMTD-GC workflow with a time step of 1.0 ps and total run times of 432.0 

and 468.0 ps for DAB12 and DAB2 (Scheme 1D), respectively.
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During TS sampling, the forming/breaking bond distances, including the C–Br bond of the 

Br–DABCOnium and the forming N–Br and C–O bonds with the difluoroalkene, were 

fixed to values obtained from DFT-optimized TS geometries (2.25, 2.39, and 2.55 Å, 

respectively). Conformers within 8 kcal/mol of the lowest-energy conformer were included 

in a subsequent analysis. To validate whether the 8 kcal/mol energy threshold is adequate, 

energy values from the GFN2-xTB method were plotted against the Gibbs free energies 

from DFT calculations for all conformers of the bromocyclization TSs (Figure S2). It was 

found that all low-energy conformers at the DFT level are within 6 kcal/mol relative to 

the lowest-energy conformers at the GFN2-xTB method. The average error between the 

GFN2-xTB- and DFT-predicted relative energies of the different TS conformers is 2.1 ± 

1.6 kcal/mol, which indicates that the energy threshold for conformational sampling (8 

kcal/mol) is adequate. Next, the structural similarity of low-energy conformers was analyzed 

using root-mean-square deviation (RMSD), where conformers that have RMSD less than 0.5 

Å were considered as duplicates and discarded. Each of the unique conformers was then 

reoptimized without constraint with DFT, using the Gaussian 16 program21 on Pitt CRC, 

XSEDE,22 and Frontera supercomputers. The DFT geometry optimizations of intermediate 

and TS conformers were performed in the gas phase at the B3LYP-D3/6-31G(d) level of 

theory. Vibrational frequency calculations at the same level of theory were performed for 

all structures to confirm the nature of each stationary point as a minimum or TS structure. 

Single-point energy calculations were carried out on the DFT-optimized geometries using 

the M06-2X functional23 and 6-311+G(d,p) basis set.24 Solvation energy corrections using 

toluene as the solvent were calculated using the SMD solvation model25 in the single-point 

energy calculations. Intrinsic reaction coordinate (IRC) calculations were carried out for the 

lowest-energy conformer of all TSs to confirm the connections between TSs and ground 

state structures. Tetrafluoroborate (BF4
−) was included as a counterion in all conformational 

sampling and DFT calculations.

The conformational sampling generated many relatively low-energy conformers for each of 

the four possible bromocyclization TSs. Boltzmann weighting of the conformers from DFT 

calculations was used to compute predicted enantiomeric excess (ee) values using eq 1:

ee (%) = e−ΔGeff(R)/RT − e−ΔGeff(S)/RT

e−ΔGeff(R)/RT + e−ΔGeff(S)/RT (1)

Here, ΔGeff(R) and ΔGeff(S) are the effective activation free energies in pathways leading to 

the R and S enantiomers of the product, respectively

ΔGeff(R) = Geff(TS − R) − Geff(Int−2) (2)

ΔGeff(S) = Geff(TS − S) − Geff(Int−2) (3)

where TS-R and TS-S are the bromocyclization transition states leading to the R and S 
enantiomers of the product, respectively, Int-2 is the trimolecular complex of (R)-TRIP, 

Br-DABCOnium, and the substrate, and Geff is the Boltzmann-weighted effective Gibbs free 

energy of each stationary point:
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Geff = − RT ln ∑
i

n
e−Gi/RT (4)

Energy Decomposition Analysis to Investigate Non-covalent Interactions between the 
Reaction Components.

Distortion and interaction energy terms26 were computed to analyze factors that affect 

TS stability. The distortion energies (ΔEdist) of Br-DABCOnium, chiral phosphoric acid 

(CPA), and the difluoroalkene substrate are the energies required to distort each component 

from its ground state geometry to the geometry in the bromocyclization TS. The pairwise 

noncovalent interaction energies (ΔEint) between CPA and DABCOnium, between CPA 

and the difluoroalkene substrate, and between DABCOnium and the substrate in all TS 

conformers were computed from the interaction energies between each pair of the reaction 

components at their TS geometries. To exclude the bonding interactions in the analysis, the 

bromine atom is excluded in the noncovalent interaction energy and EDA calculations. The 

interaction energies (ΔEint) were then further dissected into several chemically meaningful 

energy terms, including ΔEPauli (Pauli repulsion), ΔEelstat (electrostatic interaction), ΔEdisp 

(London dispersion), ΔEpolar (polarization), ΔEct (charge transfer), and ΔEsolv (solvation), 

by using a second-generation energy decomposition analysis based on absolutely localized 

molecular orbitals (ALMO-EDA),27 implemented in the Q-Chem 5.3 package28 (eq 5):

ΔEint = ΔEPauli + ΔEelstat + ΔEdisp + ΔEpolar + ΔEct + ΔEsolv (5)

The EDA calculations were computed in toluene at the M06-2X/6-311G(d,p) level of theory. 

Here, the EDA calculations were performed to analyze the different pairwise noncovalent 

interactions between two reaction components at their TS geometry in the absence of 

the third component. It should be noted that the sum of the pairwise interaction energy 

terms does not equal the overall interaction energy of the three-component system because 

covalent interactions involving bromine and three-body noncovalent interaction terms were 

not included. Previous studies have shown that three-body terms mostly include polarization 

and charge transfer and thus are expected to be small in the present system due to the 

minimal overlap of frozen occupied orbitals from all three fragments.29

B-Factor Calculations.

