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Abstract: Catalytic enantioselective alkenylation of aldehydes with 
easily accessible alkenyl halides promoted by a chiral cobalt 
complex derived from a newly developed tridentate 
bisoxazolinephosphine is presented. Such processes represent an 
unprecedented reaction pathway for cobalt catalysis and a general 
approach that enable rapid construction of highly diversified 
enantioenriched allylic alcohols containing a 1,1-, 1,2-disubstituted 
and trisubstituted alkene as well as axial stereogenicity in up to 99% 
yield and 99:1 er without the need of preformation of alkenyl–metal 
reagents. DFT calculations revealed the origin of enantioselectivity. 

Enantiomerically enriched allylic alcohols are an important class 
of chiral building blocks for organic synthesis, since they are 
versatile for a wide range of subsequent transformations. 
Particularly, the hydroxy group is able to direct a variety of highly 
diastereoselective reactions that can install multiple stereogenic 
centers.[1] Furthermore, chiral allylic alcohols are key structures 
that widely exist in natural products and biological active 
molecules (Scheme 1a). Therefore, development of an efficient 
and stereoselective catalytic process with readily available 
starting materials and an easily accessible catalyst to afford a 
broad scope of enantioenriched allylic alcohols containing 
alkenes with various substitution patterns is highly desirable.[2] 
Although numerous strategies, such as kinetic resolution of 
racemic allylic alcohols,[3] allylic C–H bond oxidation,[4] allylic 
substitution with O-based nucleophiles,[5] enantioselective 
addition of O-based nucleophiles to p-bond,[6] enantioselective 
addition of a,b-unsaturated carbonyls,[2] enantioselective 
reduction of a,b-unsaturated ketones,[7] reductive and alkylative 
coupling of aldehydes and unsaturated hydrocarbons,[8] have 
been revealed, catalytic enantioselective alkenyl addition of 

aldehydes with alkenyl–metal reagents that constitutes one of 
the most straightforward and modular approaches remained 
much less developed. In this context, preformation of alkenyl–
metal (Zn, Mg, Al, Sn, Si, B) reagents was generally required 
(Scheme 1b).[2,9] Such approaches suffered from significant 
limitation of substrate scopes and functional group tolerance. Cr-
mediated Nozaki-Hiyama-Kishi (NHK) reactions represent a 
crucial method to generate chiral allylic alcohols directly from 
alkenyl halides.[10] However, significant limitations on substrate 
scope of aldehydes and alkenyl halides as well as the 
requirement for stoichiometric amounts of additives remained 
unaddressed. The enantioselectivity was highly substrate-
dependent. In the cases mentioned above, the substitution 
patterns of the alkenyl groups were restricted to mono- and 
disubstituted alkenes and incorporation of alkenes with different 
substitution patterns normally required different catalytic 
systems. There is a lack of a general approach promoted by a 
single catalyst for access a broad scope of enantioenriched 
allylic alcohols with diverse alkenyl substitution patterns.  
Cobalt is an inexpensive earth-abundant transition metal of low 
toxicity.[11] Development of novel cobalt-catalyzed reactions to 
address longstanding issues has attracted increasing research 
interests utilizing the unique nature of cobalt catalysis. Our 
group has been focusing on developing new cobalt-catalyzed 
enantioselective transformations.[12] We have recently disclosed 
cobalt-catalyzed protocols for diastereo- and enantioselective 
allyl and propargyl additions to aldehydes via allyl and propargyl 
radicals generated from allylic and propargyl alcohol derivatives 
through well-organized six-membered transition states (Scheme 
1c).[12a,f] The involvement of radical intermediates was crucial for 
the stereoconvergent processes. Xiao and co-workers reported 
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a photoredox/cobalt-catalyzed arylation of aldehydes with aryl 
iodides.[13] Such process is more challenging due to a less 
compact transition state, as orbital overlapping is not as good as 
that in the six-membered transition state. Zhao and co-wokers 
developed a cobalt-catalyzed method for enantioselective 
alkenylation of a-ketoesters, isatins and activated imines with 
alkenyl boronic acids.[14] During preparation of this manuscript, 
Chen and co-workers revealed cobalt-catalyzed approaches for 
enantioselective alkylation and alkenylation of a-imino esters 
with alkyl and alkenyl halides.[15] In comparison with a-ketoesters, 
isatins and a-imino esters that are able to chelate to the metal 
center, alkenylation of aldehydes is more challenging due to 
their nature of monodentate coordination to the cobalt center, 
resulting in difficulty to form a well-organized transition state. 
Moreover, the smaller size of alkenyl groups than aryls posed 
additional challenges for interaction with the chiral ligand and 
accurate control of enantioselectivity. We envisioned that 
increasing rigidity of the stereogenic fragments in the chiral 
ligand by introduction of additional carbocycles would provide 
better stereochemical induction and tolerate a wide range of 
alkenyl groups. The catalyst has to retard the potential alkene 
isomerization due the possible involvement of alkenyl radical 
intermediates as well. Herein, we disclosed an unprecedented 
cobalt-catalyzed protocol for enantioselective alkenylation of 
aldehydes with alkenyl iodides to afford a broad scope of 
enantioenriched allylic alcohols bearing 1,1-, 1,2-disubstituted 
and trisubstituted alkenes as well as simultaneous construction 
of central and axial stereogenicity in high efficiency and 
stereoselectivity. 

