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Abstract: The low racemization barrier inherent in axially chiral vinyl sulfides/selenides (G ≤ 26.8 

kcal/mol) poses a significant challenge for achieving atroposelective hydrochalcogenation of alkynes. In 

this study, we present an unprecedented atroposelective hydrochalcogenation of alkynes catalyzed by 

organocatalysts. This organocatalytic, atom-economic process proceeds under mild conditions and 

exhibits exceptional enantio-, regio-, and E-stereoselectivity. Insights from detailed Density Functional 

Theory (DFT) studies elucidate the origins of these high selectivities. 

Introduction  

Organochalcogenides demonstrate remarkable versatility and play a significant role in a wide range of 

applications, including pharmaceuticals, bioactive molecules, agrochemicals, and functional materials.1-

4 Moreover, in synthetic chemistry, organochalcogenides exhibit distinctive activities as chiral catalysts 

and ligands (Fig. 1a).5-7 Despite the established high activities of chiral organochalcogenides, their 

synthesis presents a significant challenge due to the well-documented catalyst poisoning8, 9of sulfur and 

selenium. The enantioselective, atom-economic hydrochalcogenation of unsaturated hydrocarbons 

represents one of the most powerful and straightforward methods for synthesizing chiral 

organochalcogenides.10-12 However, it is currently limited to the asymmetric hydrochalcogenation of 

alkenes, including Michael acceptors,13, 14 1,3-dienes,15, 16 allenes,17-19 cyclic alkenes,20-22 and styrenes23. 

The enantioselective hydrochalcogenation of alkynes remains unexplored. 

Axially chiral compounds have outstanding performance as chiral ligands and catalysts in asymmetric 

catalysis.24-26 Although remarkable progress has been achieved in the synthesis of axially chiral 

(hetero)biaryl compounds,27-32 catalytic atroposelective access to axially chiral alkenes remains 

challenging due to the low rotational barrier, weak atropostability, and difficulty in controlling the E/Z-

stereoselectivity.33-40 In 2017, Tan pioneered the catalytic atroposelective hydrofunctionalization of 

alkynes to access axially chiral alkenes.41 Subsequently, Yan,42 Houk & Tan, 43 Li,44 Yang & Tan & Wang, 

45 Gao & Yao,46 and others,47-50 further advanced atroposelective alkyne hydrofunctionalization, which 

provides an important solution to the aforementioned challenges (Fig. 1b). However, these 

atroposelective hydrofunctionalizations typically require bulky functionalizing reagents, such as 

hydrosulfonylation,42 hydroarylation,43 hydrophosphination,44, 45 and hydrosilylation46, which limit the 

resulting axially chiral alkenes to those with high racemization barriers (G > 30 kcal/mol). In contrast, 

atroposelective alkyne hydrochalcogenation presents additional challenges because the sterically less 
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hindered SR/SeR groups further lower the racemization barrier (G = 25.6 kcal/mol and 26.8 kcal/mol, 

respectively). Inspired by asymmetric bifunctional organocatalyzed reactions,51-53 we expected that the 

use of bifunctional organocatalysts, such as phosphoric acids and (thio)urea derivatives, could provide a 

potential solution to the challenge by synergistically activating alkynes and thiols/selenols through 

multiple hydrogen bond interactions. Based on this design consideration and our ongoing interest in the 

enantioselective hydrofunctionalization of unsaturated hydrocarbons,54, 55 we present here an 

organocatalyzed regio- and atroposelective hydrochalcogenation of alkynes to generate axially chiral 

vinyl sulfides and selenides (Fig. 1c).56 DFT calculations elucidate the reaction mechanism and the origin 

of the enantioselectivity and E-stereoselectivity. 

 

Fig. 1. Inspiration for atroposelective hydrochalcogenation of alkynes. a, selected chiral 

organochalcogenides as ligands and catalysts. b, typically atroposelective hydrofunctionalization of 

alkynes. c, this work: atroposelective hydrochalcogenation of alkynes. 

