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ABSTRACT: Taming the reactivity of 

nickel catalysts is a never-ending 

inspiration to discover new complexes, 

ligands, and reaction protocols. Here, 

we report that a simple combination of 

Ni(COD)2 and Lewis acids allows 

activation of allylic C−H bonds. Their 

synergism eases oxidative addition and 

1,3-hydrogen atom relocation to yield unprecedented double bond monotransposition. Unique features 

of this work include polar inner-sphere mechanism, kinetically favored double bond transposition, 

ligand-controlled stereoselective E or Z isomer distribution, mechanistic insights by control experiments 

and NMR monitoring.   

 

In 1897, Sabatier and Senderens described the heterogeneous nickel-catalyzed hydrogenation 

of ethylene to ethane, setting a milestone in chemistry.1 Almost sixty years later, another landmark: 

Ziegler described that nickel traces in the reaction of ethylene with AlMe3 led to 1-butene, instead of 

polyenes.2 This “nickel effect” boosted the interest for the organonickel chemistry, inspiring the efforts to 

produce well-defined homogeneous catalysts.3 Although this transition confirmed that nickel(0) 

complexes were highly reactive, but annoyingly unstable, it did not prevent them from finding 

widespread applications for the production of commodities and fine chemicals.4,5 

Homogeneous reactions with Ni(0) or Ni(II) complexes can proceed through polar or radicalar 

modes due to the readily available Ni(I) and Ni(III) oxidative states.4 Although those pathways have 

potential to produce complex transformations, poor selectivity is common when they occur 

simultaneously. Efforts to circumvent this issue led to beautiful advances in organometallic chemistry, 

ligand design and reaction setup. Thus, 125 years after Sabatier refers to nickel as a “spirited horse”, 

chemists have tamed its reactivity, but they are only scratching the surface of how its catalysis can 

impact chemical sciences.4,6 
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Scheme 1. Overview on nickel catalyzed transposition of olefins 

 

Understanding the role of homogeneous nickel species uncovered a variety of selective catalytic 

reactions.7 For example, transformations involving one electron (radicalar) step, once believed to be 

difficult to handle, it is now a commonplace tool in cross-coupling reactions,8,9 hydrofunctionalizations10–

14 and photochemical reactions.15 Interestingly, since Ni(0) precursors are difficult to handle, most 

reactions start with Ni(II) salts in the presence of a reductant, such as manganese, zinc or Grignard 

reagents.16–21 Examples of bench-stable Ni(0) complexes were presented recently by the groups of 

Cornella and Engle, taking advantage of its electron-rich low-valent nature and strong affinity to electron 

deficient olefines (Scheme 1c).22–24 The former group synthesized 16-electron Ni(0) complexes with 

stilbene derivatives as ligands 1.22 The latter synthesized 18-electron ones using cyclooctadiene (COD) 



and duroquinone 2.24 Besides the obvious contribution to enable operationally simple reactions setups, 

we questioned whether we could take advantage of the strong interaction between nickel(0) and 

electron deficient olefins to activate new catalytic transformations.  

Among them, transposition of double bonds is a relevant transformation to add value to readily 

available terminal olefins and previous results in this area show a prevalence of noble metal catalysts 

(Scheme 1a).25–29 However, recent catalytic advances brought nonprecious metals, such as nickel, to an 

unprecedented prominence (Scheme 1d).30–32  For example, i) Iwamoto and Ogoshi reported the 

isomerization of allylarenes using Ni(COD)2 and PAd2(n-Bu) [Ad=adamantyl].33 Although labeling 

experiments indicates no proton transference from the solvent to the product, the reaction only worked 

in methanol; ii) Schoenebeck described a radicalar-based olefin transposition using a well-defined 

dimeric (NHC)Ni(I) complex;34 iii) Cook took advantage of the combination of (NHC)Ni/Silanes to 

produce nickel-hydride capable of isomerizing a variety of terminal and 1,1-disubstituted alkenes.35 

Although those three elegant examples highlight distinct initiation modes, they share the same 

thermodynamically-driven energy profile.36 Namely, the transposition finishes when the more stable 

isomer is reached, typically a styrene derivatives or tri- or tetrasubstituted double bond. Conversely, 

achieving kinetic control implies in processes where the activation barrier for the first isomerization is 

much lower than the next, yielding a monotransposition process.37  

Considering the aforementioned affinity between Ni(0) and electron deficient double bonds, we 

raise the hypothesis that Lewis acids could ease their -complexes formation (Scheme 1e). Thus, 

allowing its further insertion into C−H allylic bonds to yield nucleophilic allylnickel-hydride 

intermediates.38,39 Ideally, the latter could be stabilized by the Lewis acid, enabling unprecedented allylic 

activation in non-activated terminal double bonds. Thereby, the success of this strategy would shed light 

to a pathway to transpose terminal double without adding any source of external hydride or protic 

solvent and this would avoid reaction initiation by migratory insertion of metal-hydride complexes to 

the double bond, a widespread strategy in olefin isomerization protocols.40,41  

Herein, we report a complementary approach where the transposition only occurs in a 

stereocontrolled one-fold migration where E isomers are favored with wide-bite bisphosphines and the 

Z isomers are favored when small-bite 1,2-bisphosphines. This method fills a gap in nickel catalysis, 

opening the doors for its applications in the route to complex olefins and sustainable chemical processes. 

