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Abstract

We report a highly enantioselective radical-based hydroamination of enol esters with sulfonamides 

jointly catalyzed by an Ir photocatalyst, Brønsted base, and tetrapeptide thiol. This method is 

demonstrated for the formation of 23 protected β-amino-alcohol products, achieving selectivities 

up to 97:3 er. The stereochemistry of the product is set through selective hydrogen atom transfer 

from the chiral thiol catalyst to a prochiral C-centered radical. Structure-selectivity relationships 

derived from structural variation of both the peptide catalyst and olefin substrate provide key 

insights into the development of an optimal catalyst. Experimental and computational mechanistic 

studies indicate that hydrogen-bonding, π-π stacking, and London dispersion interactions are 

contributing factors for substrate recognition and enantioinduction. These findings further the 

development of radical-based asymmetric catalysis and contribute to the understanding of the 

noncovalent interactions relevant to such transformations.
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INTRODUCTION

Over the last decade, the development of synthetic methods that utilize free radical 

intermediates has progressed at a remarkable rate. Key to these advances has been the 

widespread adoption of photoredox catalysis, which facilitates the generation of radical 

intermediates under mild conditions.1 This tunable approach to radical generation has 

further enabled the development of catalytic protocols which proceed with outstanding 

chemoselectivity, regioselectivity, and enantioselectivity. As part of this development, a wide 

variety of chiral catalysts have been successfully applied to asymmetric functionalization of 

C–centered radicals, effecting the formation of C–C, C–N, C–O, and C–M bonds, among 

others.2 Despite this progress, catalytic methods for asymmetric hydrogen atom transfer 

(HAT) to form the analogous C–H bond are notably scarce.

While HAT to a C-centered radical is a common elementary step in many radical 

transformations, several inherent features of HAT have hindered the development of 

stereoselective variants (Figure 1a).3 Favorable HAT reactions typically exhibit early 

transition states wherein the incipient C–H bond is elongated.4 Along with a linear 

arrangement of participating atoms, this positions the stereochemical information of a 

chiral H-atom donor distal to the site of reactivity. Additionally, the potential for racemic 

background HAT can pose a challenge and must be accounted for. Most successful efforts in 

this field utilize chiral Lewis acids or complexing reagents, which form ordered complexes 

with radical intermediates and template their stereoselective reactions with achiral H-atom 

donors (Figure 1b).5,6

Many fewer examples have been demonstrated using H-atom donors which are themselves 

chiral.7 Early studies utilized chiral stannane reagents as stoichiometric H-atom donors, 

and while some of these reagents mediate reduction with high enantioselectivity, catalytic 

variants are rare and have not achieved such high levels of selectivity (Figure 1b).8 In 

1998, Roberts and coworkers utilized chiral carbohydrate-derived thiol catalysts to achieve 

enantioselective HAT in the context of asymmetric alkene hydrosilylation (Figure 1b).9 

This report stands as the first example of a highly enantioselective catalytic HAT process. 

However, only a single hydrosilylation product was generated in >95:5 er. Addressing 

this limitation, the Ye group recently reinvestigated this thiosugar-catalyzed system in a 
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photochemical deuterosilylation protocol, demonstrating high enantioselectivity across a 

significantly expanded scope.10

In biological systems, enzymes are known to effectively deliver a H-atom to radicals 

with remarkably high degrees of stereoselectivity, as seen in ribonucleotide reductases 

and radical S-adenosyl methionine epimerases.11 These protein catalysts are understood 

to precisely bind and orient open-shell intermediates within their active sites such that a 

suitably positioned residue or cofactor transfers a H-atom to a single face of the radical 

with high selectivity.12 To this end, the Hyster and Zhao groups have effectively applied 

evolved ene-reductases to a suite of biocatalytic transformations that leverage HAT as the 

enantiodetermining step (Figure 1c).13

Taking these works into consideration, we became interested in developing small molecule 

peptide catalysts that could be applied in catalytic asymmetric HAT protocols. These peptide 

organocatalysts are highly modular and endeavor to recapitulate key mechanistic features of 