The flexibility of intermediates and TSs was quantified using B-factor values30 (Bi, Å2) 

obtained from root-mean-square fluctuation (ρi
RMSF) calculations of the conformer ensembles 

using the gmx rmsf command implemented in Gromacs 2020.3 software.31

Bi = 8π2

3 (ρi
RMSF)2

(6)

The B-factor is widely used as an indicator for interpreting the flexibility and dynamics 

of proteins from X-ray crystallography data32a,b and molecular dynamics simulations.32c–g 
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Here, we use a similar approach to compute B-factor values from intermediate and TS 

conformer ensembles to analyze the flexibility of different reaction components along the 

reaction pathway. Small B-factor values indicate a conformationally rigid component and/or 

tight binding that restricts conformational change, whereas large B-factor values suggest 

greater flexibility. The B-factors computed in this study are unweighted, and therefore their 

magnitude should not be directly compared with B-factors from X-ray crystallography data 

or MD trajectories.

All conformers from conformational sampling were used to calculate the B-factor values, 

where the B-factor value of (R)-TRIP was calculated by averaging the B-factor values of 

the 12 C(sp2) atoms in the aryl rings, excluding those in the binaphthyl backbone. The 

flexibility of the DABCO core was quantified by averaging the B-factor values of the eight 

heavy atoms (carbon and nitrogen) of bicyclo[2.2.2]octane, whereas the B-factors of the 

substituents on DABCOnium were obtained by averaging the B-factor values of the C(sp2) 

atoms in the aryl groups, as well as the methylene/methine carbon (13 atoms for CHAr2 in 

DAB12 and seven atoms for CH2Ar in DAB2). The flexibility of the substrate was quantified 

by the average B-factors of its 21 heavy atoms (carbon, nitrogen, oxygen, and fluorine).

Machine Learning Model Development and Validation and Feature Importance Score 
Calculations.

The training and validation of machine learning models for data analysis and feature 

importance score calculations were performed using the scikit-learn 0.24.0 package.33 Eight 

regression algorithms were used, including random forest, decision tree, LASSO, elastic-net, 

Gaussian process regression, ridge regression, and support vector regression using linear and 

radial basis function kernels. To avoid issues of overfitting, which are common for small 

data sets, multifold cross-validation was performed after training each ML model.34 Random 

samplings were carried out 10 times with 20-fold cross-validation at each iteration. Learning 

curves were plotted to validate that the data set is sufficient in size to train the ML model 

(Figure S3).

Importance scores of the different features, i.e. EDA energy terms, were computed 

to evaluate the significance of each energy term on regio- and enantioselectivity. The 

feature importance scores for the enantioselectivity of the exo and endo products were 

calculated using all low-energy conformers of TS-siExo and TS-reExo in the exo-selective 

pathway and TS-reEndo and TS-siEndo in the endo-selective pathway, respectively. For 

regioselectivity, feature importance scores were calculated using low-energy TS conformers 

leading to the preferred enantiomer of each regioisomeric product. To validate the computed 

feature importance scores in identifying the dominant factors that influence the selectivities, 

correlations between the most important features and the activation barriers of the 

selectivity-determining TS conformers were examined (Figure S12). The feature importance 

scores reported in the main text were obtained from the random forest algorithm. A feature 

importance analysis was also performed using the decision tree algorithm, which yielded the 

same conclusions regarding the dominant factors on selectivities (Figure S13). In a previous 

study,35 a similar approach has been applied to identify important features to design new 

catalyst generations for selective Cr(P,N)-catalyzed ethylene oligomerization.
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RESULTS AND DISCUSSION

Selectivity Studies.

In order to better understand how the structure of the achiral brominating reagent affects 

the regio- and enantioselectivity of the bromocyclization, we designed and synthesized a 

set of DABCOnium-based brominating reagents with varying steric and electronic profiles 

about the DABCOnium substituent (Figure 1A). Seven DABCOnium cations (DAB3, 

DAB5, DAB6, DAB7, DAB8, DAB10, and DAB11) were designed and synthesized to 

augment the initial five that were explored in our previous study.18 Subjecting amide 

1a to the bromination reagents derived from these novel reagents resulted in exo- and 

endo-cyclization products (2a and 2a’, respectively) in varying regioselectivity (−30 to 

49% re, ΔΔG‡ = −0.37 to 0.63 kcal/mol), as well as enantioselectivities for the exo (5–

65% ee, ΔΔG‡ = 0.06–0.92 kcal/mol) and endo (4–46% ee, ΔΔG‡ = 0.05–0.59 kcal/mol) 

products. When these data are combined with the five data points from our previous 

study, the overall ranges in observed regioselectivity (−30 to 61% re, ΔΔG‡ = −0.37 to 

0.84 kcal/mol) as well as enantioselectivities for the exo (−25 to 91% ee, ΔΔG‡ = −0.30 

to 1.8 kcal/mol) and endo (−55 to 69% ee, ΔΔG‡ = −0.72 to 1.0 kcal/mol) products 

increase. Under these conditions, the reagents [(DAB2)2Br](BF4)3 and [(DAB12)2Br](BF4)3 

displayed disparate selectivities, where [(DAB2)2Br](BF4)3 provided R-2a’ as the major 

regioisomer in moderate enantioselectivity (69% ee). This outcome is contrasted by the 

results with the reagent [(DAB12)2Br](BF4)3, which favored R-2a as the major regioisomer 

in high enantioselectivity (91% ee).