Specifically, the combination of Ni(COD)2 and Lewis acids allows the activation of allylic C−H and further 

stereoselective monoisomerization of olefins, regardless of the addition of any external hydride source. 



We rationalize a stereoelectronic preference for Ni(0) to terminal double bonds, instead of the electron 

richer internal ones, thus, disfavoring further oxidative additions (Scheme 1e).  

To validate our hypotheses, a mixture of the allylbenzene 3a, Ni(COD)2 (10 mol%), Y(OTf)3 (40 

mol%) and PPh3 (10 mol%) was heated in acetonitrile at 40 °C. After 24h, the methyl isoeugenol (4a) 

was obtained in 100% conversion, 99% yield and E:Z ratio >20:1. Removal of the nickel source or 

triphenylphosphine led to complete recovery of the starting material and removal of the Lewis acid led 

to only 9% conversion (Scheme 2a). Reactions with deuterium labeled derivatives at benzylic position 5 

indicate a 1,3-hydrogen transposition and small incorporation at vinylic position. Furthermore, 

isomerization of 7, labeled at vinylic position, yields 6 and 7% of deuterium incorporation at C1 and C3, 

respectively (Scheme 2b). Herein we observed the same findings of Iwamoto and Ogoshi:33 a vinylic 

hydrogen/deuterium scrambling explained through the insertion of the allylnickel hydride 9 (blue arrow 

pathway) into an unreacted 7, followed by -elimination with H or D in 12, leading to the scrambling 

products 3a and 13 (Scheme 2c). The former will provide the product 4, without deuterium 

incorporation, while the latter will provide 14 after reductive elimination. Finally, the presence of 

deuterium at all carbons from the allylic system indicates some extension of reversible 1,3-hydrogen 

migration in this activated substrate.  

Mechanistic insights about this synergistic Ni(0)-Lewis acid catalysis were obtained after 

carrying out key control experiments: a) The cis-diphenylcyclopropenyl olefin 15, a known substrate for 

radical clocking experiments was submitted to our reaction and had its stereochemistry integrity  

preserved (Scheme 3a). Interestingly, the formation of the diene 16 indicates the occurrence of a ring 

open/elimination process and we can neglect the radical pathway; b) Competitive reaction between 3a 

and 3g, led to full conversion of the former to 4a and full recovery of the latter. This indicated either a 

preference for the activation of more acidic C-H bonds or an apparent formation of a strong interaction 

between 4a and Ni(0) species (Scheme 2e). c) Removal of allylic C-H bond implies in an absence of 

isomerization processes (Scheme 2f). For example, cis-stilbene (19) was fully recovered after 24h under 

our standard reaction condition. However, when Z-4r (E:Z 1:5.6) was submitted to the same reaction 

conditions, we obtained the E isomer as the major component in 3:1 ratio (Scheme 2f).  

With these promising results, we expand our protocol to other allylbenzene derivatives that 

furnished the desired E-products regardless of the presence of groups at ortho position 4a-d (Scheme 

2). Interestingly, a chromene derivative 4e was obtained under standard isomerization condition, 

indicating that our method was not limited to substrates bearing C-H benzylic bonds. Next, we moved to 

challenging substrates bearing bulky vicinal substituents to the allylic C-H bond 4f-h. Although the 



activation of these lesser acidic bonds, would lead to non-stabilized anionic-like allylnickel-hydride 

intermediates, it occurs effortlessly in the presence of Y(OTf)3, yielding unprecedented transposition of 

non-activated olefins catalyzed by Ni(0) favoring the E products. Since the isomerizations reactions do 

not improve molecular weight, volatile starting materials led to lower yield reactions, as can be seen for 

the aldehyde 4h. Furthermore, acid sensitive carbamate group (4f) or aldehydes and formamides (4g-h), 

known substrates in Ni(0)-catalyzed C-H functionalizations were tolerated.42–44 Once again, all products 

were obtained with stereoselectivities higher than 20:1 in favor of E isomers.  

 

 

Scheme 2. Isomerization of allyl-benzene derivatives and control experiments. 