enzymes, employing cooperative noncovalent interactions (NCIs) to achieve high levels of 

stereoselectivity.14 As such, our laboratories collectively demonstrated the deracemization 

of cyclic ureas using an Ir(III) photocatalyst, a chiral phosphate base, and a cysteine-based 

peptide asymmetric HAT catalyst.15 This method achieves enantioselectivities up to 96:4 er 

due to a multiplicative effect of key enantioselective proton transfer and HAT elementary 

steps. Both of these steps exhibit moderate enantioselectivities in isolation, with up to 85:15 

er for the HAT step. Having established the viability of this class of catalysts for HAT, we 

sought to develop a peptide thiol catalyst which individually effects highly enantioselective 

HAT. With regard to this, we highlight a recent study from Ye and coworkers, which 

demonstrated the use of similar peptide thiol catalysts for enantioselective deuterium atom 

transfer.16 In this report, we describe the development of a system for enantioselective 

alkene hydroamination, in which asymmetric HAT from a cysteine-bearing tetrapeptide 

enables the formation of amino-alcohol derivatives with high degrees of optical enrichment 

(Figure 1d). We then provide a series of experimental and computational mechanistic studies 

which culminate in a detailed stereochemical model for the key HAT step.

RESULTS AND DISCUSSION

To enable this peptide-mediated asymmetric HAT step, we considered catalytic systems that 

generate the necessary prochiral C-centered radical. Accordingly, we chose to adapt a light-

driven olefin hydroamination protocol previously reported by Knowles and coworkers.17 

In this transformation, an excited state Ir photocatalyst and Brønsted base mediate the 

homolysis of a sulfonamide N–H bond via concerted proton-coupled electron transfer 

(PCET). The resultant N-centered radical then undergoes anti-Markovnikov addition to a 

1,1-disubstituted alkene, furnishing a new C–N bond and a prochiral C-centered radical. In 

the original report, an achiral thiol co-catalyst was employed to catalyze a racemic HAT 

step and afford the desired hydroamination product. We reasoned that this reaction could 

be rendered asymmetric through substitution of the thiophenol catalyst for a peptide-based 

thiol, thereby providing a platform for the development and study of this class of chiral HAT 

catalysts (Figure 1d).
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As such, we began our investigation by evaluating the performance of a suite of 

cysteine-containing peptide thiols as HAT co-catalysts in this hydroamination reaction. 

Our initial efforts focused on the hydroamination of isopropenyl acetate (2) with 

4-methoxybenzenesulfonamide (1a) mediated by a ternary catalyst system comprised 

of [Ir(dF-CF3-ppy)2(5,5’-d(CF3)bpy)]PF6 (Ir) as a photocatalyst, [PBu4]OC(CF3)3 as a 

Brønsted base catalyst, and a peptide thiol HAT catalyst under blue light irradiation in 

toluene at 30 °C. Under these conditions, we observed that tetrapeptide thiol Boc-Cys-DPro-

Acpc-Phg-NMe2 (P1) provided hydroamination product 3 in 30% yield and an encouraging 

76:24 er (Figure 2). With this preliminary result in hand, we evaluated a library of 

derivatives of P1, seeking to systematically modify each position of the peptide to gain 

insight into the role of each residue.

Peptide Structure-Selectivity Studies.

Tetrapeptides with β-turn-biased primary sequences have been established as effective 

catalysts for asymmetric catalysis.14 This motif is characterized by a hydrogen-bonding 

interaction between the carbonyl group of the N-terminal (i) residue (bearing the catalytic 

functionality) and the N–H bond of the C-terminal (i+3) residue. The combination of a 

proline-type residue at the i+1 position and an α,α-disubstituted residue at the i+2 position 

nucleates this interaction, thereby bringing the functionality of the catalyst into proximity 

with the substrate and fostering NCIs.19,20

A variety of secondary structures that contain a generalized β-turn motif are known, and 

the exact secondary structure has a significant impact on the peptide’s enantiodiscrimination 

of prochiral intermediates.21 Notably, the identity of the i+2 residue is well-understood to 

exert a strong influence on the secondary structure of tetrapeptides.22 Therefore, we began 

our structure-selectivity relationship studies by evaluating peptides P1–P4, which exhibit 

structurally diverse i+2 residues (Figure 2). In this series, peptides with small-ring residues 

