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Abstract   

Catalytic enantioselective conjugate additions of organometalli c reagents to electron-

deficient alkenes and asymmetric allylation of carbonyl compounds are important 

reactions for the construction of new carbon-carbon bonds. However, a method using 

an allylnickel species to perform catalytic nucleophilic allylation enantioselectively 

remains considerably underdeveloped and only a handful of examples have been 

described. In this thesis, enantioselective nickel-catalyzed arylative and alkenylative 

intramolecular allylations of allenyl electrophiles with boronic acids are described. 

 

Figure 1. Nickel-catalyzed arylative cyclization of an electrophile tethered allene 

Enantioselective nickel-catalyzed arylative intramolecular 1,4-allylations       

An asymmetric nickel-catalyzed desymmetrization of allenyl cyclohexa-2,5-dienones 

by reaction with arylboronic acids is reported. In this study, nucleophilic allylnickel 

species, formed by nickel-catalyzed arylation of the allene, undergo 1,4-allylation-

cyclization reaction to furnish hexahydroindol-5-ones and hexahydrobenzofuran-5-

ones with three contiguous stereocenters in high diastereo- and enantioselectivities 

(87ī99% ee).   

 

Figure 2. Enantioselective nickel-catalyzed arylative cyclization of allenyl cyclohexa-2,5-

dienones 

 



 

vii  

 

Enantioselective nickel-catalyzed arylative and alkenylative intramolecular 1,2-

allylati ons       

An asymmetric nickel-catalyzed cascade reaction of allenyl ketones with boronic 

acids is described. In this project, a nickel-catalyzed arylation and alkenylation of the 

allene gives allylnickel species, which undergo a 1,2-allylation-cyclization with 

tethered ketones to furnish 3-hydroxypyrrolidin-2-ones, 3-hydroxypyrrolidines and 

4-hydroxypiperidines in high diastereo- and enantioselectivities. 

 

Figure 3. Enantioselective synthesis of chiral pyrrolidine -2-ones, pyrrolidines and piperidines 
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1. Introduction  

The catalytic enantioselective carbonyl nucleophilic allylation reaction is one of the 

most significant reactions in organic synthesis for the asymmetric formation of 

carbonïcarbon and heteroatom-carbon bonds, whilst simultaneously forming a 

valuable alkene as a versatile motif for further transformations (Scheme 1).1-10  

 

Scheme 1. Allylation reaction 

The first carbonyl allylations were reported by Mikhailo and Bubno with the use of 

isolable allyl boron reagents11 and Homosi and Sakurai with the use of allyl silanes.12 

Subsequently, Hoffmann et al. established an enantioselective synthesis of allyl 

alcohols via chiral allylborane, considered as the first discovery of using a chiral allyl 

metal reagent and aldehyde in carbonyl allylation.13 Since then, a vast majority of 

protocols for asymmetric carbonyl allylation have been developed based on the use 

of chirally changed allyl metal compounds (Scheme 2).14-24    

 

Scheme 2. Selected pioneering examples for enantioselective carbonyl allylation by chiral  

modified allylmetal compounds 
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The Yamamoto group reported the first example of chiral Lewis acid-catalyzed 

asymmetric allylation of aldehydes 1a with allylsilanes 2 and chiral acyloxy borane 

L1.25 Following Umani-Ronchiôs 26 and Keckôs 27 development, highly 

enantioselective homoallylic alcohols 3a were obtained with allyltributyltin 4 and 

chiral complex of L2 (R)-BINOL and Ti(Oi-Pr)4 in 1993. In the following year, 

Denmark et al. revealed the first study using chiral Lewis bases for the asymmetric 

allylation of aldehydes with allyltrichlorosilanes and chiral phosphoramides.28 In 

2001, the same group introduced an elegant study for enantioselective construction 

of quaternary carbon centers using 5 and L3 in the same fashion.29  

 

Scheme 3. Early examples of enantioselective carbonyl allylations 

For these methods, Denmark and co-workers classified two types of addition 

pathways for various allylation reagents.3 In the first approach, allylic organometallic 

reagents can cooperate with the carbonyl to form a closed six-membered chair-like 

intermediate furnishing a ɔ-allylation (Scheme 4i). On the other hand, the carbonyl 

compound can be activated by an external Lewis acid and attacked by an allyl 

trialkylsilane or allyl trialkylstannane through an open transition state (Scheme 4ii ). 

Greater degree of regio- and diastereoselectivity is usually achieved in reactions 

proceeding via the closed chair-like transition state.  



 

3 

 

 

Scheme 4. Two approaches of enantioselective allylation reactions. 

In metal-catalyzed enantioselective allylation reactions, which are considered as third 

type of carbonyl allylation, allylorganometallics react in the presence of metal salts 

and chiral ligands. The reaction undergoes a transmetallation step consisting of 

allylorgano-reagents and metal-ligand complex. The stereoselectivity is controlled by 

chiral ligands associated with the metal (Scheme 5). The asymmetric allylation of 

substrates including C=O and C=N bonds has been well-documented to furnish 

homoallylic alcohols or amines.30-41 

 

Scheme 5. Metal-catalyzed enantioselective allylation. 

One major approach for enantioselective carbonyl allylations involves the reduction 

of -́allylmetal complexes formed from allylic alcohols, allylic halides or allylic 

carboxylates (Scheme 6). These reactions required stoichiometric quantities of 

metallic reductants such as Et2Zn, SmI2 and SnCl2, which considered as óumpolungô 

process, to generate the corresponding nucleophilic allyl-metal species. These 

species were trapped by electrophiles such as aldehydes or ketones to give 

homoallylic alcohols.42 

 

Scheme 6. óUmpolungô nucleophilic allylation  
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In addition, asymmetric carbonyl additions may develop in the absence of preformed 

organometallic reagents or metallic reductants. One alternative approach is based on 

CīC bond-forming transfer hydrogenation (Scheme 7). 7,10,43 

 

Scheme 7. Carbonyl addition through transfer hydrogenation 

Apart from carbonyl or imine compounds, Ŭ,ɓ-unsaturated ketones also play a role as 

attractive electrophiles because they can either undergo a 1,2-addition when 

nucleophiles attack at the carbonyl group or a 1,4-addition when nucleophiles attack 

the ɓ-carbon (Scheme 8).44-47  Both additions are valuable, however, the products of 

1,4-addition still have carbonyl groups that serve as the amenable group for further 

manipulations.  

 

Scheme 8. Addit ion reactions of Ŭ,ɓ-unsaturated ketones 

In the literature review of this thesis, each section will describe a general discussion 

of the mechanistic aspects of transition-metal-catalyzed asymmetric carbonyl 

allylations with representative examples. Methods via nucleophilic allylmetal 

complexes will illustrate both 1,2-addition and 1,4-addition to carbonyl compounds 

for transition-metal-catalyzed enantioselective allylation reactions. Then an approach 

to allylations using domino reactions with allenes as allyl  donors will be discussed. 

1.1. Transition-metal-catalyzed enantioselective nucleophilic allylation  

1.1.1. Pd-catalyzed enantioselective nucleophilic allylation 

There have been several major approaches to palladium-catalyzed enantioselective 

allylation of carbonyl or imines via formation of nucleophilic complexes. First, the 

substrates may allylate with allylorganometallics through bis(allyl)palladium.48 The 

second method is via óumpolungô reactivity of -́allylpalladium. Another approach is 

using metal pincer complex catalysis.  
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1.1.1.1. Chiral bis- -́allylpalladium  complexes 

Yamamoto et. al introduced the first example using the nucleophilic bis- -́

allylpalladium complexes to react with aldehydes, ketones and imines (Scheme 9).49 

The authors suggested that bis- -́allylpalladium complexes I  form in situ from 

transmetallation of allyl stannanes 4 with a Pd(II) or a mono-allyl palladium 

complex. These species convert into a ɖ1- or ɖ3- allylpalladium II , which are 

nucleophilic enough to react with the electrophile, followed by transmetallation with 

allyl stannane to regenerate the catalyst species I . 

 

Scheme 9. Bis- -́allylpalladium complexes from allyl -stannanes 

Inspired by this work, the group developed the first Pd-catalyzed asymmetric 

allylation of imines 7 using of allyltributylstannane 4 and bis- -́allylpalladium 

catalyst 8.50 It is suggested that the bis- -́allylpalladium coordinates with the nitrogen 

atom of the imine to facilitate an intramolecular nucleophilic attack of the chiral ɖ1-

allyl ligand, and then would proceed via a six-membered chair-like transition state. 