 

Scheme 1. Catalytic enantioselective alkenylation of aldehydes and reaction 

design.  

We commenced our studies with reaction of alkenyl iodide 1a 
and benzaldehyde 2a in the presence of chiral phosphine–Co 
complexes (Table 1). Unlike previous reports on cobalt-
catalyzed allylation, propargylation and arylation of 
aldehydes,[12a,12f,13] bisphosphines and phosphinooxazoline 
ligands were not able to promote the reaction and/or induce 
enantioselectivity, suggesting that it was more difficult to obtain 
high enantioselectivity for alkenylation of aldehydes (entries 1–5). 
We found that tridentate bisoxazolinephosphine ligands were 
crucial for efficiency and enantioselectivity (entries 6–10).[16] 
Unlike transformations with a-imino esters,[15] 
bisoxazolinephosphines derived from amino alcohols containing 
a single acyclic stereogenic center (4f–h) provided low 
enantioselectivity (entries 6–8). As we expected, introduction of 
additional rigidity for the oxazoline fragment delivered higher 
enantioselectivity (entry 10), whereas deeper binding pocket 
resulted in diminished enantioselectivity (entry 9). Switching the 
cobalt salt to CoI2 led to enhancement of enantioselectivity 
(entry 11). Higher efficiency resulted from lower reaction 
temperature (entry 12). Further screening of solvents indicated 
that reaction performed in MeCN gave the highest yield (entries 
12–15). Lowering the catalyst loading to 5.0 mol % wouldn’t 
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erode the efficiency and enantioselectivity (entry 16). It is worth 
mentioning that reaction of alkenyl bromides provided lower 
efficiency and enantioselectivity. 

Table 1. Optimization of reaction conditions.  

 

[a] Yield of isolated product. [b] Determined by analysis of HPLC spectra. [c] 

Not available. [d] The reaction was performed in the presence of 5.0 mol % 

CoI2, 5.0 mol % 4j and 2.0 equiv of Zn. 

With the optimal conditions in hand, we investigated the scope 
of aldehydes (Scheme 2). Aldehydes bearing electron-deficient 
(3b–g, 3o–p, 3t), electron-rich (3h–j, 3m–n, 3r–s), halogenated 
(3e–g, 3o–p, 3t), and sterically congested (3q, 3t–v) aryl groups 
underwent the enantioselective alkenylation, producing allylic 
alcohols in high efficiency and enantioselectivity (63–97% yield, 
92:8–96:4 er). Silyl (3k) and boryl (3l) were well tolerated in the 
reaction conditions. Aldehydes containing pharmaceutically 
important heterocycles such as furan (3w), benzofuran (3x), 
thiophene (3y), benzothiophene (3z) and indole (3aa) served as 
suitable substrates that afforded products in 68–96% yield with 
89:11–95:5 er. Reactions of a,b-unsaturated aldehydes with 
different substitution patterns furnished allylic alcohols 3ab–ae in 
40–94% yield with 90:10–99:1 er. Such type of enantioenriched 
allylic alcohols were difficult to access through other methods 
such as reduction of a,b-unsaturated ketones, coupling of 
aldehydes and unsaturated hydrocarbons and allylic C–H 
oxidation. Aliphatic aldehydes were transformed into desired 
products (3af–ai) albeit with lower enantioselectivity.  