(Acpc: P1 and Acbc: P4) underwent HAT with higher enantioselectivity than those with an 

acyclic (Aib: P2) or larger-ring (Cle: P3) residue. Previous studies of similar tetrapeptides 

have shown that residues containing smaller rings such as Acpc or Acbc display larger 

τ angles; consequently, peptides bearing these residues at the i+2 position exhibit larger 

binding sites, distancing the i+3 residue from the catalytic i residue.21c This research also 

determined that peptides which employ i+2 residues with larger τ angles demonstrate 

increased conformational flexibility. For a set of related sequences with DPro at the i+1 

position, congeners with Acpc and Acbc at the i+2 position were found to access both type 

I’ and type II’ β-turns (differentiated by an amide plane flip of the peptide bond between 

the i+1 and i+2 residues, i.e. φi+2 ~ ± 90°) in the solution phase.21c Meanwhile, peptides 

bearing Aib or Cle are less flexible and were demonstrated to exhibit fewer conformations in 

the solution state. In this hydroamination system, it is plausible that the Acpc residue of P1 
is optimal due to the combination of a more accessible binding site and additional catalyst 

flexibility.

To further investigate the effect of the i+2 residue on enantioselectivity, we evaluated peptide 

P5 which contains dehydrovaline (Dhv). This residue displays a large τ angle (~120°), 

but P5 was unselective (49:51 er). The incorporation of an additional sp2-hybridized atom 
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into the peptide backbone introduces rigidity and allylic strain, thereby restricting the 

conformational space available to the peptide.23 It is thus likely that P5 cannot adopt a 

selective conformation analogous to that of P1. Indeed, for catalysts such as peptides that 

rely on NCIs for enantiodifferentiation, it is increasingly appreciated that conformational 

flexibility allows for reorganization of these NCIs into maximally stable geometries along a 

complex reaction coordinate.24 The results obtained with peptides P1–P5 are consistent with 

this theory.

At this point, we sought to gain insight into the preferred conformation of P1. While 

attempts to crystallize P1 were unsuccessful, we were able to obtain a crystal of similarly 

selective Acbc-based P4 which was suitable for analysis by X-ray diffraction (Figure 2). The 

crystal structure of P4 exhibits a type II’ β-hairpin secondary structure, which places the 

i+1/i+2 amide N–H bond on the same face of the peptide as the thiol group where HAT is 

expected to occur. Solution phase 1H-1H NOESY studies show a strong NOE between this 

N–H bond and the α-proton of the DPro residue, consistent with this secondary structure 

(see SI Section S8). Taking these data into account with prior studies of peptide catalysts 

bearing similar primary sequences, we expect that this type II’ β-hairpin conformation 

contributes significantly to the ensemble of possible HAT transition states.21c

Having established Acpc as the optimal i+2 residue, we next studied the i+3 residue of the 

peptide thiol catalyst. To probe the role of this residue, we evaluated peptides P6–P12 which 

bear Acpc at the i+2 position and structurally diverse i+3 residues. Examining peptides P6–

P9 alongside P1, it became clear that phenylglycine (Phg - P1) is the optimal i+3 residue 

in this system (Figure 2). Replacement of Phg with structurally similar residues, such as the 

saturated analog Chg (P6), homolog Phe (P7), or epimer DPhg (P8) resulted in significantly 

diminished enantioselectivities. We hypothesized that the π-system of the Phg residue may 

be involved in a NCI in the HAT transition state, and so we tested peptide P10 bearing an 

extended π-surface area, as well as P11 and P12 bearing electron-rich and electron-poor Phg 

derivatives, respectively (Figure 2). Interestingly, P10–P12 all performed almost identically 

to P1, suggesting a more complex role for the Phg residue.

We also evaluated analogous peptides with variations at the i residue, the i+1 residue, and 

the C- and N-terminal protecting groups. However, all meaningful structural changes caused 

either no significant change in or diminished enantioselectivity compared to P1.

