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Abstract

Carbon-carbon bonds, including those between sp3-hybridized carbons (alkyl-alkyl bonds), 

typically comprise much of the framework of organic molecules. In the case of sp3-hybridized 

carbons, the carbon can be stereogenic, and the particular stereochemistry can have implications 

for structure and/or function1,2,3. As a consequence, the development of methods that 

simultaneously construct alkyl-alkyl bonds and control stereochemistry is a highly important, as 

well as a challenging, objective. Herein, a new strategy for enantioselective alkyl-alkyl bond 

formation is described, wherein a racemic alkyl electrophile is coupled with an olefin in the 

presence of a hydrosilane, through the action of a chiral nickel catalyst. Families of racemic alkyl 

halides, including tertiary substrates, that have not previously proved to be suitable for 

enantioconvergent couplings with alkylmetal nucleophiles are shown to cross-couple with olefins 

with good enantioselectivity and yield under very mild conditions. Given the ready availability of 

olefins, this new approach opens the door to the development of ever more general and powerful 

methods for enantioconvergent alkyl-alkyl coupling.

The transition-metal-catalyzed enantioconvergent cross-coupling of a readily available 

racemic secondary alkyl electrophile with an alkylmetal nucleophile has begun to emerge as 

an effective strategy for addressing this two-fold task (Figure 1, Previous approach); 

however, to date, methods that proceed with high enantioselectivity and good yield have 

been described for only a small fraction of the possible permutations of electrophiles and 

nucleophiles4,5,6,7. In view of this deficiency, the development of alternate strategies for 

achieving enantioconvergent substitution reactions of racemic electrophiles has the potential 

to have a very substantial impact on organic synthesis. In this report, we provide the first 
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demonstration that the reductive coupling of a racemic alkyl halide with an olefin8,9 serves 

as a powerful complement to the previous approach (Figure 1, This study). Indeed, this new 

strategy has some noteworthy advantages, specifically: olefins are typically more attractive 

coupling partners than are alkylmetal reagents; the single catalyst described herein is more 

versatile than any single catalyst yet described for electrophile/nucleophile couplings, 

enabling for the first time highly enantioselective cross-couplings of racemic tertiary 

electrophiles, as well as a wide variety of secondary electrophiles; and, the coupling 

conditions are mild.

Carbonyl groups that bear an α stereocentre occur in a variety of bioactive compounds10,11. 

and as a result the development of methods to generate such stereocentres in highly 

enantioenriched form has been the focus of intense interest. While early efforts concentrated 

largely on the use of stoichiometric chiral auxiliaries to control the desired stereochemistry, 

recent studies have increasingly centred on asymmetric catalysis12,13. including 

enantioconvergent alkyl-alkyl cross-couplings (electrophile/nucleophile)14.

Racemic secondary α-haloamides, which bear an acidic proton, have not been reported to 

serve as suitable partners in enantioselective electrophile/nucleophile cross-couplings. We 

have determined that a chiral nickel/bis(oxazoline) catalyst achieves the enantioconvergent 

coupling of a variety of such amides with an array of olefins, providing the desired products 

with generally high enantiomeric excess (ee) and good yield (Figure 2a, entries 1-19). The 

observation of both high enantioselectivity and good yield (e.g., entry 1: 94% ee, 84% 

yield), when the racemic electrophile is the limiting reagent, establishes that both 

enantiomers of the electrophile are being converted into the enantioenriched product, i.e., 

this is an enantioconvergent reaction, not a simple kinetic resolution. From a practical point 

of view, it is noteworthy that the coupling proceeds in only slightly diminished yield (and 

with no loss in ee) when run under an atmosphere of air, in the presence of one equivalent of 

water, with less catalyst, or with less olefin (66-78% yield; Figure 2a, entry 1). Furthermore, 

the coupling can be carried out on a gram scale with similar efficiency (94% ee, 88% yield).

The scope of this enantioconvergent cross-coupling is fairly broad with respect to the R 

substituent on the α carbon of the electrophile (Figure 2a, entries 1-4) and on the olefin 

(entries 5-14), providing the desired alkyl-alkyl coupling product in good ee and yield. A 

diverse array of functional groups, including an unactivated primary alkyl chloride and 

bromide, an acetal, an ester, a carbamate, a boronate ester, and an ether, are compatible with 

the reaction conditions (Figure 2a), as is an alcohol, an aldehyde, an aryl iodide, a 

benzofuran, an epoxide, an indole, a ketone, a secondary amine, and a thioether (see the 

Supporting Information). The stereochemistry of the chiral catalyst, rather than existing 

stereocentres on the olefin coupling partner, predominantly determines the stereochemistry 

of the coupling products in entries 11-14.

