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ABSTRACT: An asymmetric 1,2-dicarbofunctionalization of unactivated alkenes with aryl iodides and aryl/alkenylboronic esters 
under nickel/bioxazoline catalysis is disclosed. A wide array of aryl and alkenyl nucleophiles are tolerated, furnishing the products 
in good yield and with high enantioselectivity. In addition to terminal alkenes, 1,2-disubstituted internal alkenes participate in the 
reaction, establishing two contiguous stereocenters with high diastereoselectivity and moderate enantioselectivity. A combination of 
experimental and computational techniques shed light on the mechanism of the catalytic transformation, pointing to a closed-shell 
pathway with an enantiodetermining migratory insertion step, where stereoinduction arises from synergistic interactions between the 
sterically bulky achiral sulfonamide directing group and the hemilabile bidentate ligand.  
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Introduction. 
Over the past decade, transition-metal-catalyzed 1,2-dicarbofunc-
tionalization of alkenes (or conjunctive cross-coupling) has ad-
vanced rapidly.1a–d Nickel, a base metal, offers advantages in this 
reaction paradigm due to its inherent resistence to β-Η elimination 
and ability to undergo one- or two-electronic redox processes.1e 
1,2-Dicarbofunctionalization forms two adjacent C(sp3)–C bonds 
from an alkene, making it a potentially powerful tool in stereose-
lective synthesis. Nevertheless, fully intermolecular (i.e., three-
component) asymmetric Ni-catalyzed dicarbofunctionalization of 
alkenes remains underdeveloped, with existing reports largely lim-
ited to radical processes with activated alkenes.2a Herein, by lever-
aging steric interactions between the achiral directing group and 
chiral hemilabile N,N-ligand during intermolecular migratory in-
sertion, we demonstrate three-component, enantioselective 1,2-di-
arylation and 1,2-arylalkenylation of unactivated alkenes through a 
closed-shell Ni(0)/Ni(II) mechanism.  
     Prior work in enantioselective, nickel-catalyzed 1,2-dicarbo-
functionalization has focused predominantly on intramolecular 
(i.e., two-component) couplings in which stereoselectivity is con-
trolled during cyclative migratory insertion or reductive elimina-
tion (Scheme 1A and 1B).1f,2b,3-6 In addition, Morken disclosed an 
intermolecular version in which acyclic secondary alcohols are ac-
cessed in high enantioselectivity (Scheme 1C).2b There are several 
other examples of intermolecular, asymmetric, nickel catalyzed 
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1,2-dicarbofuncationalizations of alkenes via net reductive cata-
lytic processes, which all operate through a stereoselective radical 
capture mechanism. The Diao,2c Chu,2a and Nevado2d groups have 
shown that styrenes, enamides, and allylic esters are competent 
substrates for this process (Scheme 1C). While radical-based ap-
proaches are valuable, they only allow construction of one stereo-
center and are restricted to activated alkenes and reactants that ben-
efit from radical stabilization. In contrast to a radical-based ap-
proach, we sought to develop enantioselective nickel-catalyzed 1,2-
diarylation based on an enantiodetermining migratory insertion 
step that generates two chiral centers in one elementary step, which   

would complement recent advances in palladium catalysis.7,8 Our 
group has previously reported the use of native directing groups for 
1,2-dicarbofunctionalization of unactivated alkenes via nonradical 
pathways.9 We hypothesized that the protected alkenyl amine sub-
strates would be excellent contenders for the intermolecular asym-
metric 1,2-diarylation of unactivated alkenes due to the strong σ-
donating character nitrogen towards nickel and the potential for 

facile directing group (DG) steric tuning.9e To this end, we report 
the identification of sterically bulky aryl sulfonamides as uniquely 
effective directing groups in asymmetric 1,2-diarylation of alkenes 
under nickel/bioxazoline (biOx) catalysis via a stereodetermining 
migratory insertion step (Scheme 1D). 