Effect of Olefin Substitution.

Having identified a lead catalyst (P1), we opted to study the structure-selectivity relationship 

of the substrate substituents. We first tested the efficacy of isopropenyl benzoate (4a) and 

found it to perform comparably to isopropenyl acetate, providing product 5a in 77:23 er 

(Figure 3). Continuing with vinyl benzoate-derived substrates, we observed improvements 

in enantioselectivity with increasing substitution on the carbon atom vicinal to the nascent 

stereocenter (5a–5c). However, this trend does not hold for the tert-butyl substituted enol 

benzoate 4d, which provided 5d with diminished 79:21 er at 30 °C. Decreasing the reaction 

temperature led to increased enantioselectivity for all substrates, although the degree of 

this effect varied based on the substituent and was particularly pronounced for 5d. During 
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these variable temperature studies, we observed that peptide catalyst P1 was only sparingly 

soluble in toluene at –10 °C at the reaction concentration (10 mM). This led to poor reaction 

reproducibility and precluded reliable mechanistic studies. As such, we sought to design a 

catalyst that was completely soluble at cryogenic temperatures.

Peptide Optimization.

In preliminary evaluation of catalyst structural motifs (P2–P12), most modifications to P1 
proved to be detrimental. However, para-substitution of the i+3 Phg residue arene had almost 

no influence on reaction enantioselectivity (P11, P12). We therefore chose to modify this 

site to achieve a more soluble catalyst. O-Alkylation of 4-hydroxyphenylglycine provided 

straightforward access to peptides with nonpolar groups that enhance solubility in toluene, 

such as P13 bearing a 4-heptyloxy group (Figure 4).

Indeed, peptide P13 was completely soluble under cryogenic reaction conditions. While 

we anticipated that P13 would improve the reaction yield and reproducibility, we were 

surprised to also observe enhanced enantioselectivity relative to P1. Seeking to build upon 

this result, we synthesized P14, effectively expanding the 4-heptyloxy group of Yields 

and enantioselectivities are for isolated material and are the average of two experiments. 

Reactions were conducted on 0.3 mmol scale using 5 equiv. olefin. Ar = 4-(nBuO)Ph. The 

X-ray crystal structure of 5d was rendered using CYLview.18 ausing 2 mol% P14 busing 

2 equiv. olefin cusing 5 mol% P13 dusing ent-P14 P13 to a dicyclohexylmethyl ether 

group. When employing P14 in the hydroamination protocol at –10 °C, we obtained higher 

selectivity still, observing formation of 5d with excellent er of 97:3. Through a combination 

of peptide structure-selectivity studies, substrate modifications, lowering temperature, and 

peptide alkylation, we developed a peptide thiol which catalyzes an asymmetric HAT step in 

excellent enantioselectivity.

With P14 in hand, we next optimized the yield of the hydroamination protocol. Upon 

translation to preparative scale (0.3 mmol sulfonamide), we observed comparable yield and 

enantioselectivity to analytical scale (0.05 mmol sulfonamide) with a reaction time of 48 

hours under otherwise identical conditions. We then found that decreasing the Ir loading 

to 1 mol% and increasing the olefin loading to 5 equivalents resulted in a significant 

improvement in reaction yield, delivering product 5d in 66% yield and 96.5:3.5 er (see SI 

Section S5 for complete optimization details).

Substrate Scope.

Having identified a highly enantioselective peptide catalyst and optimized reaction 

conditions for asymmetric hydroamination, we evaluated the substrate scope of this 

method (Table 1). A variety of (hetero)aryl sulfonamides performed well in this protocol. 