 

Scheme 2. Scope of aldehydes. [a] The reactions were performed for 5 h. [b] The reactions were performed for 8 h. 
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We next surveyed the scope of alkenyl iodides. A wide range of 
(E)-1,2-disubstituted alkenyl iodides bearing electron-deficient 
(4a–f, 4i), electron-rich (4g–h), halogenated (4d–f, 4i) and 
sterically congested (4j–l) aryl groups were able to convert into 
the allylic alcohols in 53–99% yield with 90:10–99:1 er. 
Heteroaryl groups (4m–p) were compatible with the reaction 
conditions. Alkyl-substituted alkenyl iodides (4q–s) were suitable 
substrates as well, while transformations of alkenyl iodides 
containing larger alkyl groups provided higher enantioselectivity. 
Reaction of silyl-substituted alkenyl iodide afforded the desired 

product 4t in 98% yield with 95:5 er.  Dienyl iodide was able to 
participate in the reaction albeit with lower enantioselectivity (4u). 
Trisubstituted alkenyl iodides with various substation patterns 
underwent the alkenylation, generating the allylic alcohols in 85–
98% yield with 90:10–97:3 er (4v–x). Reactions of 1,1-
disubstituted alkenyl iodides bearing aryl (4y) and alkyl (4z, 
4aa–ab) groups furnished products in 53–98% yield with 93:7–
99:1 er. Although (Z)-1,2-disubstituted alkenyl iodide was also 
able to transform into the allylic alcohol 4ac, lower 
enantioselectivity was obtained.  

 

Scheme 3. Scope of alkenyl iodides. [a] The reactions were performed with 10 mol % catalyst loading. [b] The reactions were conducted in the presence of 10 

mol % CoI2 and 10 mol % 4j at 0 oC. [c] The transformations were performed in the presence of 10 mol % CoI2 and 10 mol % 4j at 80 oC. [d] The reactions were 

performed in the presence of 7.5 mol % CoI2 and 7.5 mol % 4j. [e] The reactions were conducted in the presence of 10 mol % CoI2 and 10 mol % 4j for 24 h. 

Molecules with axial stereogenicity have attracted increasing 
attentions due to their importance in catalysis, complex molecule 
synthesis and material science.[17] Development of new 
approaches for catalytic enantioselective synthesis of 
atropisomers is therefore sought after. Particularly, it is 
challenging for simultaneous construction of central and axial 
stereogenicity in a single step and accurate control of diastereo- 
and enantioselectivity in the process of generating multiple 
stereogenic elements. In this context, we attempted to apply our 
cobalt-catalyzed approach to desymmetrization of dialdehydes 

for simultaneous construction of axial and central stereogenicity 
(Scheme 4).[13b,18] A broad scope of dialdehydes containing 
various substituents and functional groups (6a–i) underwent the 
diastereo- and enantioselective alkenylation, affording 
multifunctional allylic alcohols in 44–68% yield with 87:13–99:1 
er as a single diastereomer. Trisubstituted alkenyl iodides were 
tolerated as well (6j).[19] It is worth mentioning that simultaneous 
lactonization occurred with ester-containing dialdehyde in the 
reaction (6e). 
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Scheme 4. Application to synthesis of allylic alcohols with axial stereogenicity. [a] The reactions were performed with the enantiomer of 4j. [b] The reactions were 

conducted at 22 oC for 18 h. 