Table 1. Optimization of asymmetric 1,2-diarylation reaction.a 

Table 2. Electrophile and Nucleophile Scope.a 

aReaction conditions: 1a (0.1 mmol), i-BuOH/hexane 1:1 (0.1 M)’ 
nep = neopentylglycol. bValues in parentheses are isolated yields. 
cPercentage yield by 1H NMR using CH2Br2 as the internal stand-
ard; n.d. =  not detected. d(R,R)-L7 was used. 

aReactions performed on 0.1 mmol scale. bReactions performed 
at 0 °C. cEnantiomeric ratio was not determined. dProduct	was	
synthesized	from	(Z)-alkene.	eProduct	was	synthesized	from	
(E)-alkene.	 
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Results and Discussion. 
     To commence the investigation, we selected 1-iodo-4-iso-
propoxybenzene and phenylboronic acid neopentyl glycol ester 
(PhB(nep)) as model coupling partners with commercially availa-
ble (S)-benzyl biOx (Bn-biOx, L9) as the ligand and systematically 
surveyed a homoallyl amine substrate bearing a selection of differ-
ent sulfonyl groups at a low temperature (Table 1). The examina-
tion of the electronic series of para-substituted arylsulfonyl groups 
DG1–4 resulted in low to excellent product yields with moderate 
enantioselectivities. The benzylsulfonyl group DG5 gave the prod-
uct with slightly higher enantioselectivity. Sterically bulky aryl-
sulfonyl groups bearing the 2,4,6-trisubstituted pattern such as me-
sityl DG6 demonstrated good enantioselectivity, and 2,4,6-tricyclo-
hexylbenzene sulfonyl group DG7 gave a leap in enantioselectivity 
but suffered in product yield. Gratifyingly, the 2,4,6-triiso-
propylbenzene sulfonyl group (Tris or Trisyl) DG8 provided 1,2-
diarylated product 2a in good yield with excellent enantio- and re-
gioselectivity, and its absolute configuration as the (S)-enantiomer 
was confirmed by single-crystal X-ray diffraction. Other mono- 
and bisoxazoline ligands were also tested. The commonly em-
ployed Bn-BOX L1, Bn-PyBOX L2, and Bn-MOX L4 ligands all 
gave product in trace amounts, while Bn-PyrOx L3 ligands af-
forded the product in low yield as a nearly racemic mixture (Entries 
1–4). The biOx ligands L5 and L6 that were previously used in 
asymmetric nickel catalysis by Diao2c and Nevado2d afforded prod-
uct in low yields with poor enantioselectivities, highlighting the im-
portance of the benzyl arm of the biOx ligand for this particular 
asymmetric reaction (Entries 5 and 6). This requirement is further 
exemplified with analogues of Bn-biOx L7, L8, L10, and L11 that 
afforded the 1,2-diarylated product with comparable enantioselec-
tivities; however, they gave diminished yields (Entries 7–10). 
Other Bn-biOx analogues with structurally diverse features, chiral 
electron-deficient olefin (EDO) ligands, and a chiral diamine ligand 
were all surveyed as well, but Bn-biOx L9 remained superior in 
both product yield and enantioselectivity.10      
     Performing the reaction for a shorter time resulted in a lower 
yield but excellent enantioselectivity (Entry 11). Exclusion of Bn-
biOx ligand afforded racemic product in 13% yield indicating the 
presence of a modest background reaction (Entry 12). Use of aryl-
boronic acid in place of the arylboronic ester resulted in a lower 
yield, while good enantioselectivity was still obtained (Entry 13). 
The corresponding aryl bromide electrophile 1-bromo-4-iso-
propoxybenzene was unreactive, and other nickel precatalysts, such 
as Ni(cod)(DQ), NiCl2, Ni(acac)2, and NiBr2•glyme, were ineffec-
tive; however, Ni(cod)(DMFU) afforded product in 33% with good 
enantioselectivity (Entries 14,15,17). One of the newly developed 
air-stable Ni(0) precatalysts from our group, Ni(cod)TOA (TOA = 
diethyl acenaphtho[1,2-c]thiophene-7,9-dicarboxylate 8-oxide), al-
lowed the reaction to be performed with good yield and enantiose-
lectivity without an inert atmosphere glovebox (Entry 16).11 Lower 
loading of catalyst or coupling partners resulted in a lower yield, 
while high enantioselectivity was maintained (Entry 18, 19).  
     Next, the scope of electrophile and nucleophile coupling part-
ners was evaluated (Table 2). In terms of the electrophile scope, 
electron-donating groups at the para position of the aryl iodide 
gave the highest enantioselectivities (2b–e, 2h–j, 2p, 2q) with var-
iable yields. (Product 2q was also obtained at 0 °C in 57% with 
96:4 e.r., see Table S6 in SI.) Lower enantioselectivities and good 
to excellent yields were observed with electron-neutral and -donat-
ing groups at the para position of the aryl iodides (2k–o) (ρ  = –
0.844 at –10 °C and ρ  = –0.750 at 0 °C).12 Even though aryl iodides 
with electron-donating groups on the meta and ortho positions of 
the aryl iodides (2f, 2g) gave 1,2-diarylated product in good to 