Benzenesulfonamides featuring ether (5d, 5e, 5m), silyl ether (5f), alkyl (5g), trimethylsilyl 

(5h), and sulfide (5i–j) functionalities at the para-position underwent hydroamination 

effectively, providing access to a variety of protected β-amino alcohols in moderate to 

good yields and with high enantioselectivities. Gratifyingly, methoxy-substituted product 5d 
was found to be crystalline, and absolute configuration was determined to be (S) by single 

crystal X-ray diffraction. Heterocyclic sulfonamides, such as thiophene-2-sulfonamide (5k) 
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and a pyridine-based sulfonamide (5l) underwent hydroamination with good levels of 

enantioselectivity. 5l is especially notable, given the potential for the pyridine moiety 

to interrupt the hydrogen-bonding network which is posited to be responsible for facial 

discrimination.25 Electron-poor, meta-, or ortho-substituted aryl sulfonamides exhibited 

significantly diminished reactivity and/or selectivity (see SI Table S4).

With 4-n-butoxybenzene sulfonamide (1b) as a representative sulfonamide, we found 

that several enol esters were effective as olefin substrates (Table 1). Both electron-rich 

and electron-poor benzoates underwent hydroamination effectively, although electron-rich 

substrates (5n–o) provided improved reactivity and selectivity relative to electron-poor 

substrates (5p–r). Substitution at the ortho positions of the benzoate (5s) was well-tolerated, 

as was replacement of the phenyl group with thiophene (5t). While benzoates were found to 

be the optimal protecting groups, an enol pivalate also performed well when the olefin was 

substituted with a cyclohexyl group (5u). Enol benzoates bearing tert-butyl (5e), cyclohexyl 

(5v), bicyclo[2.2.2]octyl (5w), and adamantyl (5x) groups underwent hydroamination in 

good yields and high enantioselectivities. We note that the enol ester moiety was critical to 

achieve good levels of enantioselectivity; modifying the location of the ester or removing it 

altogether resulted in poor selectivity.

While the highest yields were observed when using 5 equivalents of olefin, practical yields 

were still obtained with only 2 equivalents (especially for more nucleophilic olefins, as 

for product 5n). Similarly, while 5 mol% peptide thiol was employed for the standard 

conditions, the hydroamination typically proceeded with comparable yield and er with 

peptide catalyst loadings as low as 2 mol%, as demonstrated for substrate 5e. Additionally, 

we investigated the influence of a chiral center vicinal to the site of HAT on the 

stereoselectivity of the transformation. Employing an enantiopure olefin under our optimized 

conditions, we obtained the (S,S) diastereomer 5y in 10.3:1 dr. When the enantiomer of P14 
(ent-P14) was used with the same olefin, the (R,S) diastereomer 5z was observed as the 

major stereoisomer (5.3:1 dr). Notably, an identical reaction employing achiral 1-octanethiol 

resulted in formation of products 5y and 5z in 2.1:1 dr, favoring 5y. These results highlight 

the potential of this class of peptide catalysts to exert catalyst-based stereocontrol and 

override inherent stereochemical preferences of chiral substrates.

Experimental Mechanistic Studies.

Next, we turned our focus towards studying the key NCIs between the peptide catalyst 

and substrate radical that govern enantioselectivity. In examining the scope of this 

transformation, we noted the need for an ester moiety to achieve high enantioselectivity. 

More specifically, electron-rich benzoates generally led to better enantiodiscrimination 

(Table 1, 5n–r). As peptide catalysts are proposed to interact with their substrates through 

hydrogen-bonding and other electrostatically-driven NCIs, we conducted a Hammett study 

to interrogate the participation of the benzoate in such an interaction. Evaluating eight para-

substituted enol benzoates under standard conditions, we observed an inverse relationship 

(ρ = –0.47) between σp and log(er) (Figure 5). This observation indicates that the benzoate 

moiety indeed participates in an electrostatic interaction during HAT and plays a role in 

enantioinduction. The observed inverse correlation is consistent with a hydrogen-bonding 
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event through the carbonyl of the benzoate or a π-interaction via the benzoate arene, though 

other modes of electrostatic stabilization are possible.26

Given that cyclohexyl groups cannot participate in the electrostatic interactions typically 

associated with peptide catalysts, we were interested in experimentally probing how the 

alkyl groups of P14 improved selectivity relative to P1. Our initial hypothesis was that 

the bulky cyclohexyl groups prevent the formation of aggregated peptide species that 

undergo HAT to the C-centered radical intermediate with diminished selectivity. However, 