The reaction preferentially proceeds through a transition state I , where the imine is 

added from the less-hindered backside, to give (R)-9 products (Scheme 10). 
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Scheme 10. Asymmetric allylation of imines using bis- -́allylpallad ium complexes 

Later, the group discovered that the addition of water to this catalytic reaction can 

give a broad substrate scope, while retaining the enantioselectivities and chemical 

yields for a variety of imines (Scheme 11).51   

 

Scheme 11. Allylation of imines with allyl tributylstannane 

However, using bis- -́allylpalladium complexes can lead to undesired by-products 

from allyl-allyl cross-coupling reactions and selectivity problems can occur when 

palladium complexes containing two different substituted allylic moieties (Scheme 

12). It also showed the limitations in the term of the scope of the reaction. 50-52  
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Scheme 12. Some drawbacks when using bis- -́allylpalladium  complexes 

1.1.1.2. óUmpolungô process 

In general, an óumpolungô process involves -́allylpalladium intermediates of 

palladium(0) catalysts relying on treatment with a low-valent metal compound or 

reducing agents such as indium or zinc compounds to generate the corresponding 

nucleophilic allyl-palladium species (Scheme 6).42 

In 2004, Zanoni and co-workers pioneered the first enantioselective allylation of 

carbonyl compounds by the umpolung ́ -allyl palladium complexes using a chiral 

monodentate phosphorous ligand L4 (Scheme 13).53 The chiral alcohol 11 with 

moderate enantioselectivity was observed by the umpolung Tsuji -Trost reaction of 

10 with aldehydes in the presence of Et2Zn. One example of chiral homoallylic 

alcohol 13 was obtained from acyclic cinnamyl acetate 12 as a ́ -allyl precursor in 

the reaction conditions.   

 

Scheme 13. Enantioselective Pd-catalyzed allylation of a carbonyl compound via óumpolungô 

The first palladium-catalyzed asymmetric allylation ketones 14 with allylic alcohol 

15 as the allylating reagent was found by Zhou et al. in 2009 (Scheme 14).54 The 

study gave a variety of chiral benzannulated pyrrolidin-2-ones 16 in good yields but 

moderate to good enantioselectivities (47ī71% ee). 
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Scheme 14. Asymmetric allylation of ketones with allylic alcohols 

Inspired by the work as mentioned above, the group continued palladium-catalyzed 

asymmetric allylation of imines 7 with allylic alcohols 17.39 Using chiral 

phosphoramidite L6 gave various homoallylic amines 18 in high yields with 

moderate to good enantioselectivities (Scheme 15).  

 

Scheme 15. Palladium-catalyzed asymmetric allylation of imines with allylic alcohols 
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The authors proposed a mechanism of the umpolung reactivity using the nucleophilic 

-́allyl palladium (Scheme 16). First, the formation of ɖ3-allylpalladium complex I  is 

triggered by oxidative addition of the allylic alcohol 17, followed by the transfer of 

the electron-rich ethyl group from boron to palladium, which forms nucleophilic ɖ1-

allylpalladium II . The intermediate would undergo a chair-like cyclic transition state 

III  to give 19 and finally protonolysis furnishes the corresponding amine 18. 

 

Scheme 16. Proposed mechanism of the umpolung process 

1.1.1.3. Metal pincer complex catalysts 

Another approach for palladium-catalyzed asymmetric allylation of carbonyl groups 

or imines is based on the utility of chiral pincer complexes and allylorganometallics 

reagents. Using the metal pincer complex catalysis, allylation reactions could be 

performed without the formation of bis(allyl)palladium species. Generally, the 

complexes are known to readily undergo transmetallation with organometallic 

reagents. In the complex, the ligand binding to the palladium is bulky, thus only one 

coordination site in a complex is available for the allyl moiety. Therefore, a ɖ1-allyl 

complex is formed and has a nucleophilic character that reacts with electrophiles to 

furnish corresponding alcohol or amine.55 

Szabɧ et al. reported a new nucleophilic mono-allylpalladium complex for allylation 

to obtain homoallylic alcohols 3 (Scheme 17).56 The metal pincer complex 20 reacts 

with allylstannane 4 to give a nucleophilic ɖ1-allyl palladium species I , which 

undergoes chair-like transition state to form alkoxide II . The intermediate II  reacts 

with Bu3SnOC(O)CF3 to give 21 and regenerate the pincer catalyst 20.  
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Scheme 17. Using mono-allyl palladium complex for allylations of aldehydes 

Later, the group introduced new chiral pincer palladium catalyst for highly 

enantioselective allylation of sulfonimines (Scheme 18).57 Using a series of ligand 

BINOL as chiral ligands for palladium pincer complexes gave the corresponding 

homoallylic sulfoamines with high enantioselectivities (80ī85% ee). 

 

Scheme 18. Chiral pincer  palladium-catalyzed for  asymmetric allylation of sulfoimines 
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1.1.2. I r -catalyzed enantioselective nucleophilic allylation 

In 2008, Krische and colleagues reported the first examples using iridium-catalyzed 

allylation of carbonyl compounds under catalytic hydrogenation conditions.58,59 They 

used allyl acetate as an alternative for allylmetal reagent and proposed the reaction 

occurred via an intermediate allyl iridium as a nucleophile, which is remarkable 

(Scheme 19). 

 

Scheme 19. Carbonyl allylati on via nucleophile allyl iridium  

The allylation of aldehydes 1 and allylic acetate 26 was illustrated in the report with 

the use of isopropanol as the terminal reductant and L7 (-)-TMBTP as the ligand. 

The products 3 were obtained with high enantioselectivity and in good to excellent 

isolated yields (Scheme 20). 

 

Scheme 20. Carbonyl allylat ion of allyl acetate and aldehydes by ir idium-catalyzed reaction 



 

12 

 

An iridium(III)- -́allyl complex, which could serve as active catalyst of this carbonyl 

allylation, was synthezized and analyzed by single-crystal X-ray diffraction. The 

proposed mechanism (Scheme 21) began with the formation of intermediates I , the 

ortho-cyclometalated iridium complexes, followed by the hydrogen transfer process 

to give intermediates II , the iridium(III) active catalysts. The allyl group transferred 

and added to aldehydes 1 through a chair-like transition state to afford intermediates 

III . These species exchanged with the isopropanol or a reactant alcohol to give the 

homoallylic alcohols 3 and the intermediates IV . Through ɓ-hydride elimination 

process, the intermediate I  was regenerated and completed the catalytic cycle. 

 

Scheme 21. Proposed mechanism of ir idium-catalyzed carbonyl allylation 

Then the group developed the asymmetric transfer-hydrogenative allylation of the 

carbonyl group with 1,1-dimethylallene,60 allyl acetate, Ŭ methyl allyl acetate,61 or Ŭ-

(trimethylsilyl)allyl acetate 62 by using nucleophilic iridium complexes and propan-2-

ol as hyride donor.  

The first use of 1,1-dimethylallene 27 as a prenyl donor for allylation to give 

enantiomerically enriched adducts 6 was reported in 2009 (Scheme 22). 60 The 

reactions were tolerated with aromatic aldehydes (1a, 1b), Ŭ,ɓ-unsaturated aldehydes 

(1c, 1d), and aliphatic aldehydes (1e-1h) to give adducts 6a-6h in good to excellent 

isolated yields (65ī96%) and enantioselectivities (87ī93% ee). 
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Scheme 22. Asymmetric Ir -catalyzed carbonyl allylation fr om aldehydes 

The first use of activated ketones 14 for asymmetric iridium-catalyzed allylation in 

the presence of allyl acetate 26, Ŭ methyl allyl acetate 29, or 1,1-dimethylallene 27 

was investigated.61 The products 16, 30 and 31 were furnished in high yield and 

excellent enantioselectivities (Scheme 23).  

 

Scheme 23. Asymmetric ir idium-catalyzed allylation of activated ketone 
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In 2010, Krische group demonstrated the enantioselective iridium-catalyzed transfer-

hydrogenative allylation of (trimethylsilyl)allyl acetate 32 in the presence of 

aldehydes 1.62 The reaction was also mediated by 2-propanol and afforded the 

products 33 with exceptional levels of anti-diastereoselectivities and excellent 

enantioselectivities (Scheme 24). 

 

Scheme 24. Enantioselective Ir-catalyzed allylation of (trimethylsilyl)allyl acetate 

In general, the mechanism proceeds in a similar approach to iridium transfer-

hydrogenative allylation (Scheme 21) and is shown in Scheme 25. The reaction also 

began with the formation of the ortho-cyclometalated iridium complexes I , followed 

by the hydrogen transfer process to give the iridium(III) active catalysts I II . The 

reaction was suggested to proceed via an (E)-ů-allyl intermediate (IV ). The anti-

diastereoselectivity  is observed in most of the cases demonstrating that carbonyl 

addition happens through a chair-like transition state of an intermediate V (Scheme 

26). These species exchanged with the isopropanol or a reactant alcohol to give the 

homoallylic alcohols 33 and the intermediates VI . Through ɓ-hydride elimination 

process, the intermediate I  was regenerated and completed the catalytic cycle. 
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Scheme 25. Proposed mechanism for carbonyl (trimethylsilyl)allylation  

 

Scheme 26. Stereochemical intermediate 

In 2017, Krische and co-workers reported a highly enantioselective iridium (I)-

PhanePhos-catalyzed coupling of methanol with a 1,1-disubstituted CF3-allenes 34 to 

afford 35 of hydrohydroxymethylation as single regioisomers with high 

enantioselectivity (Scheme 27).63 The carbonyl addition also occurs through iridium 

transfer-hydrogenative process with a nucleophilic allyliridium intermediate. 