excellent yields, enantioselectivity was diminished. With regards 
to the nucleophile scope, changing the electronic properties of the 
para substituent on the arylboronic ester had minimal impact on the 
enantioselectivity (ρ  = 0.012 at –10 °C).13 It is worth noting that 
electron-donating and -neutral or weakly electron-withdrawing 
substituents on the para position of the arylboronic esters (2r–v, 
2x–z) afforded higher yields than the example with electron-with-
drawing 4-(trifluoromethyl)phenylboronic ester (2w) as the nucle-
ophile. Both 3-thiophenyl- and 3-furanylboronic esters (2aa, 2ab) 
were tolerated in the reaction conditions giving product with good 
enantioselectivities albeit with low to good yields. Both meta- and 
ortho-substituted arylboronic esters afforded 1,2-diarylated prod-

uct in moderate yield with good to excellent enantioselectivities 
(2ac and 2ad). Alkenylboronic ester nucleophiles were also sur-
veyed because they have not previously been used in three-compo-
nent asymmetric dicarbofunctionalization.2 Use of (E)-(4-me-
thyl)styrylboronic acid neopentyl glycol ester led to 1,2-dialkenyl-
ated product 2ae in moderate yield and with comparatively low en-
antioselectivity and to 1,2-arylalkenylated product 2af in excellent 
yield and with good enantioselectivity. Other (E)-alkenyl boronic 
esters such as (E)-(3-phenylprop-1-en-1-yl)boronic ester and (E)-
(3,3-dimethylbut-1-en-1-yl)boronic ester afforded enantioenriched 
products (2ag and 2ah) with good enantioselectivity and low to 
good yields. A 1,1-disubstituted boronic ester, namely 1-phenylvi-
nylboronic ester, was competent in the optimized reaction giving 
product (2ai) in moderate yield with good enantioselectivity. Fi-
nally, cyclohexenylboronic ester can be used as a coupling partner 
to furnish 1,2-arylalkenylated product (2aj) with good enantiose-
lectivity but low yield.       

Scheme 2. Mechanistic Investigations, Proposed Catalytic Cy-
cle and Additional Experiments. aUnreacted starting materials 
remained. 
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     We then examined alkene substrates that are typically challeng-
ing in 1,2-diarylation. We found that (Z)- and (E)-internal alkenes 
with the trisyl group gave product in low yields under the optimized 
reaction conditions. Pleasingly, switching to less hindered DG2 en-
abled reactivity with both (Z)- and (E)-internal alkenes, with dia-
rylated products 2ak–2an formed as single diastereomers, albeit 
with moderate yields and ee values. The major enantiomer of 2ak 
could be isolated using preparative chiral SFC, and its absolute ste-
reochemistry was confirmed by single-crystal X-ray diffraction. 
Various 1,1-disubstituted terminal alkenes were found to be inef-
fective. No reaction was observed with alkenyl sulfonamides with 
methyl substitution at the α- or β-position and methoxycarbonyl 
substitution at the α-position, illustrating the sensitive nature of the 
alkyl nickelacycle intermediate to substitution along the chain.14  
    To probe the importance of the N–H bond of the trisyl directing 
group, control experiments of both trisyl sulfonate 1r and N-meth-
ylated trisyl homoallyl sulfonamide 1s were conducted, and in both 
cases, no reaction occurred (Scheme 2A). We were also curious 
about the effect of alkene distance on enantioselectivity (Scheme 
2B). Either shortening of the alkenyl chain to trisyl-protected allyl 
amine or elongating the alkenyl chain to either trisyl-protected pen-
tenyl or hexenyl amine gave no product. We hypothesize that the 
allyl amine substrate is not reactive because of the sterically 
strained 4–membered N-bound nickelacycle, whereas the bis-
homoallyl and bis,bis-homoallyl amine substrates would proceed 
via a less favorable 6- or 7-membered nickelacycle in comparison 
to the 5-membered nickelacycle with the model substrate.  
     To test whether the reaction proceeds via a radical intermediate, 
we conducted a radical clock experiment with diene 1w and ob-
tained 1,2-diarylated product 2ar in 12% yield with moderate dia-
stereoselectivity (Scheme 2C). The cyclized diarylated product 2as 
was not observed, indicating that this process is unlikely to proceed 
through an alkyl radical intermediate. Based on experimental and 
computational data, the general catalytic cycle likely follows a 
mechanism similar to that of our previous report (Scheme 2D).9e 
The catalytic cycle starts with low valent Ni0(Bn-biOx) complex 
undergoing oxidative addition into the aryl iodide electrophile, fol-
lowed by alkene- and N-coordination of the trisyl-protected alkenyl 
amine. Then, a stereoselective migratory insertion follows with the 
formation of a 5-membered NiII(Bn-biOx)(alkyl)(sulfonamido) 
metallacycle. Subsequent transmetalation with arylboronic ester 
nucleophile affords a NiII(Bn-biOx)(alkyl)(aryl) species which un-
dergoes reductive elimination to furnish the enantioenriched 1,2-
diarylated product.9c–e 
     We next focused on establishing a method for removing the di-
recting group to form enantioenriched 1,2-diarylated amines that 
would otherwise be difficult to procure. The standard product 2a 
was synthesized on larger scale in 73% yield (1 mmol, 0.4 g 