Reaction development  

We initiated our investigation using alkyne 1a and thiol 2a as model substrates. We explored a range 

of bifunctional organocatalysts featuring diverse chiral frameworks and functional groups, and the 

representative results are shown in Table 1. Chiral phosphoric acid C1 smoothly promoted 

hydrothiolation to afford axially chiral sulfides 3aa in 78% yield with 45:55 er. Encouraged by this result, 

we set out to investigate a series of axially chiral phosphoric acids (C2−C5), among which the sterically 

bulky phosphoric acid C5 significantly increased the enantioselectivity to 10:90 er with high yield (75%). 

Subsequently, various chiral thiourea and urea derivatives (C6−C10) were evaluated. In particular, the 

quinine-derived urea C10 efficiently catalyzed the hydrothiolation and provided the desired product 3aa 

in excellent yield (98%) with good enantioselectivity (85:15 er) at room temperature. To our delight, 

when the temperature was lowered to 0 °C, the enantioselectivity was increased to 97:3 er with excellent 

yield (98%). Overall, this represents the first example of atroposelective hydrothiolation of alkynes. 
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Table 1. Reaction optimization. 

 

Scope for hydrothiolation  

After establishing the optimal reaction conditions, we explored the generality of the hydrothiolation 

reaction. Under the standard conditions, we first examined the addition of various thiols 2 to alkyne 1a 

(Table 2). Thiols with both electron-donating and electron-withdrawing groups on the phenyl rings 

reacted smoothly, yielding the desired products with high yields and enantioselectivity (3ab–3ak, 70−97% 

yield, 90:10−98:2 er). Additionally, this methodology is compatible with heteroaromatic rings, including 

furan (3al, 98% yield, 98:2 er), thiophene (3am, 52% yield, 96:4 er), and benzimidazole (3an, 98% yield, 

99:1 er). The absolute configuration of the product 3an was determined to be (S) by X-ray 

crystallographic analysis. Initially, attempts to extend the reaction to aliphatic thiols were unsuccessful, 

as the enantioselectivity of the product decreased significantly over time. However, the use of phosphonic 

the acid catalyst C5 in place of the urea catalyst C10 enabled successful hydrothiolation with aliphatic 

thiol 2o, giving the product 3ao in 67% yield with 89:11 er. In all cases, only a single constitutional 

isomer was obtained. 

Subsequently, we examined the hydrothiolation of various alkynes with thiol 2a. Substituents such as 

methoxy, halogen, and trifluoromethyl on the naphthalene ring were found to be compatible, yielding the 

desired axially chiral vinyl thioethers in high yields and with excellent enantioselectivities (3ba–3ga, 

70−99% yield, 94:6−96:4 er). Notably, the hydrothiolation of 1,7-bisalkynyl 2-naphthalenol selectively 

afforded the expected products 3ha in 60% yield and 94:6 er, with no observed side product formation 

from the hydrothiolation of the 7-alkynyl groups. This result indicates the essential role of the ortho-

hydroxyl group in the activation of the alkyne. Furthermore, the replacement of the tertiary butyl group 

with the less sterically hindered cyclohexyl and n-butyl groups met with no difficulty, and the products 

were all isolated in high yields and enantioselectivities (3ia and 3ja). 

https://doi.org/10.26434/chemrxiv-2024-z9crl ORCID: https://orcid.org/0000-0001-6884-2587 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-z9crl
https://orcid.org/0000-0001-6884-2587
https://creativecommons.org/licenses/by-nc-nd/4.0/


Table 2. Scope for Atroposelective Hydrothiolation. 