the absence of any nonlinear effects at 30 °C or –10 °C indicate that catalyst aggregation is 

unlikely (see SI Figures S4 and S5). We also reasoned that aliphatic groups on the periphery 

of the peptide could induce a change in the catalyst secondary structure, altering the binding 

mode between the radical intermediate and catalyst. However, NMR spectroscopic studies 

and X-ray crystallography indicate that the ground state conformations of P1 and P14 
are very similar (see SI Section S8 and S9). Due to the transient nature of the relevant 

intermediates, we were unable to experimentally study the exact conformational effect of the 

dicyclohexylmethyl ether moiety of P14 upon association with the substrate radical.

Without explicit evidence to define a conformational consequence of the appended 

cyclohexyl groups, we instead questioned whether the improved selectivity is a result of 

some stabilizing or destabilizing interaction between the prochiral radical intermediate and 

the cyclohexyl groups of P14. The increased enantioselectivity of P14 relative to P1 is a 

manifestation of the increased ΔΔG‡ between the diastereomeric transition states leading 

to the (S)-5e or (R)-5e products. This can be achieved by either raising the barrier to 

formation of the minor enantiomer relative to that of the major enantiomer or lowering the 

barrier to formation of the major enantiomer relative to that of the minor.27 Typically, these 

two scenarios can be distinguished by comparing the relative rates of the two catalysts, 

wherein an accelerated reaction rate with the more selective catalyst indicates a stabilizing 

interaction.28 However, we observed a zeroth-order kinetic dependence on the concentration 

of P14 in the hydroamination reaction (see SI Figure S6). This observation is in line with 

prior kinetic studies of similar photocatalytic hydroamination reactions, which indicated that 

thiol-mediated HAT occurs after rate-determining C–N bond formation.29 As the peptide 

thiol is not involved in the rate-determining step, the overall reaction rates do not reflect the 

differential barriers for the competing HAT transition states.

To ascertain the role of the cyclohexyl groups, we instead designed a competition 

experiment between catalyst P14 and related catalyst P15, which bears an –OiPr group 

at the 4-position of the Phg residue arene (Figure 6). P15 furnishes 5e with similar 

selectivity to P1, but it exhibits full solubility under the reaction conditions and bears an 

arene that is electronically comparable to that of P14 (Figure 6). Under standard reaction 

conditions, a 1:1 mixture of P14 and P15 was utilized in the hydroamination procedure. 

If the overall rates of HAT for catalysts P14 and P15 were identical, then a statistical 

95.0:5.0 er would be expected for 5e, resultant of an average of the selectivities exhibited 

by each catalyst. However, we found that the composite selectivity for the catalyst mixture 

was greater than the statistical outcome and was biased towards P14. HAT from the more 

selective catalyst P14 was thus determined to be faster by a factor of approximately 2.2. The 

presence of the cyclohexyl groups therefore lowers the barrier for the major HAT transition 
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state, which reasonably occurs via stabilizing NCIs (see SI Table S8 for calculations of 

relative rates). We also carried out the same experiment at both high dilution and at room 

temperature to evaluate potential aggregation and temperature contributions, and in all cases, 

we reproducibly observed rate acceleration by a factor of 2.1–2.7 (see SI Tables S9–S11). 

These findings indicate that incorporating the dicyclohexylmethyl ether moiety into the 

peptide structure leads to a stabilization of the pro-(S) HAT transition state relative to 

the pro-(R) transition state. Consequently, we hypothesize that this group contributes to 

stabilizing NCIs in the dominant transition structure.

Computational Studies.