 

Scheme 27. Ir -catalyzed asymmetric allylation of trifluoromethyl  substituted allene and 

methanol 



 

16 

 

1.1.3. Cr-catalyzed enantioselective nucleophilic allylation 

The fi rst example of chromium-mediated addition of allylic halides 36 to aldehydes 

was reported by Nozaki, Hiyama and colleagues. Their study showed a highly 

chemoselective reaction towards aldehyde (Scheme 28).64 Later Fürstner and Shi 

reported allylation of aldehydes with allylhalide in the presence of CrCl2 and excess 

Mn and TMSCl (Scheme 29).65   

 

Scheme 28. The addition of 2-butenyl halides to aldehydes- Nozaki-Kiyama-Kishi reactions 

 

Scheme 29. Fürstner and Shi catalytic system 

Following these groundbreaking findings, Cozzi, Umani-Ronchi et al. reported the 

first enantioselective chronium-catalyzed allylation of aldehydes 1 using 

chromium(II) salen complex with ligand L10.66 The proposed mechanism is shown 

in Scheme 30. Later Berkessel et al. used an analogous catalyst derived from L11 67 

and Nakada and co-workers used a bis(oxazolinyl)arbazole ligands L12 to get 

modest to high enantioselectivities (86ī97% ee) for allylation of aldehydes.68 

Yamamoto group developed a new class of chiral ligand, tethered bis(8-quinolinol) 

L13 (TBOxH) for chromium-catalyzed Nozaki-Hiyama allylations of aldehydes to 

obtain homoallylic alcohol 3 high yields (up to 95%) and high enantioselectivities 

(up to 99%).69 
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Scheme 30.  Enantioselective chronium-mediated allylations for Nozaki-Hiyama reactions 

Miller and Sigman reported the first example of chromium-catalyzed 

enantioselective allylation of ketones 38 using allylic bromides 37a. With the simple 

ligand L14, allylation of acetophenones led to corresponding tertiary homoallylic 

alcohols 39 with high enantioselectivities (up to 92% ee) (Scheme 31).70 
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Scheme 31. Chromium-catalyzed an entioselective allylation of ketones using allylic bromides 

In 2018, Zhang group demonstrated a carbonyl allylation with a variety of 

fluorinated and nonfluorinated alkyl halides 40, alkene 41 and aldehydes 1 based on 

a Cr/Co bimetallic catalytic system.71 Using ligand L15 gave products 42 in good 

yields with excellent diastereomeric and enantiomeric selectivit ies (Scheme 32).   

 

Scheme 32. Cr/Co bimetallic catalysis system for carbonyl allylation  
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The proposed mechanism is shown in Scheme 33. First, CoPc initiates the formation 

of the alkyl radicals I , followed by addition to 1,3-butadiene 41. The -́allyl radical 

species II  then reacts with Cr(II) complex, followed by subsequent isomerization and 

carbonyl allylation to furnish the final product 42. Manganese acts as a reducing 

agent for both Co and Cr catalytic systems. 

 

Scheme 33. Proposed mechanism of Cr/Co bimetallic system for carbonyl allylation 

1.1.4. Cu-catalyzed enantioselective nucleophilic allylation 

In 2004, Kanai and Shibasaki et al. studied the first enantioselective carbonyl 

allylation using allylborane 43 via an active nucleophile allylcopper in the presence 

of chiral catalyst CuF-i-Pr-DuPHOS and La(Oi-Pr)3 as a cocatalyst.72 The Cu-

catalyzed reaction afforded high enantioselective products 39 (up to 93% ee) from 

aromatic, heteroaromatic, cyclic, aliphatic ketones (Scheme 34). Use of cocatalyst 

La(Oi-Pr)3 significantly increased reactivity, but the precise mechanism of rate 

enhancement is still unclear.     

 

Scheme 34. Cu-catalyzed enantioselective carbonyl alylation using allylborane 
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The group continued developing a general Cu-mediated allylation of simple 

ketoimines using CuF·3PPh3 as a catalyst and La(Oi-Pr)3 as the cocatalyst and they 

discovered the first enantioselective example when using the 

CuFīcyclopentylīDuPHOS as a chiral catalyst and LiOi-Pr as cocatalyst.73 

Homoallylamines 45 were obtained with high enantioselectivity from aromatic 

ketoimines 44 (Scheme 35). Scheme 36 illustrates the proposed mechanism where 

the nucleophilic allylcopper I  generated by transmetallation of CuFīcyclopentyl 

īDuPHOS complex with allylboronate 43. The use of LiOi-Pr remarkably enhanced 

both reactivity and enantioselectivity, as compared to La(Oi-Pr)3.  

 

  Scheme 35. Cu-catalyzed allylation of ketoimines 

 

Scheme 36. Proposed mechanism of Cu-catalyzed of allylation of ketoimines 

In 2018, Buchwald et al. developed a highly enantioselective CuH-catalyzed 

allylation of ketones 38 using terminal allenes 46 as an allyl donor.74 Allene was a 

substitution compounds to the allylmetal reagent for the formation of nucleophilic 

allylcopper species. The proposed mechanism was suggested as in Scheme 37. 
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Copper hydride complexes I  insert into allene 46 to generate a mixture of allylcopper 

species II  and III . Then the copper-mediate species undergo regioselective 

stereoselective addition to a carbonyl group. To complete the cycle, copper 

intermediate IV  can undergo ligand exchange with an auxiliary alcohol to form 

corresponding alcohol 47 or L*CuOR V undergo metathesis with a hydrosilane to 

regenerate initial hydride I . 

 

Scheme 37. CuH-catalyzed allylations of ketones 

The reaction tolerated various substrates 38 bearing electron-donating, or electron-

withdrawing substituents as well as heterocycles and those with a functional group. 

Using ligand L17 gave chiral alcohols with high enantioselectivities (Scheme 38).  

 

Scheme 38. Selected examples of CuH-catalyzed allylations 
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In 2019, the Buchward group continued developing an enantioselective copper-

catalyzed allylation using allenes 49, copper salts and L18 to give chiral tertiary 

alcohols 39 with high enantioselectivites.75 The reactions were tolerated with a 

variety of substrates 38 with many functional groups (Scheme 39).    

 

Scheme 39. Selected exmamples of enantioselective Cu-catalyzed allylation using allene gas 

The proposed mechanism was suggested to be similar to that described in Scheme 

37. Initially, a hydride complex I  is generated from a copper salt, phosphine ligand 

and silane reductant, then insertion of allene 48 into the complex affords nucleophilic 

allylcopper(I) species II . Those species can then react with a ketone 38 through a six-

membered transition state to give an alkoxide III . Followed by metathesis with the 

hydrosilane, the silane-protected product 49 is formed leading to regeneration of the 

Cu-complex I . The desired product 39 is furnished after working up (Scheme 40).   

 

Scheme 40. Proposed mechanism of enantioselective Cu-catalyzed allylation using allene gas 
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1.1.5. Ni-catalyzed enantioselective nucleophilic allylation 

Morken and co-workers developed enantioselective nickel-catalyzed allylation of ŭ-

substituted dienal 50 with allylboronic acid pinacol ester 43 in the presence of Ni(II ) 

and the chiral phosphonite L19.76 Aromatic and aliphatic substituents were tolerated 

and predominant (E,Z)-stereoisomer products were formed in high yields and 

enantioselectivities (Scheme 41).   

 

Scheme 41. Enantioselective nickel-catalyzed allylation of ŭ-substituted dienal 

Scheme 42 illustrated the proposed mechanism. The boron pinacol ester 43 has been 

invoked to account for the ability of electron transfer from Ni(0) to the enal to form 

nickel complexes. The intermediate I  undergoes a transmetallation of the allyl group 

from B to Ni to form a bis(allyl)metal species I I I . Then these intermediates 

underwent a 3,3ô-reductive elimination and work up to furnish allylation products 51.  

 

Scheme 42. Proposed mechanism of enantioselective nickel-catalyzed 1,2-allylation  
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Qian and Gong et. al demonstrated the first asymmetric Ni-catalyzed reductive 

allylation of aldehydes 1 with allylic carbonates 52 (Scheme 43).77 They suggested 

an electronic nature of the allylic partners is important in the control of 

enantioselectivites and a possible equilibrium between ɖ1-(E)-allyl-Ni and (Z)-allyl-

Ni complexes with the presence of substituents at the C1 or C3 position of allylic 

carbonates. The addition of the weak nucleophilic allylnickel species to aldehydes 

and the formation of nickel- -́allyl complexes is one of the significant steps in the 

catalytic process. The coupling of 2-aryl allylic acetates with a variety of aldehydes 

1a-1c were demonstrated. The aldehyde substrates without electron-withdrawing 

groups generally gave high enantioselectivites. (E)-but-2-enal (1d), aliphatic 3-

phenylpropanal (1e) also gave homoallylic alcohols in high enantioselectivites. The 

reation of benzaldehyde (1f) and methoxy phenyl allylic carbonate (52f) also furnish 

product 53f in good enantioselectivity. The process worked with the sterically more 

hindered 2-(2-methyl)phenyl- (52g) and 2-isopropyl- (52h) allylic carbonates but 

diminished enantioselectivities. 