 
The reaction can be performed on gram scale with 2.5 mol % 
catalyst loading (Scheme 5a). Taking advantage of the 
enantioselective alkenylation of aldehydes enabled a shortest 
synthesis of imperanene (Scheme 5b). Alkenyl iodide 9 and 
aldehyde 10 were easily prepared from vanillin 7 efficiently. 
Treatment of aldehyde 10 (1.00 g) with alkenyl iodide 9 (2.16 g) 
produced allylic alcohol 11 (1.27 g) in 66% yield with 85:15 er. 
The allylic C–O bond at the stereogenic center was converted to 
C–C bond through stereospecific allylic substitution with 
complete inversion of stereochemistry followed by global 

deprotection, delivering imperanene in 57% overall yield.[20] The 
densely functionalized allylic alcohol with axial stereogenicity 
can be easily transformed into a variety of axially stereogenic 
building blocks that are otherwise difficult to access (Scheme 5c). 
Directed epoxidation (13)[21] and dihydroxylation (14)[22] enabled 
introduction of two additional stereogenic centers without 
touching the aldehyde moiety. Reduction and reductive 
amination of 6a provided diol 15 and amino alcohol 16 in high 
stereoselectivity. 
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OHC
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OH
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OHC
Ph

Ph

OH
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OHC Ph

OH
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95:5 er

OHC
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Ph

OH
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OHC Ph

OH
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OHC
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O

Ph

O
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65% yield, >98:2 dr

97:3 er

OHC
Me

Ph

OH

6g
41% yield, >98:2 dr

97:3 er

OHC
Cl

Ph

OH

6h
67% yield, >98:2 dr

98:2 er

OHC
Ph

Ph

OH

6i
67% yield, >98:2 dr

96:4 er

OMe

OHC
Ph

Ph

OH

6j[b]

48% yield, >98:2 dr
98:2 er

Me
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Scheme 5. Gram scale reaction and functionalization. 

To gain some preliminary insight into the mechanism, a series of 
experiments were conducted (Scheme 6). Replacement of 
reductant Zn with photoredox-catalyzed conditions afforded 
allylic alcohol 3a in 25% yield with 91:9 er (Scheme 6a), 
suggesting that the enantioselectivity originated from addition of 
an alkenyl–Co complex rather than an alkenyl–Zn intermediate. 
Secondary kinetic isotope effect experiments indicated that 
addition of alkenyl–Co intermediates to aldehydes is involved of 
an irreversible rehybridization from sp2 to sp3, being consistent 
with our previous report (Scheme 6b).[12a] Parallel kinetic isotope 
experiment indicated that the aldehyde addition might not be the 
rate-determining step (Scheme 6c). Trapping the alkenyl radical 
with 5,5-dimethyl-1-pyrroline N-oxide and taking the EPR and 
mass spectra for the adduct, we detected the presence of an 
alkenyl radical (Scheme 6d, see Supporting Information for more 
details). We also observed that E/Z isomerization took place in 
some cases. About 10% E/Z isomerization occurred in the 
reaction with 4i (Table 1, entry 9), implying that competitive 
isomerization of alkenyl radicals occurred if alkenyl addition to 
aldehyde was sluggish. Similar isomerization of alkenyl–Co 

intermediates were observed in the recent reports as well.[15b] 
We further conducted density functional theory (DFT) 
calculations on the energetic barriers for the possible alkenyl 
radical isomerization and radical rebounding to the metal center 
(see Figure S1 for more details), implying that isomerization of 
alkenyl radical was off-cycle and slower than the rebounding 
process. Therefore, isomerization of the resulting products was 
not observed. Transformation promoted by Co(I) complex 18 in 
the absence of Zn resulted in no reaction, implying that alkenyl–
Co(III) intermediates were not able to undergo addition to 
aldehydes (Scheme 6e). The presence of 0.3 equiv and 0.5 
equiv of Zn led to 48% and 64% yield respectively, indicating 
that alkenyl–Co(II) might be the reactive species (Scheme 6e). 
Preliminary density functional theory (DFT) calculations show 
that the energy barrier for the dissociation of alkenyl radical from 
Co(III) intermediate is 27.2 kcal/mol and this process is 
endothermic by 26.2 kcal/mol, indicating the reversibility of the 
homolytic cleavage of Co–C bond (see Figure S2 for more 
details).  
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HO
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Scheme 6. Preliminary mechanistic studies. 