 

Scope for hydroselenation 

We also investigated the hydroselenation, and the quinidine-derived thiourea C9 was found to give the 

best results (Table 3). Hydroselenation with selenols bearing electron-donating groups showed high 

reactivity and excellent enantioselectivity (5ab−5ad, 82−98% yield, 95:5−99:1 er). However, selenols 

containing electron-withdrawing groups on the phenyl ring showed poor reactivity under the optimized 

conditions. Encouragingly, switching the catalyst from thiourea C9 to phosphoric acid C5 successfully 

facilitated the transformation and provided the desired axially chiral vinyl selenides with high reactivity 

and enantioselectivity (5ae−5ag, 78−87% yield, 90:10−98:2 er). In addition, this protocol tolerated 

ortho- and meta-substituted selenols (5ah and 5ai). Hydroselenation with bulky selenol 4j also proceeded 

well and delivered axially chiral selenides with good results (5aj, 64% yield, 93:7 er). Aliphatic selenols 

did not react under these conditions. It is noteworthy to point out that all products from this 
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transformation showed complete E-stereoselectivity (>20:1 E/Z). 

Next, we explored the hydroselenation of various alkynes with selenol 4a. Under optimized conditions, 

various functional groups on the naphthalene rings are well tolerated and the desired chiral selenides 

were obtained in moderate to high yields with excellent enantioselectivity (5aa−5ga, 51−98% yield, 

87:13−99:1 er). The hydroselenation of alkynes can also be achieved selectively at the ortho-hydroxyl 

position, even in the presence of multiple triple bonds (5ha, 77% yield and 95:5 er). When the tert-butyl 

group at the alkyne was replaced with the smaller cyclohexyl and n-butyl groups, the transformation also 

proceeded smoothly, generating axially chiral selenides (5ia and 5ja) with good reactivity (61% and 78% 

yield, respectively) and enantioselectivity (94:6 er and 99:1 er, respectively).  

Table 3. Scope for Atroposelective Hydroselenation.  

 

Transformations 

To demonstrate the potential utility of our protocol, we synthesized 3aa and 5aa on a gram scale with 

no erosion of the yield or enantioselectivity using a catalyst loading as low as 1 mol% (Fig. 2a). The 

chiral sulfide 3aa and selenide 5aa were readily oxidized to the corresponding sulfone 6 and selenone 7 

(Fig. 2b). Additionally, the potential S/P 8 and Se/P 9 ligand were synthesized in high yield by reacting 

the axially chiral sulfide 3aa or selenide 5aa with chlorodiphenylphosphine (Fig. 2c). The cross-coupling 
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reaction of vinyl thioethers/selenides with various reagents facilitates the conversion of C−S/Se bonds 

into a diverse range of C−X bonds.57, 58 For example, product 10 was successfully synthesized via the 

Kumada coupling of 3aa or 5aa with a Grignard reagent (Fig. 2d). 

 

Fig. 2. Gram-scale reaction and transformations. a, gram-scale reactions. b, oxidation of axially chiral 

vinyl thiolethers and selenides. c, synthesis of potential S/P and Se/P ligand. d, cross-coupling of axially 

chiral vinyl thiolethers and selenides.  

Mechanism investigation 

To explore the reaction mechanism and gain insight into the origin of the enantioselectivity and E-

stereoselectivity, DFT calculations were performed on the C10-catalyzed hydrothiolation between 1a 

and 2a. Based on our computational results and previous reports 42, 43, 51-53, 59, 60, we propose that the chiral 

urea serves as a bifunctional organocatalyst to synergistically activate alkynes and thiols. As illustrated 

in Fig. 3a, deprotonation of alkyne 1a by C10 leads to the formation of an ammonium intermediate Int1, 

where the naphthalenolate anion is stabilized by multiple hydrogen bond interactions.51-53 Proton transfer 

then occurs via TS1-R (18.5 kcal/mol) to yield the electrophilic (R)-vinylidene ortho-quinone methide 

(VQM)59, 60 Int2-R. Subsequently, thiol 2a associates with Int2-R to form Int3 via an N···H−S hydrogen 

bond. This is followed by deprotonation of the thiol via TS2 (18.0 kcal/mol) to give Int4. Nucleophilic 

attack of the sulfur anion on (R)-VQM from the opposite side of the bulky tert-butyl group of the allene 

(E face) produces the intermediate Int5 via TS3 (22.5 kcal/mol), which is the rate-determining step. 