isolated) and with 95:5 e.r. (Scheme 2E). Then 2a was subjected to 
a trisyl deprotection method with Mg turnings, Ti(Oi-Pr)4, and 
TMSCl, leading to the removal of the trisyl group affording free 
amine 2at in 79% yield with preservation of the enantiomeric ra-
tio.15 Beyond sulfonamides, we were eager to identify a native car-
bonyl directing group that would participate in enantioselective di-
arylation. Gratifyingly, when 3-butenoic acid was used, 1,2-dia-
rylated product 2au was obtained with good enantioselectivity, al-
beit low product yield (Scheme 2F). 
 We performed DFT calculations at the M06/SDD−6-
311++G(d,p)/SMD(i-BuOH)//B3LYP-D3(BJ)/SDD−6-31+G(d,p) 
level of theory (see SI for computational methods) to investigate 
the reaction mechanism and the role of the Bn-biOx ligand on en-
antioinduction.16 Because of the potentially hemilabile nature of the 
Bn-biOx ligand2d and the conformational flexibility of its benzyl 
groups, a careful conformational analysis was performed using a 
workflow which consists of CREST/GFN2-xTB17 conformational 
sampling followed by DFT geometry optimizations of low-energy 
transition state conformers (see SI for details). The computed reac-
tion energy profile is shown in Figure 1. The reaction proceeds via 
oxidative addition of phenyl iodide via TS1 to give NiII intermedi-
ate 4, followed by ligand exchange to replace the iodide anion with 
the deprotonated sulfonamide substrate 1a’ to form a more stable 
NiII complex 5. Upon coordination of the alkene to the nickel to 
form π-alkene complex 6, alkene migratory insertion via TS2a 
leads to the 5-membered nickelacycle 7. The reaction then proceeds 
via transmetalation with arylboronate ester 8 (TS3) and reductive 
elimination (TS4) to give product 2n’. The computed reaction en-
ergy profile revealed several mechanistic features that would influ-
ence enantioinduction. First, although the alkene migratory inser-
tion step has a low kinetic barrier (5.6 kcal/mol with respect to 5), 
it is exothermic and irreversible. Thus, this step determines the en-
antioselectivity. This finding is consistent with the Hammett data 
that suggests the aryl group from the electrophile and not the nu-
cleophile is involved in the enantiodetermining step. Second, all 
Ni(II) intermediates and transition states have square-planar geom-
etry. In these complexes, the Bn-biOx ligand binds to the Ni center 
with either one or two oxazoline motifs depending on the available 
coordination sites. This hemilabile behavior is consistent with the 
observation that more rigid, strongly coordinating BOX ligands are 
ineffective. Isomers involving dissociation of the sulfonamide di-
recting group, rather than one of the oxazoline arms, are less favor-
able (see Figure S7 in SI). In the transmetalation transition state 
(TS3), the Bn-biOx ligand completely dissociates (see Figure S7 in 
SI), and then re-coordinates to the nickel center prior to the reduc-
tive elimination step (TS4). The relatively facile partial or complete 
dissociation of the Bn-biOx ligand kinetically promotes key ele-
mentary steps from intermediate 5 and 7.