 

Figure 1. DFT calculations and the optimized geometries of enantioselective 

addition transition states. 

To investigate the origin of enantioselectivity, we conducted DFT 
calculations, exploring enantioselective addition for both doublet 
and quartet spin states (Figure 1). While the alkenyl–Co 
intermediate exhibits a preference for the doublet spin state, our 
calculations revealed comparable energies of the transition 
states of enantioselective addition for both spin states, with a 
consistent preferred configuration (see Figure S3). As our 
primary interests are focused on the origin of enantioselectivity, 
we further compared the transition states on the energy surface 
of doublet spin state. The energy difference between 2TSR and 
2TSS was calculated to be 2.3 kcal/mol, successfully predicting 
the configuration of the product. As depicted in Figure 1, in 2TSR, 
the phenyl group of 2a adopts an orientation opposite to the 

highly electron-rich iodide ligand (see the electron surface 
potential map in Figure S3) and engages in a C–H···π interaction 
with phenyl group attached to phosphine ligand. Conversely, in 
the disfavored 2TSS, the phenyl group of 2a locates on the same 
side with iodide ligand, necessitating a closer proximity to the 
ligand to mitigate strong repulsion with iodide. Aside from the 
identified close contact between H atoms in 2TSS, the bond 
distance of Co–P is significantly elongated by 0.14 Å compared 
to that of 2TSR due to this steric hindrance. Further 
distortion/interaction-analysis confirmed that the destabilizing 
effects resulting from this geometric distortion contribute to a 
larger distortion energy of the Co-fragment in the disfavored 
2TSS (see Table S1).  
 
Based on all the observations above and literature precedence, 
we proposed the catalytic cycle (Scheme 7). The Co(II) complex 
was reduced to Co(I) complex I by Zn, which underwent 
oxidative addition to alkenyl iodide 1a to generate alkenyl–Co(III) 
II intermediate. Reduction of intermediate II to alkenyl–Co(II) 
complex III followed by enantioselective addition to aldehyde 2a 
furnished alkoxide IV. Exchange with zinc salt and reduction of 
Co(II) complex released the product V and regenerated the 
catalyst.  

 

Scheme 7. Proposed catalytic cycle. 

In conclusion, a cobalt-catalyzed protocol for enantioselective 
alkenylation of aldehydes to furnish a wide range of allylic 
alcohols in high efficiency and enantioselectivity. To the best of 
our knowledge, it is the first time that enantioselective 
alkenylation of aldehydes promoted by a cobalt-based catalyst 
via alkenyl radicals has been developed. The starting materials 
are readily available or prepared easily. The formation of allylic 
alcohols without preformation of organometallic reagents and 
highly sensitive additives enabled enantioselective incorporation 
of alkenyl groups with diversified substitution patterns as well as 
simultaneous construction of axial and central stereogenicity. 
The catalyst is derived from an inexpensive sustainable cobalt 
salt and a newly developed tridentate bisoxazolinephosphine 
ligand. The synthetic utility was demonstrated by synthesis of 
imperanene and diverse functionalization of the axially 
stereogenic allylic alcohol, affording a variety of useful 
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enantioenriched building blocks that are otherwise difficult to 
access. Mechanistic studies revealed the addition of alkenyl–Co 
complex is the selectivity-determining step, and DFT 
calculations further provided the insights into the origin of 
enantioselectivity. Such discoveries unveiled a novel reaction 
pathway for cobalt catalysis, opening new opportunities for 
designing new reactions promoted by chiral cobalt-based 
catalysts and pushing forward the development of organocobalt 
chemistry. Further investigations on other cobalt-catalyzed 
enantioselective carbonyl addition reactions are underway. 
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