To gain a better understanding of the NCIs responsible for enantioselectivity in the HAT 

step, we conducted DFT calculations. All calculations were performed using Gaussian 

16.30 Geometry optimizations were performed using the dispersion-corrected ωB97xd 

functional31 with def2SVP basis set,32 and single point energies were calculated with 

the ωB97xd functional and the def2TZVP basis set.32 We benchmarked multiple DFT 

functionals and basis sets for single-point calculations, and every computational method 

evaluated resulted in the experimentally observed (S)-selectivity. Solvation effects were 

included by performing single point energy calculations with the CPCM solvation model33 

in toluene (ε = 2.37).34 Detailed conformational searches on key intermediates were 

performed using CREST (see SI Tables S13–S16).35 Only the lowest energy conformations 

are included in this analysis. To better approximate enthalpies and Gibbs free energies, we 

applied the quasiharmonic approximation from Grimme to compute the thermal corrections 

with a cut-off frequency of 50 cm–1.36 These quasiharmonic approximations were calculated 

using GoodVibes.37

Initially focusing on peptide P1, we carried out extensive conformational sampling from 

which we identified the lowest energy conformer with a β-turn/β-hairpin secondary 

structure. We carried out identical sampling for the prochiral C-centered radical species 

6. This species favored a conformation stabilized by a π-π stacking interaction between 

the arene rings of the benzoate and benzenesulfonamide groups (see SI Figure S7 for 

computational analysis of formation of this radical species).

We next modeled the reaction coordinate profile with 6 and P1 to study the origin of 

enantioselectivity in the HAT step. Complexation of the radical and peptide species resulted 

in the intermediates si-7 and re-7 (Figure 7a). In both intermediates, we identified two 

hydrogen bonds between the sulfonamide moiety and the peptide: a primary hydrogen bond 

between the sulfonamide oxygen and N–HAcpc (green) and a secondary hydrogen bond 

between the sulfonamide N–H and the carbonyl of the Cys residue (pink). Si-7 also contains 

a third, weak hydrogen bond between the benzoate ester and S–HCys (blue). Importantly, the 

key intramolecular π-π stacking interaction observed in 6 is preserved in si-7, resulting in a 

small substrate distortion energy (5.8 kcal/mol). However, this interaction is absent in re-7, 

leading to significantly higher substrate distortion energy (10.6 kcal/mol). This distortion-

interaction analysis thereby suggests that this π-π stacking interaction plays a key role in the 

preferential formation of si-7 and leads to a more negative binding energy (–22.4 kcal/mol 

for si-7, –18.7 kcal/mol for re-7). In the subsequent selectivity-determining hydrogen atom 
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transfer transition state, this π-π stacking interaction remains intact in (S)-TS1 but absent 

in (R)-TS1. We thus hypothesize that this interaction is primarily responsible for the 2.2 

kcal/mol stabilization of (S)-TS1 relative to (R)-TS1. This interaction is also consistent with 

our Hammett study (Figure 5), providing physical basis to this experimentally observed 

trend.

Finally, we probed the origin of improved selectivity with P14 as compared to P1. The 

key dicyclohexylmethyl ether group of P14 was incorporated into the (S)-TS1 and(R)-TS1 
structures, resulting in (S)-TS2 and (R)-TS2, with (S)-TS2 again favored over (R)-TS2 
(Figure 8). Although the computational analysis overestimates the experimentally observed 

enantioselectivity (ΔΔG‡
exp = 1.7 kcal/mol, ΔΔG‡

comp = 4.2 kcal/mol), all computational 

methods tested predict enantioselectivity favoring the experimentally observed (S)-8 product 

(see SI Table S12).38 Distortion-interaction analysis revealed that the absence of the key 

intramolecular π-π stacking interaction in (R)-TS1 and (R)-TS2 leads to larger substrate 

distortion energy, which favors the (S)-selective pathway. In addition to the substrate 

distortion energy, the interaction energies between the peptide and the substrate contributed 

more significantly to the observed enantioselectivity with P14 than with P1 (ΔEinteraction = 

2.4 kcal/mol vs. 0.6 kcal/mol). Taken together with experimental competition studies (Figure 

6), these computational results suggest that the dicylohexylmethyl ether group of P14 leads 

to a stronger stabilizing interaction between the radical intermediate 6 and P14 in the major 

transition state (S)-TS2.

Based on the transition state geometries, we propose that the stabilizing interaction arises 

from an NCI between the cyclohexyl groups of P14 and the arene rings of the substrate. 