 

Scheme 43. Selected examples of asymmetric Ni-catalyzed reductive allylati ons 

1.1.6. Ru-catalyzed enantioselective nucleophilic allylation  

In 2011, Krische et al. developed an enantioselective ruthenium-catalyzed  redox-

neutral intermolecular coupling of aldehydes and 1,3-dienes 54.78 The homoallylic 
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alcohols was generated with perfect regioselectivity and good to excellent levels of 

diastereo- and enantioselectivites (Scheme 44). The process involves transfer 

hydrogenation and carbonyl addition in a ruthenium complex and chiral ligand L21 

(Scheme 45). The hydrogen transfer between ruthenium complex I  and 1,3-dienes 54 

generates allylruthenium intermediates II , followed by an addition to aldehyde. 

Allylruthenium-aldehyde transition state IV  undergoes a coupling reaction to give V. 

Using propan-2-ol as an external reducing agent releases alcohol 55 and regenerates 

the ruthenium catalyst to finish the catalytic cycle.   

 

Scheme 44. Enantioselective ruthenium-catalyzed hydrohydroxyalkylation of 2 -silyl -butadienes 

 

Scheme 45. Proposed catalytic mechanism for ruthenium-catalyzed hydrohydroxymethylation 

Inspired by the work, Krische and co-workers developed an enantioselective 

ruthenium-catalyzed asymmetric direct redox-triggered carbon-carbon coupling of 
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aldehyde and butadiene (Scheme 46). The chiral phosphoric acid L22 was employed 

in the catalysis system.79 The products of carbonyl crotylation with high 

diastereoselectivity and enantioselectivity without a formation of stoichiometric by-

products. The products of carbonyl crotylation were afforded through the same 

fashion showed previously (Scheme 45). A hydrometallation of butadiene furnished 

a -́allylruthenium complex, followed by a closed transtition structure to give ů-

crotylruthenium complex. The given homoallylic ruthenium alkoxide had all 

occupied coordination sites at the metal center and then exchange with a reactant 

alcohol to release product 56 and ruthenium complex.    

 

Scheme 46. Enantioselective ruthenium-catalyzed asymmetric coupling of aldehyde and alkene 

1.1.7. Rh-catalyzed enantioselective nucleophilic allylation 

A rhodium-catalyzed enantioselective allylation was initially discovered by Nuss 

group.80 The addition of allylic stannane to benzaldehyde 1a gave chiral alcohol 3a 

in high yield but a small degree of asymmetric induction (17% ee) (Scheme 47).  

 

Scheme 47. Initial rhodium-catalyzed enantioselective allylation 

Nishiyama group observed an improvement in enantioselective allylation of allylic 

stannanes 4 to aldehyde 1 using chiral bis(oxazolinyl)phenylrhodium(III) complexe 

57 as the catalyst (Scheme 48).81 They proposed the nucleophilic transition structure, 



 

27 

 

approached from the Si-face of the complexed aldehyde due to the shielding of the 

Re-face by the oxazoline substituent, formed the asymmetric product.  

 

Scheme 48. Rhodium-catalyzed enantioselective allylation of stannanes to aldehydes 

In 2013, Gong and Song et. al reported a chiral pincer rhodium(III) complexe 58 was 

effectively applied for the allylation of aldehydes 1 and allyltributyltin 4.82 Using 

ligand bis(imidazolinyl)phenyl in the system gave chiral homoallylic alcohols 3 in 

high yields with enantioselectivitites of up to 95% ee (Scheme 49).  

 

Scheme 49. Chira l NCN pincer rhodium(III) complexes for allylation  
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1.2. Transition-metal-catalyzed enantioselective 1,4-addition of 

allylorganometallic reagents to electron-deficient alkenes  

Whilst 1,2-allylations are well-documented, asymmetric 1,4-allylation reactions are 

in their infancy.83,84
 As outlined in the abstract, we desired to develop new types of 

catalytic enantioselective 1,4-allylations to contribute to this under-investigated 

chemistry. The following literature review will describe an overview of asymmetric 

transition-metal-catalyzed 1,4-additions of allylorganometallic reagents into 

activated alkenes.  

1.2.1. Copper-catalyzed enantioselective 1,4-allylati on 

In 2008, Snapper et al. reported the fi rst effective method for catalyzing the 

asymmetric 1,4-addition of allyltrimethylsilane 60 to activate cyclic unsaturated 

ketoesters 59.85 The process used copper (II ) triflate and di(tert-butyl)bis(oxazoline) 

(box) ligand L23 which is commercially available as well as a stable 

allyltrimethylsilane nucleophile addition to cyclic enones to furnish enantio-enriched 

products 61 up to 98% ee.  

 

Scheme 50. Copper-catalyzed enantioselective Homosi-Sakurai conjugate allylation of 

unsaturated ketoesters. 
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Catalytic enantioselective Hosomi-Sakurai allylations were studied with a variety of 

substrates and nucleophilic methallyltrimethylsilane to form allylated five-, six-, and 

eight- membered ring products (Scheme 50). Six-membered ring enone 61b, with 

gem-dimethyl substitution at the 6-position, was synthesized with high 

enantioselectivity (97% ee, 65% yield). When examining steric hindrance at 4- and 

5-position of the cycle to observe product 61c and 61d, higher reaction temperatures 

were applied in order to get high conversion, however; the selectivity was decreased 

to 55% ee and 64% ee respectively. Enone 61e was obtained in moderate selectivity 

(70% ee, 69% yield), whereas the eight-membered ring product 61f was furnished in 

excellent enantioselectivity (>98% ee and 65% yield).  

In 2011, Kumagai and Shibasaki et al reported a copper-catalyzed asymmetric 

conjugate addition of allyl cyanide to Ŭ,ɓ-unsaturated thioamides, affording 

substrates through a copper-catalyzed cascade CīC and SīN bond formation.86 

Some selective examples with the Z selectivi ty are shown in Scheme 51.  

 

Scheme 51. Copper-catalyzed asymmetric conjugate addition of allyl cyanide to Ŭ,ɓ-unsaturated 

thioamides 

The reaction of 64a was carried out on gram-scale without a change in 

enantioselectivity (97% ee). However, the enantioselectivity decreased to 87% ee 

with ortho substituents (64b). In addition, the reactivity of the thioamide depended 
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on its electronic nature. Halogen substituents (64c) were well-tolerant in 82% and 

97% ee, whereas the methoxy-substituted thioamide gave product 64d with only 

43% ee. ɓ-3-Pyridyl thioamide give 64e in high enantioselectivity but moderate 

yield.  

The exclusive Z-olefin formation can be proposed as shown in Scheme 52. At fi rst, 

allylcyanide 63 reacted with copper complex to form the deprotonated Ŭ-C-copper 

nucleophile I . This copper species coordinates with the Ŭ,ɓ-unsaturated thioamide 62 

as the eight-membered transition state III  to form the copper thioamide enolate IV .  

This intermediate IV  served as a Brønsted base to deprotonate the allylcyanide to 

generate the active nucleophile, releasing the product 64.  

 

Scheme 52. Proposed catalytic cycle and plausible transition state 

In 2013, the Nakada group reported a copper-catalyzed asymmetric Hosomi-Sakurai 

reaction of Ŭ-alkylidene ɓ-keto imides 65 and allyltrimethylsilane 66.87 The acidic 

imide hydrogen can form an internal hydrogen bond to restrict the free rotation of 

imide as shown in Figure 4. In addition, the bisoxazoline substituent shields one side 

of the alkene, therefore reactions are expected to obtain high enantioselective 

products. Selected examples of 67 were described in Scheme 53 with high yields 
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(80ī95%) and excellent enantioselectivies (90-97% ee) by using Cu(OTf)2 and 

ligand L25. 

 

Figure 4. Proposed structure of copper complex of Ŭ-alkylidene ɓ-keto imide 

 

Scheme 53. Copper-catalyzed asymmetric Hosomi-Sakurai reaction  

In 2016, Hoveyda reported a catalytic enantioselective conjugate addition reaction 

with butadiene 41, an enoate 68 and B2(pin)2 69.88 The catalytic cycle (Scheme 54) 

would begin with the transmetallation of copper complex I  with B2(pin)2 69 to form 

copper species II , which is followed by the addition to 1,3-diene forming allylcopper 

species III  and IV . These allylcopper species would undergo 1,4-addition to the 

enoate forming Ŭ- vs. ҫ-addition products. However, there might be an option that 

boryl conjugate addition would competitively react with the enoate to form 73. 
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Scheme 54. Proposed catalytic cycle for the copper-catalyzed conjugate addition  

The Ŭ-addition products 71 were exclusively afforded when the enoate 68 was slowly 

added with the imidazolinium salt 70. The selected results were showed in Scheme 

55 demonstrating the desired products in up to 83% yield and 98:2 enantiomeric 

ratio. A variety of enoates 68 with different substituents on aryl groups were 

tolerated in this process. Electron withdrawing on ortho-, meta-, and para- 

substituted substrates were suitable and gave good yields and excellent 

enantioselectivities. With electron-donating substituents, the boryl carbonyl by-

product through 1,4 addition of B2(pin)2 to the enoate 71c was formed in 32% yield. 