The scope with respect to the electrophile is not limited to changes in the α substituent of 

the original secondary amide (Figure 2a, entries 1-4); the carbonyl group can also be altered 

(entries 15-26). Thus, the same chiral nickel/bis(oxazoline) catalyst effects the cross-

coupling of an array of racemic secondary amides (entries 15-19), tertiary amides (entries 20 

and 21), lactams (entries 22-24), and esters (entries 25 and 26) with generally good 
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enantiomeric excess and yield; other than tertiary amides14, none of these families of 

electrophiles have previously been shown to participate in enantioconvergent alkyl-alkyl 

couplings with an alkylmetal reagent as the nucleophile. In the case of the chiral amide 

illustrated in entries 18 and 19, the stereochemistry of the catalyst again primarily dictates 

the stereochemistry α to the carbonyl group in the cross-coupling product. The products of 

these enantioconvergent alkyl-alkyl couplings can be converted in a single step without 

significant racemization to other important families of enantioenriched compounds, 

including aryl and alkyl ketones, amines, alcohols, and carboxylic acids (Figure 2b, entries 

27-31).

Furthermore, this chiral nickel/bis(oxazoline) catalyst can achieve enantioconvergent cross-

couplings of substantially different families of racemic alkyl electrophiles to generate highly 

enantioenriched target structures. Fluorinated compounds are a class of molecules of 

substantial and growing interest in medicinal chemistry15. When the alkyl substituent of an 

α-halocarbonyl electrophile is replaced with a fluoro substituent, the catalyst effects 

selective substitution of the bromide in the presence of the fluoride, providing the desired 

product with good enantioselectivity (Figure 2c, entry 32: 89% ee). Furthermore, the catalyst 

can achieve asymmetric alkyl-alkyl bond formation not only when the bromide leaving 

group is α to a carbonyl group, but also when it is β (entry 33). Finally, the carbonyl group 

can be removed entirely (entries 34 and 35). Thus, the potential of this new approach to 

enantioconvergent alkyl-alkyl couplings of racemic alkyl electrophiles is manifest from the 

fact that, when alkylmetal reagents have been used as the cross-coupling partner, no single 

chiral catalyst has previously been shown to be effective for such a diverse range of 

secondary alkyl electrophiles4,5.

Interestingly, in the case of a 1,2-disubstituted olefin, the nickel catalyst is able to chain-

walk to achieve exclusive n-alkylation (Figure 2d, entry 3616,17; for a mechanistic 

discussion, see below). On the other hand, the presence of a suitably positioned directing 

group18,19 can reverse the catalyst’s general preference for n-alkylation, leading primarily to 

the branched product (entry 37).

One of the most significant remaining challenges in the field of enantioconvergent alkyl-

alkyl cross-couplings is the development of methods to couple racemic tertiary electrophiles 

with high enantioselectivity and yield to generate quaternary stereocentres20; success to date 

has largely been restricted to the use of enolate nucleophiles and/or allylic coupling 

partners21,22,23. In view of the limited progress in addressing this objective, we were pleased 

to determine that the same nickel/bis(oxazoline) catalyst that is effective for 

enantioconvergent couplings of racemic secondary alkyl halides (Figure 2) can be applied to 

corresponding reactions of tertiary electrophiles, specifically, α-halo-β-lactams, affording 

the desired products in excellent ee and generally good yield (Figure 3a). To the best of our 

knowledge, such a cross-coupling of a tertiary alkyl electrophile with an olefin has not 

previously been described, even to generate racemic product.

As illustrated in Figure 3a, high ee is observed in enantioconvergent alkyl-alkyl couplings of 

tertiary electrophiles that bear a variety of substituents. For example, the α-alkyl group of 

the racemic α-halo-β-lactam can range in steric demand from methyl to isopropyl (entries 
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41-46). A wide array of terminal olefins serve as suitable coupling partners, including 

substrates that contain a silane, an ether, an acetal, an imide, and a steroid subunit (entries 

47-52). Furthermore, excellent enantioselectivity is observed regardless of whether the 

substituent on the nitrogen of the β-lactam is an aryl, alkyl, Boc, or alkoxy group (entries 

53-58).

β-Lactams, including compounds that bear an α quaternary centre, are important not only as 

endpoints24,25,26,27, but also as intermediates in asymmetric synthesis28. Thus, β-aminoacids 

and β- aminoketones, as well as γ-aminoalcohols, all of which are significant targets due to 

their occurrence as subunits in bioactive compounds (e.g., dexmethylphenidate, tolperisone, 

and propranolol), can be generated from β-lactams without loss of ee (Figure 3b, entries 

59-61).

We have begun to investigate the mechanism of this new catalytic enantioconvergent alkyl-

alkyl cross-coupling process. One possible pathway is that the olefin undergoes nickel-

catalyzed hydrosilylation29 and that the resulting alkylsilane serves as a nucleophile in a 

conventional electrophile/nucleophile (Hiyama-type) cross-coupling. To test this possibility, 

we have subjected the putative alkylsilane to the reaction conditions, and we have observed 

essentially no cross-coupling, which rules out this pathway (Figure 4a).