Subsequent protonation yields the desired product 3aa and regenerates the free catalyst C10.  

To elucidate the origin of the enantioselectivity, we also calculated the formation of (S)-VQM Int2-S 

(red pathway), which is energetically disfavored by 11.1 kcal/mol compared to the transition state TS1-

R. We further investigated the origin of enantioselectivity by a visual analysis of non-covalent 

interactions (NCIs)61, 62 (Fig. 3b). A significant difference in 1a···C10 nonbonding interactions is 

observed between TS1-R and TS1-S. The tert-butyl group and the naphthalene ring of 1a can interact 
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with C10 through a variety of C−H···π/π···π interactions (the green region) in TS1-R. Conversely, a 

strong steric repulsion (the red region) is observed between 1a and C10 in TS1-S. Additionally, we 

calculated the catalyst distortion energies (energy difference between the catalyst fragment in the 

transition structure and C10, ΔE‡
dist) of TS1-R and TS1-S. The distortion energy of TS1-S (10.5 kcal/mol) 

is higher than that of TS1-R (4.7 kcal/mol). Overall, these results support that the formation of (R)-VQM 

Int2-R is more favorable than (R)-VQM Int2-S. 

 

Fig. 3. DFT calculations. a, energy profile. b, NCIs analyses and the distortion energies of catalyst. c, 

ADCH atomic charge of S. 

Finally, to shed light on the origin of the E-stereoselectivity, we also calculated the free energy profile 

for the formation of Z-3aa (gray pathway, Fig. 3a). Thiol 2a associates with the intermediate Int2-R to 

form Int4' via an O···H−S hydrogen bond. The nucleophilic attack of thiol on Int2-R occurs from the 

same side of the bulky tert-butyl group of the allene (Z face) to give Z-3aa via TS3' (35.4 kcal/mol). 

TS3' is energetically less favorable than TS3 by 12.9 kcal/mol. This discrepancy in free energy can be 
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attributed to two factors: 1) steric repulsion between the tert-butyl group and the PhS group in TS3’, and 

2) weaker nucleophilicity of the S center in TS3'. Atomic dipole moment corrected Hirshfeld (ADCH) 

charge population analysis63 indicates that the S atom in Int4 (-0.456) is more negatively charged 

compared to the S atom in both thiol 2a (-0.169) and Int4' (-0.211) (Fig. 3c). The increased 

nucleophilicity of S atom in Int4 lowers the energy barrier for the formation of E-3aa compared to that 

for Z-3aa. 

Conclusion 

The atroposelective hydrochalcogenation of alkynes is challenging due to the low rotational barrier 

and weak atropostability of axially chiral vinyl sulfides/selenides. By using organocatalysis, we 

successfully achieved the first atroposelective hydrochalcogenation of alkynes. This atom-economic 

process is conducted under mild conditions and demonstrates excellent enantio-, regio-, and E-

stereoselectivity. DFT studies shed light on the reaction mechanism and the origin of these high 

selectivities.  

Methods 

General procedure for hydrochalcogenation of alkynes 

In a N2-filled glovebox, alkyne (0.1 mmol) and thiol/selenol (0.15 mmol) were added to a solution 

of catalyst (0.005 mmol) in DCE (0.40 mL) in a 1-dram vial. The resulting mixture was stirred at 0 

oC or 30 oC until no starting material was observed by TLC or GC. The reaction mixture was then 

concentrated and purified by flash silica gel chromatography to give the pure product.  

Data availability 

All other data are available from the corresponding author upon request. For experimental details 

and procedures, spectra for all unknown compounds, see supplementary files. 
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