This result showed that the reaction of allylcopper intermediate was influenced by 

the enoates electrophilicity.        
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Scheme 55. Scope of the copper-catalyzed 1,4-addition of an allyl moiety 

1.2.2. Yb-catalyzed enantioselective 1,4-allylations 

In 2011, the Feng group 89 reported a Yb(III) -catalysed asymmetric conjugate 

allylation of coumarins 74 with tetraallyltin 75 and a dual activation strategy by 

using a cocatalyst (CuOTf)2·C7H8. Their investigation showed that substrates 

containing a bulky ester group could afford higher stereoselectivities. The substituted 

coumarin derivatives afforded enriched enantioselective products up to a 93% ee and 

99% yield (Scheme 56). Coumarins with 7- and 8-substitution patterns (76c and 76d) 

gave lower yields compared with 6-substituted coumarins (76b) in a 55-83% yield 

and 96% yield, respectively. In addition, fused ring coumarin derivatives afforded 

product 76f in high yield (94%) and enantioselectivity (92% ee).  
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Scheme 56. Catalytic asymmetric conjugate allylation of coumarin derivatives 

From their control experiments, the proposed catalytic cycle was demonstrated in 

Scheme 57. Firstly, ligand L26 and Yb(OTf)3 form L -Yb(OTf)3 complex I , followed 

by coordination with coumarin 74, generating to furnish intermediate II . The allyl 

copper(I) complex III  generated from transmetallation of (CuOTf)2·C7H8 and 

tetraallyltin 75 would undergo charge transfer to the substrate and form the 

intermediate IV , followed by the cleavage of the allyl-CuIII  bond.  Then, tetraallyltin 

interacts with intermediate V to form tin complex, which gives the product 76 by 

protonation in the work-up procedure, regenerating the active allyl copper(I) species. 
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Scheme 57. Proposed catalytic cycle of catalytic asymmetric conjugate allylation of coumarin 

1.2.3. Ni-catalyzed enantioselective 1,4-allylation  

In 2007, the Morken group reported the first catalytic example of nickel-catalyzed 

1,4-allylation of allylboron compounds to activated unsymmetrical alkene ketones.90 

Catalyst Ni(cod)2 and ligand PCy3 were used in the reaction of allylB(pin) 43 and 

styryl ketones 77 to achieve excellent regioselectivities. 1,4-Addition allylation 

occurs at the more hindered site in good yield with an exception of the allylic ether 

(Scheme 58). The allyl ether also gives the conjugate addition product 78c in good 

yield (66%). 

 

Scheme 58. Nickel-catalyzed 1,4-allylation of styryl ketones 
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In the following year, the same group found the first nickel-catalyzed 

enantioselective 1,4-allylation of unsymmetrical dialkylidene ketones 79 with a 

TADDOL-derived monophosphoramidite ligand, L27 (Scheme 59).91 The products 

were generated in good yields, high regio- and enantioselectivities with favoured 

conjugate allylation at the arylidene site. Substrates bearing electron-deficient arenes 

at the para-position gave 80c with excellent enantioselectivities (94% ee) but lower 

chemoselectivities, whereas electron-rich arenes gave 80b with high regio- and 

enantioselectivities (91% ee). Substrates with a substituent at the ortho-position on 

the arene gave dramatically increased chemoselectivi ties (80d). However, the 

reactions were limited to aryl-substituted dialkylidene ketone substrates. 

 

Scheme 59. Nickel-catalyzed enantioselective 1,4-allylation of nonsymmetric ketones 

The mechanism of the reaction was investigated and supported by DFT calculations. 

The reaction proceeded via a Lewis acid-induced oxidative addition of nickel to the 

less-hindered alkylidene enone to give intermediate II , followed by an SE´-type 

transmetallation and a 3,3ǋ- reductive elimination process (Scheme 60). 
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Scheme 60. Proposed catalytic mechanism of asymmetric Ni-catalyzed 1,4-allylation of enones 

1.2.4. Sc-catalyzed enantioselective 1,4-additions 

In 2014, Franz et al. reported the first catalytic asymmetric carboannulation of 81 

with allylsilanes 82 by using a scandium(III)-catalyzed system with a chiral 

indapybox ligand L28 and tetrakis-[3,5-bis(trifluoromethyl)phenyl]-borane (BArF).92 

The substrates underwent 1,4-allylation, followed by cyclization, trapping of the ɓ-

silyl carbocation to furnish the functionalized cyclopentanes 83 with high 

stereoselectivities (Scheme 61). 

 

Scheme 61. Catalytic asymmetric addition of allylsilanes to Ŭ,ɓ-unsaturated carbonyl reagents 

1.2.5. Pd-catalyzed enantioselective 1,4-allylations 

In 2011, the Morken group reported the Pd-catalyzed enantioselective 1,4-allylation 

of unsaturated methylidene ketones.93 The process exhibits similar reactivity with 
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previous work using a nickel catalyst demonstrated in Section 1.2.3. However, the 

chemistry overcame the limitation of using aryl substituted alkylidene substrates. In 

this report, 1,4-allylation of unsymmetrical dialkylidene ketone was suitable for both 

aryl- and alkyl-substituted substrates. The reaction was carried out with the less 

sterically hindered methylidene ketones and a chiral monophosphoramidite ligand 

L29 affording products in excellent regio- and enantioselectivites (Scheme 62). The 

first example of catalytic enantioselective 1,4-allylation of simple acyclic aliphatic 

enone (85a) was reported in good yield and high enantioselectivities (59% yield and 

86% ee). Substrates containing aliphatic enones and aromatic rings were also 

tolerated in 79% yield and 88% ee (85b). The study showed that the methylidene 

ketones bearing branched substituents or oxygenation in the side chain afforded 

products 85c, 85d in good yields (57% and 81% respectively), high regio- and 

enantioselectivities. In addition, aromatic enones were well-tolerated under the 

reaction conditions (85e, 85f).  

 

Scheme 62. Palladium-catalysed enantioselective 1,4-allylation  
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1.3. Transition-metal-catalyzed domino allylation using allenes 

As indicated above, most of the previous reports in the field use allylmetal precursors 

and the reactions generally afford stoichiometric amount of metal waste, with the 

exception of the Krische group.7 In addition, the required reagents are often 

expensive or unstable. Furthermore, the catalytic systems are often made of non-

commercial ligands. On the other hand, transition-metal-catalyzed domino allylation 

is attractive because transition-metal catalyst via a cascade reaction enables an 

efficient construction of highly regio-, diastereo- and enatio- selective structures in a 

single step. There are studies that have shown that the nucleophilic allylmetal species 

can form in situ from the unsaturated hydrocarbon and further react with 

electrophiles.10,42 

Addition to electrophiles as a trapping step for the cascade reaction is challenging 

because it is well-known that -́allylmetal complex is electrophilic and will  react 

with nucleophiles. The reactivity of -́allylmetal reagents with electrophiles faces 

two main challenges shown in Scheme 63. Firstly, the metal properties need to be 

changed or controlled by utilizing additives and/or ligands. Secondly, catalyst 

regeneration needs to be ensured to furnish the enolate and allow for good catalytic 

turnover. 

 

Scheme 63. Electrophili c vs. nucleophilic ˊ-allyl reagents 

There are several ways to change the electrophilicity of electrophilic -́allylmetal 

species: through addition of reducing reagents, through transmetallation from 

preformed allyl-metal reagents, through transfer hydrogenation strategies or through 
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metal coordination with ligands in the reactions.42 The -́allylmetal species can be 

formed from unsaturated carbon compounds such as alkenes, alkynes, dienes or 

allenes. Allenes own two orthogonal ˊ-bonds with specific electronic nature so it can 

be used as an attractive functional group. The following section wil l illustrate 

cascade reactions using different catalytic systems where the nucleophilic allylmetal 

species are formed in situ by insertion into allene and followed by addition into a 

carbonyl group. 

1.3.1. Pd-catalyzed domino allylation 

Morken group introduced a palladium-catalyzed asymmetric diboration of allene, 

where the obtained product was a stable compound and could react with an 

appropriate electrophile.94 Scheme 64 il lustrates a reaction of allene 86a and B2(pin)2 

69 to afford a diboron intermediate 87a, followed by addition of benzaldehyde 1a 

and basic hydrogen peroxide, resulting in formation of the ɓ-hydroxyketone 88a in 

82% ee. The authors suggested the allylation pathway proceeded preferentially 

through transition state I , which might be a result of an unfavourable A(1,2) 

interaction of transition state II . They also proposed that the reaction pathway 

through intermediate II  was energetically less favourable compared to pathway 

through intermediate I .   

 

Scheme 64. Tandem reaction using palladium-catalyzed diboration and carbonyl addition 

The group developed the above idea and reported a palladium-catalyzed 

enantioselective diboration-allylation-cascade reaction (Scheme 65).95 Allene 86 

reacted with B2(pin)2 69 to give diboron intermediate 87, followed by addition to 
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aldehyde to furnish vinylboronic ester 88. This allylboration reation mixture was 

then filtered through a pad of silica and treated with aqueous NaOH and I2 to give 

89a in 49% and 89% ee. 89b was observed when heating reaction mixture with 

acetic acid. In addition, addition of idobenzene and KOH to mixture gave 89c in 

good yield and high enantioselectivity.    