Our current hypothesis is that enantioconvergent electrophile/olefin cross-coupling proceeds 

through the pathway illustrated in Figure 4b, which builds on a mechanistic study of an 

enantioconvergent electrophile/nucleophile cross-coupling30. Thus, LBrNiII-Br (A) reacts 

with the hydrosilane to generate a nickel-hydride complex (LBrNiII-H, B). Olefin 

complexation followed by β-migratory insertion then provides a nickel-alkyl complex 

(LBrNiII-CH2CH2R, C), which enters the reaction cycle for electrophile/nucleophile cross-

coupling.

Using EPR spectroscopy, we have examined a cross-coupling in progress, and we have 

determined that the reaction mixture is EPR-silent, which is consistent with the resting state 

of the catalytic cycle being one or more nickel(II) complexes such as A-C, rather than 

nickel(I) and nickel(III) complexes (Figure 4b). We have independently synthesized 

nickel(II) complexes A and C (Figure 4c), and we have crystallographically characterized 

complex A.

Our studies of complexes A and C are consistent with the mechanism illustrated in Figure 

4b. When used in place of NiBr2•glyme/(R,R)-L*, both complexes furnish the cross-

coupling product with ee and yield that are similar to the catalyst generated in situ under our 

standard conditions (Figure 4d). Furthermore, nickel-alkyl complex C is chemically 

competent, reacting with an electrophile in a stoichiometric coupling to provide the product 

with the expected enantioselectivity and in good yield (Figure 4e; this process is inhibited by 

the addition of TEMPO, a radical trap31); we anticipate that a Ni(I) complex (generated by 

reductive elimination of Ni(II) → Ni(0), followed by comproportionation with Ni(II) to 

form Ni(I)) serves as an initiator of this reaction.30 When this reaction is conducted in the 

presence of an olefin (1-hexene), a mixture of two alkylation products is observed (Figure 

4f), which supports the accessibility of nickel hydride B and its β-migratory insertion, key 
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aspects of the proposed mechanism (Figure 4b). Finally, analysis via ultraviolet-visible (UV-

vis) spectroscopy of a coupling reaction in progress is consistent with the suggestion that 

∼80% of the nickel in the reaction mixture is present as complex A (Figure 4g; no evidence 

for complex C).

In summary, we have described a new strategy for enantioconvergent alkyl-alkyl cross-

couplings, specifically, nickel-catalyzed couplings of racemic secondary and tertiary alkyl 

electrophiles with olefins. This approach does not merely complement the traditional 

electrophile/nucleophile approach for achieving such transformations, since electrophile/

olefin cross-couplings can have significant advantages arising from the ready availability of 

olefins, broader scope, and milder conditions. Furthermore, we anticipate that this strategy 

will be applicable to enantioconvergent cross-couplings with a variety of unsaturated 

compounds other than olefins (e.g., Figure 2e), thereby opening the door to a wide array of 

powerful new methods for asymmetric catalysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1|. Transition-metal-catalyzed enantioconvergent alkyl-alkyl cross-coupling reactions of 
racemic alkyl electrophiles.
R = carbon substituent; X = leaving group; M = metal; Y = R or H; ee = enantiomeric 

excess.
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Figure 2|. Enantioconvergent alkyl-alkyl cross-couplings of racemic secondary alkyl electrophiles 
with olefins.
a, Secondary α-halocarbonyl compounds as electrophiles. b, Transformation into other 

families of enantioenriched compounds. c, Other families of electrophiles. d, Chain-walking 

and “directed” alkylation. e, Alkynes as coupling partners. aIodide as the leaving group. 
bReaction run in toluene at room temperature. cReaction run in toluene. dReaction run with 2 

equiv NaI. eReaction run with 0.5 equiv (n-Bu)4NI.
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Figure 3|. Enantioconvergent alkyl-alkyl cross-couplings of racemic tertiary alkyl electrophiles 
with olefins.
a, Couplings. b, Transformation into other families of enantioenriched compounds.
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Figure 4|. Mechanism.
a, Evidence against a conventional cross-coupling mechanism. b, Possible mechanism for 

enantioconvergent electrophile/olefin cross-coupling (for the sake of simplicity, all steps are 

drawn as irreversible; H-Si(OEt)3 represents the hydrosilane activated by K3PO4•H2O). c, 

Synthesis of proposed intermediates A and C. d, Competence of complexes A and C as 

catalysts. e, Chemical competence of complex C. f, Support for β-migratory insertion. g, 

Identification and quantification of the likely resting state via UV-vis spectroscopy (coupling 

partners illustrated in d, using10% NiBr2•glyme/12% (R,R)-L*, at ∼25% conversion).
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