 

 



   
 

 

 

Because of the monodentate coordination mode of the Bn-biOx 
ligand during the enantioselectivity-determining migratory inser-
tion transition state, the mode of enantioinduction is distinct from 
common enantioselective migratory insertion processes involving 
C2-symmetric chiral ligands.18 A number of low-energy conform-
ers of the migratory insertion transition states were located (14 
within 3.0 kcal/mol of the lowest-energy TS). Among these, the 
most stable transition states (TS2a and TS2b) leading to the S and 
R enantiomers have an activation free energy of 5.6 and 6.9 
kcal/mol from 5, respectively (Figure 2). The computed er from the 
Boltzmann averages of all migratory insertion TS conformers (see 
Table S8 in SI) is 87:13 favoring the S enantiomer, which is in 
agreement with the experimental value (88:12). In the preferred 
transition state TS2a, the bulky trisyl group is placed in a region 
less occupied by the (S)-Bn-biOx ligand, whereas greater steric re-
pulsions between the trisyl group and the benzyl group on the as-
sociated arm of the Bn-biOx ligand was observed in the less stable 

transition state TS2b (see Figure S5 in SI for similar steric effects 
in other conformers of TS2b). In addition, the benzyl group on the 
dissociated arm of the Bn-biOx ligand forms favorable C–H/π in-
teractions with the alkenyl group in TS2a, further highlighting the 
importance of the benzyl group in controlling the 

enantioselectivity. The enantioselectivity with an electron-deficient 
(p-CN)C6H4I electrophile was also investigated computationally 
(see Figure S6 in the SI). Stronger T-shaped π/π interactions be-
tween the electron-deficient aryl group and the Bn group of the Bn-
biOx ligand stabilize a low-energy TS conformer that leads to the 
minor enantiomeric product,19 which slightly decreases the pre-
dicted enantioselectivity in agreement with the experimental data. 
 
Conclusions. 
  In summary, a three-component, asymmetric, Ni-catalyzed 1,2-
diarylation of trisyl-protected alkenyl amines with aryl iodides and 
aryl/alkenylboronic esters was developed. This method tolerates a 
variety of coupling partners; electron-donating electrophiles give 
the highest enantioselectivities while nucleophiles that contain 
electron-withdrawing and electron-donating substituents are well 
accommodated. Alkenyl nucleophiles are successful in the devel-
oped transformation, which is significant because they have not 
been demonstrated previously in three-component asymmetric Ni-
catalyzed couplings.  1,2-Disubstituted (E)- and (Z)-alkenes are 
competent under the optimized conditions, affording the desired 
products in moderate yields and enantioselectivities. After conduct-
ing the asymmetric 1,2-diarylation, deprotection of the trisyl group 
can be performed to afford enantioenriched 1,2-diarylated free 
amines. Computational studies shed light on the mechanism of ste-
reoinduction and the roles of the DG and ligand, establishing a con-
ceptual framework for future development of enantioselective 1,2-
diarylation as a tool in asymmetric synthesis. 
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Figure 1. Computed reaction energy profile of the Ni-catalyzed 1,2-diarylation of alkene 1a. All Gibbs free energies are with respect to 
the (L9)Ni0(PhI) complex 3 and the deprotonated 1a'. 

Figure 2. Enantioselectivity-determining migratory insertion tran-
sition states. Activation free energies are with respect to 5. 



   
 

 

 
Notes 
The authors declare no competing financial interest. 

ASSOCIATED CONTENT  
Supporting Information 
Detailed experimental and compound characterization. This mate-
rial is available free of charge via the Internet at http://pubs.acs.org. 
 
Accession Codes  
CCDC 2150217 and 2201810 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of 
charge via www.ccdc.cam.ac.uk/data_request/cif, or by emailing 
data_request@ccdc.cam.ac.uk, or by contacting The Cam- bridge 
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 
1EZ, UK; fax: +44 1223 336033.  