 

Scheme 65. Palladium-catalyzed enantioselective diboration-allylation-cascade reaction 

This group later reported the fi rst palladium-catalyzed enantioselective diboration-Ŭ-

aminoallylation to give chiral homoallylic amine.96 Chiral addition products were 

obtained through a multicomponent Ŭ-aminoallylation involving an allene 86a, a 

diboron ester 69, and N-(trimethylsilyl)benzaldimine. A protonation product (91a) 

and a Suzuki cross-coupling product (91b) of the vinyl boronate were obtained in 

enriched enantioselectivities (Scheme 66). 
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Scheme 66.  Pd-catalyzed asymmetric allene diboration/Ŭ -aminoallylation  

The Cheng group reported palladium-catalyzed silylative-carbonyl addition of 

allenes 86, borylsilane 92 and aldehydes 1 to give homoallyli c alcohols 95. 97 The 

products 95 were obtained in good to excellent yields, with high syn selectivities 

with various aromatic and aliphatic aldehydes or allenes (Scheme 67).  

 

Scheme 67. Palladium-catalyzed stereoselective allylation of aldehydes 

The mechanism of reaction was shown in Scheme 68. The organic halide 93 has been 

invoked to account for the initiated silaboration of allenes 86 by acting as an initiator 

undergoing oxidative addition with Pd(0) to give the palladium(II) intermediate. This 

intermediate reacts with allene 86 and subsequent borylsilane 92 to give silyl iodide 

96. This silyl iodide reacts with Pd(0) to begin the catalytic cycle. Oxidative addition 

of 96 to Pd(0) species gives Pd(II) intermediate I , followed by coordination and 

insertion of allene 86 to furnish Pd-allyl species I II . These species undergo 
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transmetalation with borylsilane 92 to regenerate silyl iodide 96 and afford Pd-allyl 

species IV . Reductive elimination of IV  yields the silaboration product 94 and 

regenerates the Pd(0) catalyst. The silylallylboronate 94 undergoes allylation with 

aldehydes 1 via a six-membered chair cyclic transition state to give the final 

homoallylic alcohols 95. 

 

Scheme 68. Proposed mechanism of palladium-catalyzed stereoselective allylation of aldehydes  

The Tsukamoto group reported a palladium-catalyzed intramolecular cyclization of 

1,3-disubstituted allene aldehyde 97 under microwave irradiation (Scheme 69).98 

They proposed an intramolecular electrophilic addition of the carbonyl and concerted 

transmetallation with boronic acid 98a to form intermediate I , followed by reductive 

eliminiation to give the cyclization product 99. One enantioselective example was 

shown in high yield (74%) and excellent enantioselectivity (92% ee). 

 

Scheme 69. Palladium(0)-catalyzed arylative cyclization of allenyl aldehydes 
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The group introduced the first palladium(II) -catalyzed enantioselective arylative 

cyclization of 3,4- and 4,5-dienals 100 with arylboronic acids 98b to give cis-fused 

five- and six-membered cyclic alcohols.99  The homoallylic alcohols 101 were 

obtained in good yields and high enantioselectivities with allenyl aldehydes 

containing tosyl-protected nitrogen, Boc-protected nitrogen, ether oxygen and 

tertiary carbon (Scheme 70). However, using methyl ketone required higher reaction 

time and the cyclization product 101g was observed in moderate optical yield (51% 

ee). 

 

Scheme 70. Palladium-catalyzed enantioselective arylative cyclization of allenyl aldehydes 

[a] Reaction with 10 mol % of catalysts. [b] Reaction at 50 °C. 

The mechanism for this arylative cyclization was proposed as shown in Scheme 71. 

Reaction is initiated with the formation of arylpalladium(II) intermediate I I  by 

transmetallation of palladium(II) -diphosphine complex I  with aryl boronic acid 98. 

The authors suggested that polar solvents would promote dissociation of the acetate 

anion from II  to give cationic arylpalladium(II)  III . This intermediate would undergo 

carbopalladation with allene 100a from the less hindered side of distal allene ́ -

system to furnish anti-ɖ3-allylpalladium(II)  (IV ), followed by isomerization to give 

ɖ1-allylpalladium(II)  (VI , VII ). The intramolecular allylation of the carbonyl could 

occur through six-membered cyclic transition states VII . Transmetallation of VIII  or 
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protonation of VIII  with arylboronic acids regenerates arylpalladium(II)  (III ) and  

releases the addition product 101. 

 

Scheme 71. Proposed mechanism of asymmetric palladium(II) -catalyzed arylativ e cyclization 

Lu and co-workers developed a cationic palladium complex catalyzed [3+2] cascade 

reactions of 2-formylarylboronic acids 102 and allenoates 103.100 Various indenol 

derivatives 104 containing two stereocenters were obtained with different boronic 

acids and allenes in moderate to good yield and enantioselectivities up to 84% ee 

using chiral ligand L34 (Scheme 72).   

 

Scheme 72. Cationic palladium complex catalyzed enantioselective tandem annulation 
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The group suggested the possible mechanism as shown in Scheme 73. The palladium 

hydroxo complex I  is formed and undergoes a transmetallation with arylboronic acid 

to give intermediate II  and III . Allene then coordinates with palladium center of 

cationic palladium complex to give intermediate IV , followed by allenoate insertion 

to form allylpalladium V. These species undergo intramolecular 1,2-addition to 

furnish intermediate VI  and subsequent hydrolysis to give the product 104, 

regenerate palladium catalyst and complete the catalytic cycle. 

 

Scheme 73. Proposed mechanism of cationic-palladium-catalyzed tandem annulation 

Inspired by the work, the group developed enantioselective cationic palladium-

catalyzed annulation of allenyl aldehydes 105 with arylboronic acids 98 in 2015.101 A 

variety of chiral hydroquiolines 106 were synthesized in high yields and diastereo- 

and enantioselectivites (Scheme 74). They suggested the reaction proceeds through 

mechanism as shown in Scheme 75. In a similar fashion to the previous report, the 

reaction is initiated with formation of palladium-phosphine complex I , followed by 

transmetallation with arylboronic acid to give the intermediate II . Allenyl aldehydes 

98 will coordinate to the Pd center of II  to give III . Insertion of the allene to the 

arylpalladium species affords the nucleophilic ɖ1-allylpalladium complex IV . The 
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palladium center in IV  is highly Lewis acidic and thus can coordinate with carbonyl 

group to undergo the 1,2-addition to furnish intermediate V. The protonation of V 

gives the cyclization product 106 and regenerates the palladium complex.      

 

Scheme 74. Cationic palladium-catalyzed enantioselective annulation of allenyl aldehydes 

 

Scheme 75. Plausible mechanism for the palladium-catalyzed annulations 
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1.3.2. Rh-catalyzed domino allylations 

In 2010, Nishimura and Hayashi et al. reported asymmetric rhodium-catalyzed 

alkynylative cyclization of allenyl aldehydes 107.102 The corresponding chiral 

indanols 109 were obtained in good yields with high enantioselectivities (Scheme 

76). Allene containing 1,1-disubstitutions gave indanol 109b with a quaternary 

stereocenter in 76% yield with 81% ee although the diastereoselectivity was 

moderate (cis:trans = 3:1).  

 

Scheme 76. Rh-catalyzed asymmetric addition of terminal alkynes to allenyl aldehydes  

The alkynylrhodium(I) intermediate I  was suggested to react with allene 107 to give 

the nucleophilic -́allylrhodium(I) intermediate II , followed by intramolecular 1,2-

addition to the aldehyde moiety to give a rhodium alkoxide III . These species would 

undergo protonolysis to give chiral cycloalkanol 109 (Scheme 77). 

 

Scheme 77. Proposed mechanism for Rh-catalyzed alkynylative cyclization of allenyl aldehydes 
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The Cramer group developed a rhodium(I)-catalyzed cyclization of ketimines 110 

and allenes 111 to form amines through a directed CīH activation and allene 

addition.103 They demonstrated an enantioselective rhodium-catalyzed domino CīH 

activation-cyclization reaction using L36 in 60% yield and 68% ee Scheme 78. The 

reaction was suggested to begin with C-H activation of a rhodium (I) complex I and 

110 to give intermediate II , followed by carborhodation of terminal double bond of 

allene 111 to give allyl rhodium(I) species (III  and IV). The nucleophilic 

intermediate IV undergoes allylation of the imine moiety to afford rhodium amido 

complex V.  Subsequently, protonation would occur to release the amine 113 and 

regenerate the catalyst. The intramolecular condensation of amine and carboxylate 

groups would form the amide compound 112 (Scheme 78). 

 

Scheme 78. Enantioselective rhodium-catalyzed C-H activation/cyclization 

The group continued with the idea to provide highly selective approach to 

indanylamines by rhodium(I)-catalyzed cascade CīH activation-carborhodation-

cyclization of ketimines 114 and allenes 115 in 2013.104 They reported different 
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substitution patterns on the arylimines and allenes to give cyclization products 116 in 

high diastereo- and enantioselectivities using chiral ligand L35 (Scheme 79).   