The range in the observed enantioselectivity values inspired a statistical fitting 

analysis,17l,36 which has been successfully utilized in chiral anion catalyzed reactions with 

configurationally flexible, doubly axial chiral phosphoric acids.37 Following this workflow, 

the goal was to relate the observed regio- and enantioselectivities to parameters derived from 

computed ground-state geometries of the DABCOnium cations. A conformational search 

on the DAB1–12 structures was performed with Schrödinger,38 using the MacroModel suite 

with an OPLS_2005 force field. Conformers within 1.30 kcal/mol (5 kJ/mol) of the lowest 

energy conformer were submitted to a geometry optimization using the def2-TZVP basis 

set and M06-2x functional. Using a cutoff limit of 2.5 kcal/mol, the parameters of each 

low-energy conformer were weighted using a Boltzmann distribution using relative energies 

based on the energy conformation. A set of parameters was generated that reflect the steric 

and electronic profile of the reagents and condensed utilizing a Boltzmann distribution 

for conformers within 2.5 kcal/mol (pages S19–S22 in the Supporting Information). Our 

primary intention was to understand what factors affected the enantioselectivity of the exo 
cyclization, as this product was the focus of the previous study and displayed the largest 

variation in ΔΔG‡. The data set was partitioned into a training set and validation set (eight 

training points and four validation points) to probe the reagent parameters relevant to 

enantioselectivity.

Performing a linear regression analysis revealed a statistically robust model which 

showed a strong correlation between the LUMO energy of the DABCOnium and the 

enantioselectivity of the exo product (Figure 1B). As the LUMO of the DABCOnium 
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is localized on an arene π* orbital, we hypothesized that this might be indicative of a 

potential noncovalent interaction between the catalyst and the reagent, leading to the range 

in observed enantioselectivities. This process was repeated for the enantioselectivity of 

the endo cyclization product, which revealed a two-parameter model featuring the LUMO 

energy of the DABCOnium as the major contributor (Figure S1). In order to investigate the 

significance of the LUMO energy on these enantioselectivities, as well as to ascertain which 

interactions were responsible for the observed selectivities, TS calculations were initiated 

utilizing the reagents that provided disparate senses of selectivity under these reaction 

conditions ([(DAB2)2Br]-(BF4)3 and [(DAB12)2Br](BF4)3).

Mechanism and Selectivity-Determining Step of Bromocyclization.

Based on the experimental results, as well as previously reported CAPT-catalyzed reactions, 

a proposed catalytic cycle is shown in Figure 2A. The reaction begins with an anion 

exchange between the insoluble, dimeric DABCOnium reagent [(DABn)2Br](BF4)3 and 

the ionized phase-transfer catalyst. This anion metathesis generates a soluble ion pair of 

the monomeric brominated DABCOnium with (R)-TRIP as the counteranion (Int-1). Upon 

binding of substrate 1a, the trimolecular complex Int-2 is formed, featuring a halogen bond 

between the amide carbonyl and the electrophilic bromine. A concerted bromocyclization of 

Int-2 occurs, where transfer of the bromonium cation and cyclization occur synchronously. 

DFT calculations suggest that a stepwise mechanism involving bromonium transfer to form 

a benzylic carbocation requires a higher activation energy than the concerted pathways (see 

Figure S4 in the Supporting Information). The four possible bromocyclization TSs leading 

to both enantiomers of the exo and endo cyclization products (2a and 2a’, respectively) are 

shown in Figure 2B.

Hammett Studies.

The computed TSs for the bromination step for both exo and endo cyclizations revealed that 

the transfer of the electrophilic bromine to the difluoroalkene is concerted with cyclization 

of the amide moiety. Based on this observation, it was hypothesized that there should be a 

relatively mild electronic effect of the arene in conjugation with the difluoroalkene on the 

relative rates of exo vs endo cyclization. In order to acquire experimental evidence to test 

this hypothesis, a series of substrates bearing neutral and electron-deficient difluorostyrenes 

were synthesized to probe the effect of electronic variation on the regioselectivity of the 

reaction (Figure 3A). After subjecting each substrate to the bromocyclization conditions 

with the reagents [(DAB2)2Br]-(BF4)3 and [(DAB12)2Br](BF4)3, it was observed that more 

electron deficient arenes disfavored the exo-cyclization pathway. By plotting the logarithms 

of the regiomeric ratios for both reagents against the σ+ Hammett parameters,39,40 trend 

lines with relatively shallow negative slopes (−2.0 and −1.5) were obtained.

Previous reports of reactions involving benzylic carbocation intermediates from bromination 

of olefins feature ρ values between −4 and −5.41 While this difference could be evidence 

for a relatively concerted bromine transfer step, one mechanistic possibility is that both 

exo- and endo-cyclization rates are similarly sensitive to the electronics of the arene. As a 

consequence, these effects would negate one another, resulting in relatively little change in 

regioselectivity across the series.
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To deconvolute the individual effects of exo- and endo-cyclization rates, additional 

competition experiments were conducted to obtain relative rates of both cyclization modes 

(Figure 3B). Plotting the logarithm of the relative exo-cyclization selectivities (exoX/exoH) 

against the respective ρ+ values reproduced trend lines similar to the regioselectivity. 