ACKNOWLEDGMENT  

This work was financially supported by the National Science Foun-
dation (CHE-2102550) and Bristol Myers Squibb. We 
acknowledge the NSF for Graduate Research Fellowships (DGE-
1842471, O.A. and DGE-1346837, J.D.) and the Kwanjeong Edu-
cational Foundation for a Graduate Fellowship (T.K.). We further 
thank Dr. Jake Bailey and Dr. Milan Gembicky for X-ray crystal-
lographic analysis (UCSD) and Dr. Michael A. Schmidt (BMS) for 
helpful discussions.  

REFERENCES 
(1) For representative reviews on conjunctive cross-coupling, see: (a) 
Derosa, J.; Tran, V. T.; van der Puyl, V. A.; Engle, K. M. Carbon−Car-
bon π-Bonds as Conjunctive Reagents in Cross-Coupling. Aldrichimica 
Acta 2018, 51, 21−32. (b) Giri, R.; KC, S. Strategies toward Dicarbo-
functionalization of Unactivated Olefins by Combined Heck Carbo-
metalation and Cross-Coupling. J. Org. Chem. 2018, 83, 3013−3022. 
(c) Tu, H.-Y.; Zhu, S.; Qing, F.-L.; Chu, L. Recent Advances in Nickel-
Catalyzed Three-Component Difunctionalization of Unactivated Al-
kenes. Synthesis 2020, 52, 1346–1356. (d) Badir, S. O.; Molander, G. 
A. Developments in Photoredox/Nickel Dual-Catalyzed 1,2-Difunc-
tionalizations. Chem 2020, 6, 1327–1339. (e) Derosa, J.; Apolinar, O.; 
Kang, T.; Tran; V. T.; Engle, K. M. Recent Developments in Nickel-
Catalyzed Intermolecular Dicarbofunctionalization of Alkenes. Chem. 
Sci. 2020, 11, 4287–4296. (f) Qi, X.; Diao, T. Nickel-Catalyzed Dicar-
bofunctionalization of Alkenes. ACS Catal. 2020, 10, 8542–8556. 
(2) (a) Tu, H.-Y.; Wang, F.; Huo, L.; Li, Y.; Zhu, S.; Zhao, X.; Li, H.; 
Qing, F.-L.; Chu, L. Enantioselective Three-Component Fluoroal-
kylarylation of Unactivated Olefins through Nickel-Catalyzed Cross-
Electrophile Coupling. J. Am. Chem. Soc. 2020, 142, 9604–9611. (b) 
Chierchia, M.; Xu, P.; Lovinger, G. J.; Morken, J. P. Enantioselective 
Radical Addition/Cross-Coupling of Organozinc Reagents, Alkyl Io-
dides, and Alkenyl Boron Reagents Angew. Chem., Int. Ed. 2019, 58, 
14245−14249. (c) Anthony, D.; Lin, Q.; Baudet, J.; Diao, T. Nickel-
Catalyzed Asymmetric Reductive Diarylation of Vinylarenes. Angew. 
Chem., Int. Ed. 2019, 58, 3198–3202. (d) Wei, X.; Shu, W.; García-
Domínguez, A.; Merino, E.; Nevado, C. Asymmetric Ni-Catalyzed 
Radical Relayed Reductive Coupling. J. Am. Chem. Soc. 2020, 142, 
13515–13522. 
(3) Cong, H.; Fu, G. C. Catalytic Enantioselective Cyclization/Cross-
Coupling with Alkyl Electrophiles J. Am. Chem. Soc. 2014, 136, 
3788−3791. 
(4) (a) Wang, K.; Ding, Z.; Zhou, Z.; Kong, W. Ni-Catalyzed Enanti-
oselective Reductive Diarylation of Activated Alkenes by Domino Cy-
clization/Cross-Coupling. J. Am. Chem. Soc. 2018, 140, 12364−12368. 
(b) Li, Y.; Ding, Z.; Lei, A.; Kong, W. Ni-Catalyzed Enantioselective 
Reductive Aryl-Alkenylation of Alkenes: Application to the Synthesis 