 

Scheme 79. Rhodium(I) -catalyzed cascade CīH activation-carborhodation-cyclization  

1.3.3. Nickel-catalyzed domino allylations 

The Kang group reported nickel(0)-catalyzed alkylative/arylative cyclization of 

allenyl ketones 117 with organozinc reagents 118 to give cis-stereoselective 

alkenylcyclopentanol 119 (Scheme 80).105  

 

Scheme 80. Nickel(0)-catalyzed alkylative/arylative cyclization 
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The reaction mechanism was proposed as shown in Scheme 81. The reaction is 

initated with oxidative cyclization of Ni(0)-allenyl-aldehyde complex to form 

oxametallacycle I . This intermediate I  is then transmetalated with an organozinc 

reagent to afford intermediate II , followed by reductive elimination to furnish zinc 

alkoxide III  and regenerate Ni(0) complex. The alkoxide III  undergoes protonolysis 

to form product 119. 

 

Scheme 81. Proposed mechanism of nickel(0)-catalyzed alkylative/arylative cyclization  

The Lam group developed nickel-catalyzed domino addition-cyclization reactions of 

2-acetylphenylboronic acids 120 with allenoates 121 to give 3-methyleneindan-1-ols 

122 in moderate to excellent yields (Scheme 82).106  

 

Scheme 82. Nickel-catalyzed domino addition-cyclization reactions 



 

52 

 

The group demonstrated an enantioselective variant of this nickel-catalyzed domino 

addition-cyclization using Ni(O2CCF3)2·4H2O and phosphinooxazoline L37 as 

ligand to furnish 3-methyleneidan-1-ol 122a in good yield with 74% ee (Scheme 83). 

The proposed mechanism is shown in Scheme 83. First, nickel complex I  is 

transmetallated with arylboronic acid 120a to give arylnickel species II , followed by 

arylnickelation to allene 121a to afford allylnickel species III . This is followed by an 

intramolecular allylation of ketone to furnish 3-methyleneidan-1-ol 122a through a 

cyclic six-membered transition state. 

 

Scheme 83. Enantioselective nickel-catalyzed domino addition-cyclization 

1.3.4. Cu-catalyzed domino allylations 

Meek and co-workers introduced the first copper-catalyzed diastereo- and 

enantioselective additions of alkylboronates 123 to aldehydes 1 using chiral 

monodentate phosphoramidite L38.107 The products 1,2-hydroxyboronates 124 were 

formed and oxidized to the corresponding diols 125 in good enantioselectivities and 
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the reaction was tolerant to aryl and vinyl aldehydes (Scheme 84). The aryl groups 

bearing electron-withdrawing and electron-donating substituents were compatible, 

heteroaryl aldehydes and cyclohexene derived vinyl aldehydes also underwent 

smooth diastereoselective 1,2-addition. Reaction is initiated with Cu salts and 

monodentate phosphine L38 to form the copper complex I , followed by 

transmetallation with an alkyl 1,1-diboron reagents to form intermediate II . These 

species undergo 1,2-addition to aldehyde to form 1,2- hydroxyboronate products 124.     

 

Scheme 84. Cu-catalyzed 1,2-addition of borane and aldehydes 

In 2013, Hoveyda et al. developed the first copper-catalyzed enantioselective 

nucleophilic additions of 2-boryl-allyl units to ketones.108 Reactions with aryl-, 

alkenyl-, alkyl-substituted ketones gave products in high enantioselectivities by using 

chiral biphosphine ligands L39, L40 and Cu complexes (Scheme 85). The proposed 

reaction mechanism is shown in Scheme 86. Transmetallation of copper source I  and 

boronane 69 forms CuīB(pin) II , followed by addition to allene to furnish (pin)B-

substituted allylcopper complex I II  and IV, which might be in equilibrium. The 
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reaction could proceed through the less congested Cu center of intermediate IV 

which could react with aldehyde to yield product VI  through chair-like transition 

state V. Protonolysis of metal enolate forms the 2 B(pin) substituted homoallylic 

alcohol 126. Then oxidation of the C-B bond would form 127 or bromide derivatives 

128.  

 

Scheme 85. Cu-catalyzed enantioselective coupling of allene with carbonyls 

 

Scheme 86. Proposed mechanism of enantioselective additions of aldehydes and ketones 
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1.4. Transition-metal-catalyzed enantioselective domino 1,4-addition-

cyclization reactions using allenes 

From the previous section, we have seen that the domino reaction has offered the 

eff icient construction of highly regio-, diastereo- and enatio- selective products in a 

single step. There are few reports of transition-metal-catalyzed reactions between 

electrophiles and allenes,100-104 however; there are just a handful of examples of 

cascade reactions where nucleophilic allyl transition-metal species attacked 

electrophiles tethered through a 1,4-addition along with cyclization. The following 

literature will  describe the transition-metal-catalyzed enantioselective cascade 1,4-

addition reactions including allenes and organometallic reagents. Transition-metal 

complexes undergo transmetallation with organometallic species, followed by 

addition to allenes to form allyl transition-metal nucleophilic species. The 

nucleophilic species then attacks electrophiles tethered through 1,4-addition and 

cyclization to form desired products.  

1.4.1. Cu-catalyzed domino 1,4-addition-cyclization reactions 

In 2015, Tian and Lin et al. reported the first copper-catalyzed enantioselective 

sily lative cyclization of cyclohexadienone tethered allenes 129 via 1,4-addition of ɓ-

functionalized allylcopper to Ŭ,ɓ-unsaturated carbonyls.109 Allenes and Ŭ,ɓ-

unsaturated carbonyls were used to favour 1,4-addition and avoid 1,2-addition into a 

carbonyl group due to the nature of site restrictions. The results showed that these 

cascade reactions gave cis-hydrobenzofuran (130a-e), cis-hydroindole (130f) and cis-

hydroindene (130g-h) derivatives in excellent yields and enantioselectivi ties 

(Scheme 87). The reaction tolerated different substituents such as alkyl (130a), allyl 

(130b), phenyl (130c) groups in 93ī98% yield and 95ī97% ee. Moreover, different 

enone core structures were obtained in excellent yields (80ī94%) and 

enantioselectivites (95ī97% ee) and could undergo further transformations to furnish 

bicyclic- or tricyclic- products. 
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Scheme 87. Selected examples of copper-catalyzed asymmetry silylative cyclization 

The mechanism for this transformation is proposed in Scheme 88. At first, the copper 

complex I  transmetallates with PhMe2Si-Bpin to form copper species II  which 

undergoes ɓ silylation of the allene 129. It is suggested that 1,4-addition silylation to 

cyclohexadienone could be suppressed by a steric hindrance of adjacent atoms to get 

regioselective products. Moreover, ɓ silylated allylcopper intermediate IV  is likely 

favoured versus III  because of the preferentially addition position of Cu located at 

the less-hindered site of the allene. The ɓ elimination pathway was not applicable for 

heteroatom-linked substrates due to the high reactivity of the cyclohexadienone. 

From intermediate IV , products 130 with chiral cis-bicyclic cores where afforded 

through intramolecular 1,4-addition.  
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Scheme 88. Proposed catalytic cycle of copper-catalyzed asymmetry silylative cyclization 

In 2018, the same group reported CuH-catalysed 1,4-reductive coupling of allenes to 

enones with cyclohexadieneone substrates 129.110 The reaction pathway occurs via a 

Ŭ-substituted allylcopper intermediates I  or II  which origins from the insertion of 

CuH into the terminal allene. Regioselective insertion occurs as the Cu prefers the 

less hindered site, followed by 1,4-addition to the carbonyl group to afford bicycle-

products 131 (Scheme 89). The 1,8-asymmetric induction product by the Ὕ-addition 

pathway was not obtained in this report.  

 

Scheme 89. Proposed CuH-catalyzed reductive coupling of allenes to enones  

Excellent enatioselective cis-hydrobenzofuran products were obtained by using 

chiral ligand (R,R)-i-Pr-DuPhos L16, copper salt and diethoxymethylsilane 132 

(Scheme 90). Substrates with R1 substituents as alkyl (131a), allyl (131b), and 

benzyl (131c) groups or R1 substituents including heteroatoms were tolerated without 

the observation of nucleophilic substitution product (131e-g). Allene 129d give 131d 

in a remarkable yield (95%) and excellent enantioselectivity (99% ee).  
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Scheme 90. CuH-catalyzed asymmetric allylation of enone-tethered allenes 

In addition, the re-aromatization of cis-hydrobenzofuran 131a occurred under acidic 

conditions and afforded the meta-substituted phenol 132a with high 

enantioselectivity (Scheme 91).  