The regioselectivities and exo-competition selectivities were then used to computationally 

derive the relative rates of endo cyclization, which revealed relatively little effect of arene 

electronics. The relatively shallow slopes of the regioselectivity and exo-cyclization rates 

are in agreement with a concerted bromine transfer with relatively little carbocation buildup 

at the benzylic position. Additionally, the insensitivity of arene electronics on the endo 
cyclization corroborates the mechanistic hypothesis that the stabilization of α-carbocations 

by fluorine is the main factor leading to endo cyclization.42

Activation Energies of Low-Energy TS Conformers and Computed Regio- and 
Enantioselectivities.

Transition state calculations were performed with DAB2 and DAB12 reagents as the achiral 

cofactors, as these provided products with opposite senses of stereochemistry via activation 

of opposite faces of the difluoroalkene. Under the reaction conditions, the exo product 

(R-2a) is favored in the reaction with DAB12, whereas the endo product (R-2a’) is favored 

with DAB2. Therefore, we surmised that a detailed computational analysis comparing these 

two reagents will provide insight into the origins of the regio- and enantioselectivities.

The xTB-DFT conformational sampling of the four possible bromocyclization TSs 

(see Computational Details) led to many relatively low energy conformers. In the 

bromocyclization with DAB12, there are 14, 25, 13, and 23 unique conformers within 3 

kcal/mol relative to the lowest-energy conformer of TS1-siExo, TS1-reExo, TS1-reEndo, 

and TS1-siEndo, respectively (Figure 4A), where TS1-siExo has the lowest activation 

barrier. These calculations agree with the experimental regio- and enantioselectivity results, 

showing that the R-exo product is favored in the DAB12-mediated reaction. Based on 

Boltzmann-weighted activation energies and considering all low-energy conformers of TS1-
siExo and TS1-reExo, the computed ee is >99%, which is higher than the experimentally 

observed 91% ee for the exo product. The exo:endo selectivity derived from Boltzmann-

weighted activation energies is ~103:1, which correctly predicts the exo product to be 

favored, although the calculations overestimate the experimental regioselectivity for this 

reaction. Moreover, our results indicate that the exo and endo products favor activation of the 

same face of the olefin (forming R-2a and S-2a’, respectively), and the enantioselectivity for 

the endo products is lower than that for the exo products (−95% vs >99% ee, respectively), 

which also agrees with experimental results.

In the bromocyclization with DAB2, there are 38, 29, 21, and 22 unique conformers within 

3 kcal/mol relative to the lowest-energy conformer of TS2-siExo, TS2-reExo, TS2-reEndo, 

and TS2-siEndo, respectively (Figure 4B). Based on the computed activation energies, 

the regio- and enantioselectivities are diminished for this reaction, which agrees with the 

experimental results. Additionally, the DFT results predict that the lowest energy barrier is 

now associated with TS2-reEndo, which corresponds to R-2a’ as the major product. This 

was confirmed experimentally by isolation of the enantioenriched endo-product from the 
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reaction with [(DAB2)2Br](BF4)3 and determining the absolute stereochemistry by single-

crystal X-ray diffraction (see the Supporting Information).

From an analysis of the Boltzmann-weighted activation free energies, the predicted ee 

values for endo and exo products derived from [(DAB2)2Br](BF4)3 are 44% and −17%, 

respectively, which are in agreement with the experimental ee values of 69% and −25% 

for endo and exo products, respectively. Moreover, the exo:endo selectivity derived from 

Boltzmann-weighted activation energies is 1:2.2, agreeing with the experimentally observed 

regioselectivity of 1:1.7. Overall, the DFT results are consistent with the experimental 

findings, reproducing all of the key trends in the regio- and enantioselectivity with the 

reagents [(DAB2)2Br](BF4)3 and [(DAB12)2Br](BF4)3.

Structures of the Lowest-Energy TS Isomers.

Optimized structures of the lowest-energy conformers of the four competing TSs with 

DAB12 and DAB2 are shown in Figure 5. The relative positions of CPA, DABCOnium, and 

the substrate differ significantly in these TS structures, which are expected to affect several 

different types of interactions between these components. For example, in TS1-siExo, the 

aryl substituents on DAB12 are placed into the unoccupied quadrant I, leading to strong 

interactions between DAB12 and the CPA (see Figure S5), including an anion–π interaction 

between the phosphate center and the electron-deficient arene on the DABCOnium. A 

similar situation is found for TS1-siEndo, where the aryl substituents on DAB12 are 

placed in the unoccupied quadrant I, leading to an anion–π interaction. In contrast, in 

TS1-reExo and TS1-reEndo, DAB12 is placed into the occupied quadrant II, leading to 

weaker interactions with the CPA. The stronger interaction of the electron-deficient 3,4,5-

trifluoroarene on DAB12 with the chiral phosphate catalyst in TS1-siExo in comparison 

to TS1-reExo is consistent with the parametrization results implicating the DABCOnium 

LUMO energy as an important parameter for predicting exo enantioselectivity. Additionally, 

strong hydrogen bonds between the NH moiety of the substrate and oxyanion of CPA were 

found in both TS1-siExo and TS1-siEndo but were absent in TS1-reExo and TS1-reEndo. 