of (+)-Physovenine and (+)-Physostigmine. Org. Chem. Front. 2019, 
6, 3305−3309. (c) Ma, T.; Chen, Y.; Li, Y.; Ping, Y.; Kong, W. Nickel-
Catalyzed Enantioselective Reductive Aryl Fluoroalkenylation of Al-
kenes. ACS Catal. 2019, 9, 9127−9133. 
(5) (a) Jin, Y.; Wang, C. Nickel-Catalyzed Asymmetric Reductive Ar-
ylalkylation of Unactivated Alkenes. Angew. Chem., Int. Ed. 2019, 58, 
6722−6726. (b) Fan, P.; Lan, Y.; Zhang, C.; Wang, C. Nickel/Photo-
Cocatalyzed Asymmetric Acyl-Carbamoylation of Alkenes J. Am. 
Chem. Soc. 2020, 142, 2180−2186. (c) Jin, Y.; Yang, H.; Wang, C. 
Nickel-Catalyzed Asymmetric Reductive Arylbenzylation of Unacti-
vated Alkenes Org. Lett. 2020, 22, 2724−2729. (d) Lan, Y.; Wang, C. 
Nickel-Catalyzed Enantioselective Reductive Carbo-Acylation of Al-
kenes. Commun. Chem. 2020, 3, 45.  
(6) Tian, Z.-X.; Qiao, J.-B.; Xu, G.-L.; Pang, X.; Qi, L.; Ma, W.-Y.; 
Zhao, Z.-Z.; Duan, J.; Du, Y.-F.; Su, P.; Liu, X.-Y.; Shu, X.-Z. Highly 
Enantioselective Cross-Electrophile Aryl-Alkenylation of Unactivated 
Alkenes J. Am. Chem. Soc. 2019, 141, 7637−7643. 
(7) Xi, Y.; Huang, W.; Wang, C.; Ding, H.; Xia, T.; Wu, L.; Fang, K.; 
Qu, J.; Chen, Y. Catalytic Asymmetric Diarylation of Internal Acyclic 
Styrenes and Enamides. J. Am. Chem. Soc. 2022, 144, 8389–8398.  
(8) Zhang, Y.; Chen, G.; Zhao, D., Three-Component Vicinal-Diaryla-
tion of Alkenes via Direct Transmetalation of Arylboronic Acids. 
Chem. Sci. 2019, 10, 7952–7957 (one enantioselective example, 60% 
yield, 79:21 e.r.). 
(9) (a) Derosa, J.; Kleinmans, R.; Tran, V. T.; Karunananda, M. K.; 
Wisniewski, S. R.; Eastgate, M. D.; Engle, K. M. Nickel-Catalyzed 1,2-
Diarylation of Simple Alkenyl Amides. J. Am. Chem. Soc. 2018, 140, 
17878–17883. (c) Derosa, J.; Kang, T.; Tran, V. T.; Wisniewski, S. R.; 
Karunananda, M. K.; Jankins, T. C.; Xu, K. L; Engle, K. M. Nickel-
Catalyzed 1,2-Diarylation of Alkenyl Carboxylates A Gateway to 
1,2,3-Trifunctionalized Building Blocks. Angew. Chem., Int. Ed. 2020, 
59, 1201–1205. (d) Tran, V. T.; Li, Z.-Q.; Gallagher, T. J.; Derosa, J.; 
Liu, P.; Engle, K. M. Integrating Allyl Electrophiles into Nickel‐Cata-
lyzed Conjunctive Cross‐Coupling. Angew. Chem., Int. Ed. 2020, 59, 
7029–7034. (e) Apolinar, O.; Tran, V. T.; Kim, N.; Schmidt, M. A.; 
Derosa, J.; Engle, K. M. Sulfonamide Directivity Enables Ni-Catalyzed 
1,2-Diarylation of Diverse Alkenyl Amines. ACS Catal. 2020, 10, 
14234–14239. (f) Kleinmans, R.; Apolinar, O.; Derosa, J.; 
Karunananda, M. K.; Li, Z.-Q.; Tran, V. T.; Wisniewski, S. R.; Engle, 
K. M. Nickel-Catalyzed 1,2-Diarylation of Alkenyl Ketones: A Com-
parative Study of Carbonyl-Directed Reaction Systems. Org. Lett. 
2021, 23, 5311–5316.  
(10) See Table S5 in SI for details.  
(11) Tran, V. T.; Kim, N.; Rubel, C. Z.; Wu, X.; Kang, T.; Jankins, T. 
C.; Li, Z.-Q.; Joannou, M. V.; Ayers, S.; Gembicky, M.; Bailey, J.; 
Sturgell, E. J.; Sanchez, B. B.; Chen, J. S.; Lin, S.; Eastgate, M. D.; 
Wisniewski S. R.; Engle, K. M. Structurally Diverse Bench-Stable 
Nickel(0) Pre-Catalysts: A Practical Toolkit for In Situ Ligation Proto-
cols. 2022-02-11. ChemRxiv. DOI: 10.26434/chemrxiv2022-7zjvh. 
(accessed 2022-06-23). 
(12) See Table S6, Figure S1, and Figure S2 in SI for further details. 
(13) See Figure S3 in SI for further details. 
(14) See Table S7 in SI for details. 
(15) Shohji, N; Kawaji, T.; Okamoto, S. Ti(O-i-Pr)4/Me3SiCl/Mg-Me-
diated Reductive Cleavage of Sulfonamides and Sulfonates to Amines 
and Alcohols. Org. Lett. 2011, 13, 2626–2629.  
(16) For previous computational studies of asymmetric catalysis em-
ploying bisoxazoline ligands, see: (a) Lau, S. H.; Borden, M. A.; 
Steiman, T. J.; Wang, L. S.; Parasram, M.; Doyle, A. G. Ni/Photoredox-
Catalyzed Enantioselective Cross-Electrophile Coupling of Styrene 
Oxides with Aryl Iodides. J. Am. Chem. Soc. 2021, 143, 15873–15881. 
(b) Werth, J.; Sigman, M. S. Linear Regression Model Development 
for Analysis of Asymmetric Copper-Bisoxazoline Catalysis. ACS 
Catal. 2021, 11, 3916–3922. (c) Li, Y.; Nie, W.; Chang, Z.; Wang, J.-
W.; Lu, X.; Fu, Y. Cobalt-Catalysed Enantioselective C(sp3)–C(sp3) 
Coupling. Nat. Catal. 2021, 4, 901–911.  
(17) (a) Pracht, P.; Bohle, F.; Grimme, S. Automated Exploration of 
the Low-Energy Chemical Space with Fast Quantum Chemical 