In both TS2 structures, one cyclohexyl group is closely positioned to the substrate arene(s), 

which is consistent with London dispersion interaction.39 The significance of dispersion 

interactions in asymmetric catalysis is increasingly recognized, particularly in peptide-

mediated asymmetric transformations.40 In this system, we propose that this dispersion 

interaction is a component of the more favorable interaction energy observed for the TS2 
structures relative to the corresponding TS1 structures. Furthermore, we note that (S)-TS2 
shows three close intermolecular H–H contacts (≤2.3 Å) between the peptide cyclohexyl 

group and substrate arene, whereas (R)-TS2 displays just one of these close H–H contacts. 

We also conducted NCIPLOT analysis, which demonstrates the presence of both this 

dispersive interaction and the aforementioned π-π stacking interaction in (S)-TS2 (see SI 

Figure S9).42 These geometries, together with the understanding that larger alkyl groups 

both are better dispersive donors41 and provide increased enantioselectivity (Figure 4, P14 
> P13 > P1), lead us to hypothesize that such dispersive interactions contribute to the 

experimentally and computationally observed increased stabilization of (S)-TS2 relative to 

(R)-TS2.43

CONCLUSIONS

In summary, we have developed a chiral tetrapeptide thiol catalyst that effects 

highly selective asymmetric HAT to a prochiral carbon-centered radical, enabling the 

enantioselective hydroamination of enol esters with sulfonamides. A series of peptide site 

modifications led to identification of the crucial residues that make for an effective catalyst 
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scaffold, which was further improved by the addition of a dicyclohexylmethyl ether. This 

protocol was applied to a variety of sulfonamide and olefin partners, resulting in a scope of 

23 β-amino-alcohol products. Kinetic competition studies elucidated that the cyclohexyl 

groups accelerate the enantiodetermining HAT step. Computational studies establish a 

network of hydrogen bonds, π-π stacking interactions, and London dispersion interactions 

as key noncovalent interactions that govern the high degrees of enantioinduction observed 

experimentally.

This work provides one of few examples of asymmetric HAT from a small-molecule 

catalyst. The mechanistic studies presented herein contribute to the growing body of 

literature on radical-based asymmetric catalysis, informing on how NCIs govern such 

enantioselectivity. Due to the highly modular nature of the peptide thiol catalysts disclosed 

herein and the ubiquity of HAT as an elementary step, we are optimistic that these catalysts 

may be further developed to effect asymmetric HAT with a structural diversity of prochiral 

radicals. Studies into other systems compatible with asymmetric HAT, as well as additional 

computational research into the conformational effects which dictate substrate-peptide 

interactions, are currently underway in our laboratories.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a. Asymmetric HAT is an enabling, yet challenging elementary step. b. Small molecule 

approaches to achieve asymmetric HAT have employed chiral species such as Lewis acids, 

stannanes, and thiols. c. Enzymes bind and properly orient the prochiral radical intermediate 

for asymmetric HAT. d. This work: Enantioselective olefin hydroamination via asymmetric 

HAT from a peptide thiol catalyst.
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Figure 2. 
Structure-selectivity relationships of peptide i+2 and i+3 residue variations. Reactions were 

conducted with 0.05 mmol 1a and 3 equiv. 2. The X-ray crystal structure of P4 was rendered 

using CYLview.18
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Figure 3. 
Effect of alkyl group substitution and temperature on hydroamination yield and 

enantioselectivity.
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Figure 4. 
a. Effects of temperature and peptide alkylation on hydroamination yield and 

enantioselectivity. b. X-ray crystal structure of P14, rendered using CYLview.18
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Figure 5. 
Hammett study of para-substituted enol benzoates. See SI Table S5 for further details.
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Figure 6. 
Kinetic competition study between differentially substituted i+3 residues to examine the rate 

effects of the Phg arene substituents on HAT. These results demonstrate a ~2.2-fold rate 

enhancement for peptide thiol catalyst P14 vs. P15.
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Figure 7. 
a. Computed reaction coordinate profile of the hydrogen atom transfer step; b. Optimized 

geometries and distortion-interaction analysis of peptide-bound prochiral intermediates.
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Figure 8. 
Computed selectivity-determining transition state structures with peptide a. P1; and b. P14.
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