Between TS1-siExo and TS1-siEndo, several different structural features exist, all of which 

may affect their relative stability. In TS1-siEndo, several CH–π interactions between the 

iPr group of the CPA and substrate are observed, which cannot be found in TS1-reEndo. 

This result indicates that London dispersion between CPA and substrate is stronger in TS1-
siEndo than in TS1-reEndo. On the other hand, TS1-siEndo appears to be more distorted 

than TS1-reEndo—although the C–Br distances in these two TSs are similar, the forming 

C–O distance in TS1-siEndo (2.57 Å) is much shorter than that in TS1-siExo (2.91 Å).

A comparison between these TSs and those containing DAB2 shows that the aryl group on 

DAB2 is positioned far from the phosphate in all TSs, which is in stark contrast to the TSs 

with DAB12. Instead of the anion–π and CH–π interactions that likely affect the stability 

of TSs with DAB12, the less stable TS isomers with DAB2 (TS2-siEndo and TS2-reExo) 

appear to be destabilized by steric repulsions between CPA and the substrate. While an 

examination of these lowest energy conformers is valuable for understanding what types of 

interactions may be controlling selectivity, the immense variability in the relative position of 
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the reaction components in the TS conformers precludes using this analysis as the sole basis 

for establishing selectivity-determining interactions.

This issue can be seen in the overlay of all low-energy conformers of TS-siExo, TS-reExo, 

TS-reEndo, and TS-siEndo with both DABCOnium reagents (Figure 6), where great 

variability in the relative position is observed. In the case of DAB12 (Figure 6A), we found 

that, while (R)-TRIP is relatively rigid and blocks quadrants II and IV, both DAB12 and the 

substrate are relatively flexible and can be placed on several positions relative to the CPA. In 

most of the low-energy conformers of the favored exo TS and endo TS (TS1-siExo and TS1-
siEndo), both aryl groups of DAB12 2 are placed in the unoccupied quadrant I. Similar to the 

lowest energy conformer, this conformation leads to favorable noncovalent interactions with 

the CPA, including London dispersion and an anion—π interaction between the CPA and 

the electron-deficient aryl groups on DAB12. Moreover, in most of the conformers of TS1-
siExo and TS1-siEndo, a strong hydrogen bond between the –NH moiety of the substrate 

and oxyanion of the CPA is present, which does not appear in most of the conformers of 

TS1-reExo. These results indicate that DABCOnium–CPA and CPA–substrate interactions 

both contribute to the ee of exo and endo products.

The computed TS structures with DAB2 (Figure 6B) differ greatly from those of DAB12 2. 

More specifically, DAB2 cannot fit into quadrant I because of the steric profile of 

the pentamethylbenzyl group. The distance from the chiral pocket and the phosphate 

center implies that electrostatic attraction and London dispersion between the CPA and 

DABCOnium are not crucial interactions that affect the selectivity of the reaction with 

DAB2. Due to the weaker noncovalent interactions between CPA and DAB2, as compared 

to DAB12, this system is significantly more flexible, where the DABCOnium reagent can 

be placed in several locations around the CPA. Due to the flexibility of this system, it is 

challenging to identify the main factors that affect the regio- and enantioselectivity by an 

examination of individual TSs.

Flexibility of Intermediates and Bromocyclization TSs.

To quantitatively analyze the flexibility of the DABCOnium, CPA, and difluoroalkene 

substrate in the three-component TSs, we computed the average unweighted B-factor values 

for atoms in these fragments in Int-1, Int-2, and the four bromocyclization TSs with 

DAB12 and DAB2 (Table 1). The B-factor is a widely used displacement parameter in 

protein crystallography.32 Here, we use B-factor values derived from the intermediate and 

TS conformers to establish a flexibility profile of the different reaction components (see 

Table S1 for B-factor calculations with a different fragment selection).

From the data presented in Table 1, in the absence of the difluoroalkene substrate, the CPA 

and DABCOnium in Int-1a and Int-1b are relatively flexible, as indicated by the large 

B-factor values of (R)-TRIP and DABn. For both reagents, the binding of the difluoroalkene 

substrate (Int-1 to Int-2) leads to relatively little change in the flexibility of (R)-TRIP. In 

the case of the ion pair with DAB2, binding of the substrate increases the flexibility of 

the pentamethylbenzyl group43 in Int-2b, as demonstrated by an increase of its average 

B-factor from 194.7 to 346.9 Å2; with a moderate rigidification of the DABCO core, the 
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B-factor decreases from 131.1 to 77.2 Å2. On the other hand, for DAB12, both the DABCO 

aryl substituent and the DABCO core in Int-2a are significantly more rigid than in Int-1a, 

indicating tighter binding of DAB12 compared to DAB2 in the (R)-TRIP/DABn/1a ternary 

complex.

Generally, the flexibility of the DABCO substituent decreased in the bromocyclization TS, 

compared to reactant complexes Int-2a and Int-2b. The decrease of flexibility is especially 

prominent in TS1-siExo, which leads to the major regio- and enantiomeric product in 

the DAB12-mediated reaction. On the other hand, in all four TS isomers with DAB2 

(TS2), the pentamethylbenzyl group remains relatively flexible, as indicated by the large 

B-factors (85.5–353.7 Å2), which suggests that DAB2 does not bind as tightly as DAB12 

in the transition states. The substrate becomes less flexible in the TSs than in the reactant 

complex, where it binds to the CPA/DABCOnium complex via a relatively weak halogen 

bond. Although the decrease in substrate flexibility in the cyclization TS is expected, the 

substrate is less flexible in TS1-siExo and TS2-siExo than in other TS isomers, where it is 

hypothesized that the tighter binding of the DABCOnium leads to this effect. These results 

are in agreement with the experimental data, implying that the aryl groups play a crucial 

role in the selectivity-determining TSs. Additionally, they reflect the hypothesis that DAB12 

interacts strongly with the phosphate center via noncovalent interactions, as compared to 

DAB2, which exhibits weaker interactions with the catalyst.