   
 

 

Methods. Phys. Chem. Chem. Phys. 2020, 22, 7169–7192.  (b) 
Bannwarth, C.; Ehlert, S.; Grimme, S. GFN2-xTB–An Accurate and 
Broadly Parametrized Self-Consistent Tight-Binding Quantum Chem-
ical Method with Multipole Electrostatics and Density-Dependent Dis-
persion Contributions. J. Chem. Theory Comput. 2019, 15, 1652–1671.   
(18) (a) Lu, G.; Fang, C.; Xu, T.; Dong, G.; Liu, P. Computational 
Study of Rh-Catalyzed Carboacylation of Olefins: Ligand-Promoted 
Rhodacycle Isomerization Enables Regioselective C–C Bond Func-
tionalization of Benzocyclobutenones. J. Am. Chem. Soc. 2015, 137, 
8274–8283. (b) Shao, H.; Chakrabarty, S.; Qi, X.; Takacs, J. M.; Liu, 
P. Ligand Conformational Flexibility Enables Enantioselective Ter-
tiary C–B Bond Formation in the Phosphonate-Directed Catalytic 

Asymmetric Alkene Hydroboration. J. Am. Chem. Soc. 2021, 143, 
4801–4808. (c) Dang, Y.; Qu, S.; Wang, Z.-X.; Wang, X. A Computa-
tional Mechanistic Study of an Unprecedented Heck-Type Relay Reac-
tion: Insight into the Origins of Regio- and Enantioselectivities. J. Am. 
Chem. Soc. 2014, 136, 986–998.  
(19) See TS2b-1_CN in Figure S6 in the SI. 
 

 
 



   
 

 

 

8 

 

cat. [Ni]
Bn-biOx ligand

[C1]–I, [C2]–M

• >30 examples
• up to 92% ee

• closed-shell mechanism

N
H

S
Ar

O O
* * R

N
H

S
Ar

[C2]

[C1]

O O

Ar
S

N

O O

*
NiII *

[C1]

N

O

N

O

Bn

Bn

stereoselective
migratory insertion

R
R

unactivated terminal
and internal alkenes