 

Despite the confirmation that terminal non-activated allylic groups were suitable to our olefin 

transposition protocol, concerns about the positional distribution in substrates with more than one 

methylene group, arose during our experiments with substrates 4i-t. Thus, the next goal was to control 

the monoisomerization in substrates in which additional migrations would lead to conjugated double 

bonds to heteroatoms (4i-p) or carbonyl groups (4q-s), commonly obtained in thermodynamically-



driven processes.26,34,45–47 Despite these concerns, starting materials prone to two or three possible 

migrations, yielded monoisomerization with up to 6.5:1 E:Z ratio. Indeed, two-fold transpositions were 

scarcely observed, except for 4t where the second migration occurred in 8%.  For those delicate 

substrates, we found that the wide-bite angle ligand DPEPhos yielded the products with higher 

stereoselectivities than PPh3, enabling the synthesis of E-1,2-disubstituted double bonds, under kinetic 

control and unprecedented levels of stereoselection in nickel catalysis.48–50 Furthermore, the bulkiness of 

the ligand should make it difficult for further -complexes with the more substituted double bond, 

favoring the monotransposition.  

Reaction monitoring for the olefin transposition in 3q by 1H-NMR at 26.5 mmol/L [1 

spectrum/5 minutes (282 total)] indicated distinct profiles using PPh3 and DPEPhos ligands. Although 

both ligands provide the Z isomer in higher formation rate, followed by its isomerization into the E 

product, the transposition and isomerization are faster with DPEPhos. These data indicate that the E/Z 

distribution is ruled by their equilibrium concentrations, in an unusual example of 1,3-hydrogen shift 

protocol with geometrical isomerization, instead of an inherent ligand control. It is worth pointing out 

that theoretical mechanistic investigations in other olefin isomerization protocols indicate a preferential 

formation of the E product, in contrast to our findings.34,45,51 
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Scheme 3. Kinetically controlled Ni(0)-Catalyzed transposition of olefins. 

 

The beneficial influence of the DPEPhos inspired us to search for a ligand able to provide the Z-

product as the major stereoisomer (Scheme 4). Unlike DPEPhos, we rationalize that the new ligand 

would be bulkier, with smaller bite angle 1,2-bisphosphines, and this would decrease the rate of Z to E 

isomerization. Despite the modest conversion, dppe (20) was able to invert the stereochemistry 

preference, yielding E:Z ratios of 1/2 and 1/1.5. Higher conversions were achieved with dcpe (21) 

(54%), dpp-ethene (22) (44%) and DuanPhos (23) (80%). The former provided E:Z ratio of 1/2, and the 

others, 1/3 in favor of the Z isomer. Since DuanPhos provided the highest conversion among the 

evaluated phosphines (80%), we choose to continue the reaction optimization. Gratifyingly, we found an 

acceptable balance of conversion and stereoselection for this challenging transformation, carrying out 

the olefin transposition in acetonitrile, at 60°C, 40 mol% of Y(OTf)3 and 10 mol% of both Ni(COD)2 and 

DuanPhos. The products were obtained in E:Z ratios up to 1/5.6 and conversions up to 90%. To the best 

of our knowledge, they represent the first report of Z-selective monotransposition of double bonds 

catalyzed by nickel, opening the doors for the development of new ligand and catalyst design to expand 

the scope of this valuable transformation. Finally, 1H-NMR monitoring for the olefin transposition 

indicated that this transposition is much slower than those performed with PPh3 or DPEPhos. 

Interestingly, the reaction profile indicates that the ligand DuanPhos allows the preferential formation of 

the Z isomer, keeping the concentration of the E very small during the 24h of monitoring (E:Z 1:23). 

Additional acquisition of the same sample after 120 hours indicated the same level of conversion (40%) 

and E:Z ratio of 1:13.3, consistent with a slower isomerization scenario. It is important to note that the 

NMR samples were ~10 times lesser concentrated than the reaction condition, contributing to the 

decrease of the consumption rate of 3q in comparison with the standard reaction condition. 



 

                                    Scheme 4. Z-selective double bond transposition. 

 

In conclusion, we developed an efficient catalytic monotransposition of double bonds under 

kinetic control. This transformation was achieved by a unique combination of Ni(0) and Lewis acids to 

activate weak allylic C−H bonds. This new strategy allows the stereodivergent synthesis of E or Z 

products according to the ligand choice. Mechanistic insights by control experiments and 1H-NMR 

suggest a polar, inner-sphere mechanism. These unique features open the doors to new developments in 

Ni-catalyzed transformations and an in-depth mechanism investigation is ongoing. This methodology has 

the potential to expand the realm of selective metal-catalyzed reactions and sustainable industrial 

procesess taking advantage of this new mode to activate C-H bonds.   
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ASSOCIATED CONTENT  

Experimental details, materials, methods, spectral and characterization data are included in the Supporting 

Information.  
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