Energy Decomposition Analysis and Machine Learning to Reveal the Dominant 
Interactions Affecting Regio- and Enantioselectivity.

As previously stated, relying on an analysis of the lowest-energy conformers of each TS to 

arrive at mechanistic conclusions would paint an incomplete picture of this highly flexible 

system. The variability in geometry, as demonstrated by the overlay of all low-energy 

TS structures and the B-factor values (Figure 6 and Table 1), can lead to a situation 

where each conformer is stabilized and destabilized by different types of noncovalent 

interactions, including steric repulsions, London-dispersion interactions, and through-space 

electrostatic interactions between the CPA and the DABCOnium. EDA calculations were 

performed for each of the low-energy TS conformers to quantitatively describe distortion 

energies of the three reaction components and the different types of noncovalent interaction 

energies between these components. These include the distortion energies of each of the 

three reaction components (ΔEdist(CPA), ΔEdist(DAB), and ΔEdist(sub)) and the interaction 

energies between each pair of the components: ΔEint(1), between CPA and the substrate; 

ΔEint(2), between CPA and DAB; ΔEint(3), between DAB and the substrate. Then each 

pairwise interaction energy is further dissected into Pauli repulsion (ΔEPauli), electrostatic 

attraction (ΔEelstat), London dispersion (ΔEdisp), polarization (ΔEpolar), charge transfer 

(ΔEct), and solvation (ΔEsolv) energy terms (eq 5). This created a large data set that is 

information-rich but too complex for manual interpretation.

To analyze these data, modern data analysis tools and machine learning (ML) algorithms 

were used to investigate which types of noncovalent interactions are important for the 

regio- and enantioselectivities. After the TS conformational sampling using GFN2-xTB/DFT 

and EDA calculations of the low-energy conformers (all conformers within a 3 kcal/mol 
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free energy window; (Scheme 2, steps 1–3), this approach utilizes ML algorithms to 

analyze the data set of EDA energy terms of all low-energy TS conformers (21 energy 

terms, i.e. features, for each conformer). Three different data sets were prepared for 

each reaction to develop models for the three types of selectivities. For the model 

predicting enantioselectivity for the exo product, all low-energy conformers of the two 

enantioselectivity-determining transition states TS-siExo and TS-reExo in the exo-selective 

pathways were used as the data set. For the model predicting enantioselectivity for 

the endo product, low-energy conformers of TS-reEndo and TS-siEndo were used. The 

regioselectivity model was established using all low-energy conformers of TS1-siExo/TS1-
siEndo for DAB12 and TS2-reExo/TS2-reEndo for DAB2, all of which are TSs leading to 

the major enantiomer of each regioisomeric product.

Each data set was split into training and validation sets with a 75%:25% ratio. Because some 

of the EDA energy terms may strongly correlate with each other and using these correlated 

features may cause multicollinearity and produce less reliable regression models,44 for 

any two strongly correlated features (| Pearson correlation coefficient, r| > 0.75),45 the 

feature with poorer correlation with the activation Gibbs free energies (ΔG‡) was removed 

(step 4; see Figures S5–S8 for details). Next, the remaining noncorrelating features were 

used to develop ML models for predicting the ΔG‡ values of conformers of regio- and 

enantioselectivity-determining TSs with eight different regression algorithms (step 5). The 

root-mean-square error (RMSE) of the eight regression algorithms for predicting ΔG‡ was 

calculated to identify the best-performing ML model.16a,b,35,46 In our analysis, the random 

forest algorithm provided the smallest RMSE values in all cases (Figures S10 and S11) and 

was used in subsequent feature importance score calculations.

Next, feature importance scores of the different descriptors in the random forest model 

were calculated to rank the relative significance of each descriptor (i.e., EDA energy term) 

for regio- and enantioselectivity (step 6). The computed feature importance scores for the 

bromocyclization using DAB12 (Figure 7A) indicate that the London dispersion interaction 

between (R)-TRIP and DAB12 (ΔEdisp(2)) is the most important factor that determines 

the enantioselectivity of the exo product.47 These results, in combination with the strong 

correlation between ΔEdisp(2) and ΔEelstat) (electrostatic energies between (R)-TRIP and 

DAB12) (r = 0.94, Figure S6), are consistent with the interpretation of the parametrization 

results—the exo enantioselectivity correlating with the DABCOnium LUMO energy is 

indicative of a noncovalent interaction between the DABCOnium and CPA (Figure 1B). 

These results are also consistent with the short distance between the DABCOnium aryl 

substituents and CPA in most of the low-energy conformers of TS1-siExo (Figures 5A and 

6A). Additionally, based on the EDA/ML analysis, it was found that the CPA–substrate 

London dispersion (ΔEdisp(1)) is the most important factor for the enantioselectivity of the 

endo product (Figure 7B), and substrate distortion (ΔEdist(sub)) is the most important factor 

for regioselectivity (Figure 7C) in the bromocyclization with DAB12. Interactions between 

the substrate and CPA or DABCOnium are likely not important for selectivity, which 

accounts for the observation that the modification of substituent groups on the substrate has 

a relatively minor effect on the enantioselectivity of the exo product, as seen in a previous 
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report18 and the enantioselectivity of the Hammett series (see page S16 in the Supporting 

Information).

We then plotted the CPA–DAB12 and CPA–substrate London dispersion interaction and 

substrate distortion energies (ΔEdisp(2), ΔEdisp(1), and ΔEdist(sub), respectively) for all low-

energy conformers of the selectivity-determining TSs (Figure 7, bottom). In the low-energy 

conformers of TS1-siExo, London dispersion between (R)-TRIP and DAB12 is stronger 

than in TS1-reExo (Figure 7A), whereas, in the low-energy conformers of TS1-siEndo, 

London dispersion between CPA and the substrate is stronger than that in TS1-reEndo. 

This corroborates the feature importance calculations, where the CPA–DABCOnium and 

CPA–substrate dispersion interactions were found to be the most important for the 

enantioselectivity of the exo and endo products, respectively. The more favorable dispersion 

energies in TS1-siExo and TS1-siEndo stabilize these transition states leading to the 

experimentally observed major enantiomers. Additionally, substrate distortion in TS1-siExo 
is smaller than that in TS1-siEndo, which is consistent with the EDA/ML analysis 

revealing substrate distortion as the most important factor that determines the exo-favored 

regioselectivity for the reaction with DAB12.

This analysis was then performed with the EDA data derived from the TS conformers with 

DAB2 (Figure 8). While no single feature was found to have a high importance score for the 

enantioselectivity of the exo product, Pauli repulsion between CPA and substrate (ΔEPauli(1)) 

is the most important factor that affects both the enantioselectivity of the endo product 

and the regioselectivity. The lack of important features controlling the enantioselectivity 

of the exo product is consistent with the low ee observed experimentally. Here, the lack 

of sufficient steric control that differentiates the two enantioselectivity-determining TSs, 

TS2-siExo and TS2-reExo, is evidenced by the comparable Pauli repulsions between CPA 

and DAB2 (ΔEPauli(2)) (Figure 8A, bottom). On the other hand, the CPA–substrate Pauli 

repulsions (ΔEPauli(1)) in TS2-reEndo are smaller than those in TS2-siEndo and TS2-reExo 
(Figure 8B,C, bottom). This diminished steric repulsion in TS2-reEndo leads to the (R)-endo 
product as the major regio- and enantiomer observed experimentally.

CONCLUSION

In summary, a combined experimental and computational study was undertaken to 

examine the relationship between noncovalent interactions and reaction selectivities in a 

highly flexible catalyst system. A set of DABCOnium-based brominating reagents was 

designed and synthesized to probe their effects on the regio- and enantioselectivity of a 

bromocyclization reaction. Linear regression analysis on this data set revealed a strong 

dependence of the LUMO energy of the DABCOnium on the observed enantioselectivities 

of the reaction, prompting the hypothesis that this was indicative of a noncovalent 

interaction between the DABCOnium reagent and the chiral phosphate. This hypothesis 

was interrogated by DFT calculations of almost 200 low-energy TS conformers, which was 

required to account for the flexibility of the three-component reaction system. Selectivity-

determining TSs were calculated for various concerted bromocyclization pathways with the 

reagents displaying opposite senses of selectivity ([(DAB2)2Br](BF4)3 and [(DAB12)2Br]
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(BF4)3). The concerted nature of these TSs was supported with linear free energy 

relationships, revealing relatively little carbocation buildup at the benzylic position.

We employed a combined energy decomposition analysis (EDA)/machine learning (ML) 

workflow to identify the dominant interactions that control enantio- and regioselectivities. 

This workflow uses EDA to calculate distortion energies and different types of interaction 

energy terms between each pair of the three reaction components for all low-energy TS 

conformers. Then, the most significant EDA energy term (feature) is identified using 

ML feature importance score calculations. This EDA/ML workflow revealed that non-

covalent interactions between the DABCOnium and CPA are the dominant factors for the 

enantioselectivity of the exo product in the reaction with [(DAB12)2Br](BF4)3. Additionally, 

a B-factor analysis suggests a rigidifying interaction in the most favorable TS isomer, 

which is significantly more rigid than other higher energy TSs. The significance of 

the DABCOnium/CPA anion–π interaction is corroborated by the parametrization results 

and the rigidifying TSs. In the case of [(DAB2)2Br](BF4)3, it was found that the endo 
enantioselectivity was primarily driven by CPA–substrate noncovalent interactions, which 

was corroborated by the significant flexibility of the DABCOnium in this system, as well as 

its position far from the chiral pocket/phosphate center.

Thus, it appears that DABCOnium flexibility and selectivity are inversely correlated when 

[(DAB12)2Br](BF4)3 is employed, as a strong interaction with the CPA rigidifies the lowest 

energy TS, localizing the DABCOnium to a small set of locations in relation to the 

catalyst. When [(DAB2)2Br](BF4)3 is used, the DABCOnium has minimal interactions 

with the other reaction components, leading to high flexibility and variability in its 

position. Taken together, changing the achiral cofactor from the electron-rich and bulky 

DAB2 to electron-deficient DAB12 changes the mechanism from one in which interactions 

between the DABCOnium and CPA are not selectivity-determining to a mechanism where 

these interactions are the primary, selectivity-determining factors. More broadly, this work 

demonstrates a combined experimental and computational approach that may be applied to 

interrogate mechanistic questions, such as the effects of noncovalent interactions on regio- 

and stereoselectivity, in a flexible catalyst system.
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Refer to Web version on PubMed Central for supplementary material.
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Data Availability Statement

Jupyter notebook python scripts for the feature importance score calculations are freely 

available on GitHub: https://github.com/pengliugroup/feature-importance.
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Figure 1. 
(A) Effect of DABCOnium reagent on the regio- and enantioselectivity of CAPT-catalyzed 

bromocyclization of difluoroalkenes (* denotes previously reported data18). (B) Linear 

regression model relating the LUMO energy of the DABCOnium library to exo and endo 
enantioselectivities. Data points in black represent the training set; data points in red 

represent the validation set. ΔΔG‡ (exo ee) was calculated from the equation ΔΔG‡(exo 
ee) = RT ln(R-2a/S-2a), where T = 298.15 K.
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Figure 2. 
(A) Proposed catalytic cycle and (B) TSs leading to the four possible products of the 

bromocyclization of difluoroalkene 1a.
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Figure 3. 
Hammett plot relating arene electronics to (A) regioselectivity and (B) relative rates 

of exo and endo cyclization. endo competition rates were derived from the equation 
endoX
endoH

= RH × CompX/H
RX

, where RH = exoH
endoH

, RX = exoX
endoX

, and CompX/H = exoX
exoH

. Data points in black 

represent DAB12; data points in blue represent DAB2.
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Figure 4. 
Activation free energies (kcal/mol) of all low-energy conformers of each TS in the (A) 

DAB12- and (B) DAB2-mediated bromocyclization of 1a. Energy values of all conformers 

are relative to the lowest-energy conformer of Int-2a and Int-2b for DAB12 and DAB2, 

respectively. Solid and empty circles represent conformers within and beyond 3 kcal/mol 

relative to the lowest-energy conformer of each TS, respectively.
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Figure 5. 
Optimized structures of the lowest-energy conformers of the four bromocyclization TSs with 

(A) DAB12 and (B) DAB2. The BF4
− anion and most hydrogen atoms are omitted for clarity. 

Gibbs free energies and enthalpies (in kcal/mol) are relative to the lowest-energy conformer 

of Int-2a and Int-2b for DAB12 and DAB2, respectively.
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Figure 6. 
Overlay of all low-energy conformers within 3 kcal/mol relative to the most stable 

conformer of the TSs with (A) DAB12 and (B) DAB2. The BF4
− and all hydrogen atoms are 

omitted for clarity. Effective activation free energies of TSs (ΔG‡
eff, kcal/mol) are relative to 

the effective free energies of Int-2a for DAB12 and Int-2b for DAB2.
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Figure 7. 
Using feature importance to identify dominant factors controlling the selectivities in the 

bromocyclization with DAB12: (top) feature importance scores of EDA energy terms 

for predicting enantioselectivities of the exo (A) and endo (B) products, as well as 

regioselectivity (C); (bottom) values of the most important EDA energy terms for all low-

energy TS conformers.
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Figure 8. 
Using feature importance to identify dominant factors controlling the selectivities in the 

bromocyclization with DAB2: (top) feature importance scores of EDA energy terms for 

predicting enantioselectivities of exo (A) and endo (B) products, as well as regioselectivity 

(C); (bottom) values of the most important EDA energy terms for all low-energy TS 

conformers.
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Scheme 1. 
Overview of Flexible Catalyst Systems Presenting Novel Enantioselectivity Trends
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Scheme 2. 
General Workflow of the Energy Decomposition Analysis/Machine Learning (EDA/ML) 

Approach to Reveal Dominant Noncovalent Interactions That Control Regio- and 

Enantioselectivity
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Table 1.

Average Unweighted B-factors (Å2) of the CPA, DABCOnium, and Substrate in Intermediates and TSs
a

DAB Fragment Int-1a Int-2a TS1-siExo TS1-reExo TS1-reEndo TS1-siEndo

DAB12 (R)-TRIP 99.6 76.5 31.2 32.0 44.7 37.6

DABCO 169.3 17.7 14.1 31.0 76.0 24.7

CH(3,4,5-F3Ph)2 280.0 96.5 44.3 138.0 112.5 71.9

substrate (2a) 364.9 74.4 172.3 135.8 115.0

Int-1b Int-2b TS2-siExo TS2-reExo TS2-reEndo TS2-siEndo

DAB2 (R)-TRIP 85.3 116.1 38.2 53.1 157.4 101.4

DABCO 131.1 77.2 37.5 57.0 198.0 178.9

CH2(Me5Ph) 194.7 346.9 85.5 107.2 233.3 353.7

substrate (2a) 428.0 47.7 228.5 118.1 174.9

Less Flexible More Flexible

a
Average B-factor values of highlighted atoms in each fragment (all H atoms were excluded). Definitions: Int-1, CPA-DABCOnium complex; 

Int-2, CPA-DABCOnium-substrate complex; TS1/TS2, bromocyclization transition states.
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