 

Scheme 91. Further re-aromatization transformation 

1.4.2. Ni-catalyzed 1,4-addition reactions 

For nickel-catalyzed 1,4-allylations, there is only limited precedent within the 

literature, with examples demonstrated by Sieber and Morken 91 (section 1.2.3) and 

by Montgometry et al.111 In 2011, the Montgometry group il lustrated the first 

example of intramolecular nickel(0)-catalyzed cyclizations utilizing enolates and 

chiral allenes to afford functionalized pyrrolidine derivatives. First, substrate 133 

was synthesized and subjected to the reaction conditions involving a Ni(0) catalyst 

and ZnMe2, unfortunately, a Diels-Alder cycloaddition product 135 was formed 
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instead of the 1,4-allylation product 134 (Scheme 92). Then substrates 136 and 138 

were prepared and successfully gave the products 137, 139 through the proposed 

mechanism shown in Scheme 93. The hypothesis involves a Ni(0)-  ́complex (I , III ) 

and metallacycle (II , IV ) to furnish five-membered 1,4-addition cyclization products 

137, 139. It is possible to infer the importance of allene chirality in stereochemical 

arrangement from the results.  

 

Scheme 92. First attempt of using nickel(0) catalyst  

 

Scheme 93. Nickel (0)-catalyzed alkylative cyclization of an enoate/chiral all ene 
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In summary, the transition-metal-catalyzed enantioselective 1,4-addition of allyl 

nucleophiles remains considerably under-exploited, therefore, developing new 

methods for the catalytic enantioselective 1,4-allylation would give a variety of 

desirable products. In addition, there is only limited precedent utilizing abundant and 

inexpensive first-row transition metals which would be more beneficial and increase 

the sustainabilit y in the synthetic process.  

Moreover, there are limited examples of 1,4-addition of allyl nucleophiles being 

incorporated into addition-cyclization cascade process and no highly enantioselective 

methods have been described. As a result, the development of an enantioselective 

intramolecular 1,4-allylation process, forming three contiguous chiral carbons with 

high levels of regio- and stereocontrol as well as having broad functionality group 

tolerance would significantly enhance the utility of this chemistry.  
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2. Enantioselective nickel-catalyzed arylative 

intramolecular  1,4-allylations  

2.1. Introduction  

Asymmetric transition-metal-catalyzed nucleophilic allylations are important 

reactions in organic synthesis. While enantioselective 1,2-allylations have been the 

focus of many investigations (Sections 1.1 and 1.3), enantioselective 1,4-allylations 

have been rather under-investigated (Sections 1.2 and 1.4). Therefore, developing 

new methodologies for catalytic enantioselective 1,4-allylations is highly desired.  

In addition, domino reactions offer an efficient method for the construction of 

molecules in high regio-, diastereo- and enatio- selectivity in a single step (Sections 

1.3 and 1.4). There are several examples, reported by Tian and Lin, demonstrating 

asymmetric silylative cyclizations or reductive cyclizations using a copper catalytic 

system to give 1,4-allylation products (Section 1.4.1). In their studies, cyclohexa-2,5-

dienones were used to favour 1,4-addition rather than 1,2-addition onto a carbonyl 

group. 

As described in the previous chapter, there are only two studies of nickel-catalyzed 

1,4-allylations by Sieber and Morken (Section 1.2.3, Scheme 59) and Montgometry 

(Section 1.4.2). Sieber and Morken reported the first enantioselective 1,4-allylation 

using nickel(0) catalysis with a TADDOL-derived monophosphoramidite ligand.91  

However, the reactions were limited in term of substrates to unsymmetrical 

dialkylidene ketones. Montgomery reported the diastereoselective nickel-catalyzed 

alkylative cyclizations of allenes to furnish a formal 1,4-allylation product but no 

enantioselective process was reported.111  

2.2. Aims and objectives 

The Lam group previously reported the enantioselective nickel-catalyzed anti-

carbometallative cyclizations of alkynyl cyclohexa-2,5-dienones with arylboronic 

acids (Scheme 94).112 In this process, carbometallation occurs by insertion of an 

arylboronic acid to the alkyne, followed by 1,4-addition to a tethered enone to obtain 

a bicyclic product. Inspired by this work, we designed an allenyl cyclohexa-2,5-
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dienone to explore 1,4-allylations. Our aim was to investigate the first example of 

nickel-catalyzed enantioselective intramolecular 1,4-allylation, using a nucleophilic 

allylnickel species I  to cyclize onto an enone as an electrophilic trap (Scheme 94).  

 

Scheme 94. Proposed nickel-catalyzed arylative cyclization of an allenyl cyclohexa-2,5-dienones 

We questioned whether the use of a nickel(II) salt and a chiral ligand could promote 

an asymmetric cascade reaction of cyclohexa-2,5-dienone-tethered allenes with 

arylboronic acids to give products of 1,4-allylations with three consecutive chiral 

centers in one step. The nickel(II)-catalyzed addition of arylboronic acids to allenes 

would give nucleophilic allylnickel species, which could undergo subsequent 

enantioselective intramolecular 1,4-allylation to an enone.  

The successful realization of this work would be of significance as it would be an 

example of an enantioselective 1,4-allylation. Furthermore, the framework of the 

products obtained from this process, cis-fused hexahydroindol-5-ones or 

hexahydrobenzofuran-5-ones, are important structures that appear in several natural 

products such as runanine,113 acutumine,114 millingtonine,115 and cryptocaryone 116 

(Scheme 95). In addition, the enone in these structures could undergo further 
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transformations to give octahydroindole and octahydrobenzofuran derivatives, which 

are also the core structures in many other natural products. 

 

Scheme 95. Cis-fused hexahydroindol-5-one and hexahydrobenzofuran-5-one natural prod ucts 

2.3. Reaction development 

To execute this project, various catalytic systems were studied to determine the 

optimal conditions which show the best balance between yield and selectivity. At the 

same time, a range of substrates was synthesized to explore the reaction scope. 

Furthermore, various boronic acids were also investigated.      

2.3.1. Synthesis of substrates 

This study began with the synthesis of allenyl cyclohexa-2,5-dienones with O-, N-

sulfonyl, N-Boc and C- tethers (Scheme 96īScheme 98).  

The oxygen-tethered substrates were prepared as shown in Scheme 96. The alkynyl 

oxygen-tethered substrates 140a and 142 were synthesized through iodine(III )-

mediated oxidative dearomatization of the appropriate phenols using propargyl 

alcohol as a solvent. Allenes 141a and 143 were prepared through Crabbé 

homologation of terminal alkynes using formaldehyde, (i-Pr)2NH and CuBr in 

dioxane. The substituent at the quarternary center with Et, i-Pr, Ph of O-tethered and 

a carbon-tethered substrate were synthesized using similar chemistry by Dr. Celia A. 

Incerti-Pradillos.  
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Scheme 96. Preparation of allenyl cyclohexa-2,5-dienones with  O- tethers 

The N-sulfonyl-tethered substrates were prepared as shown in Scheme 97. Tosylation 

of p-anisidine furnished 145, which was subjected to a PIDA oxidation reaction, 

affording benzenesulfonamide 146 (Scheme 97). Imine 146 was transformed to 

tertiary sulfoamides 147a-b through alkylations, followed by a propargylation, 

forming alkynes 148a-b. Installation of the requisite allenes 149a-b were 

accomplished through a Crabbé homologation reaction of terminal alkynes using 

formaldehyde, (i-Pr)2NH and CuBr in dioxane. 

 

Scheme 97. Preparation of allenyl cyclohexa-2,5-dienones with  N-sulfonyl tethers 

The same strategy was used to synthesize the N-Boc tethered substrates (Scheme 98). 

N-tert-Butyloxycarbonylation of p-anisidine afforded 150, which underwent PIDA 

oxidation to give carbamate 151 (Scheme 98). The allenes were prepared by Dr. 

Celia A. Incerti-Pradillos.   
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Scheme 98. Preparation of allenyl cyclohexa-2,5-dienones with  N-Boc tethers 

2.3.2. Investigation of solvent  

In a previous report, the Lam group showed that chiral phosphinooxazoline ligands 

could effectively promote enantioselective nickel-catalyzed carbometallative 

cyclizations of alkylnyl electrophiles with aryboronic acids (section 2.2, Scheme 

94).112 Therefore, we began our investigations with similar conditions to test the 

reactivity. Reactions with allenyl cyclohexa-2,5-dienone 141a and PhB(OH)2 (2.0 

equiv) in the presence of Ni(OAc)2·4H2O (10 mol%) and P,N-ligand L39 (10 mol%), 

showed excellent reactivity in previous nickel-catalyzed carbometallative 

cyclizations (section 2.2, Scheme 94).112 Therefore, various solvents were 

investigated using these conditions (Table 1). 

Table 1. Solvent investigation 

 

Entry [a] Solvent Yield of 153a[b] (%)   Yield of 154a [b] (%)  

1 MeCN/2-MeTHF (3:2) 61 15 

2 MeCN 34 9 

3 2-MeTHF 23 8 

4 MeCN/1,4-Dioxane (3:2) 71 9 

5 1,4-Dioxane 28 9 

[a] Reactions were conducted with 0.1 mmol of 141a at 0.1 M concentration. [b] Determined by 1H 

NMR analysis of the crude reactions using 1,3,5-trimethoxybenzene as an internal standard. 
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Pleasingly, these reactions gave the desired cyclization product 154a, which could 

possibly be formed by our proposed outline (section 2.2). Overall, the yields 

increased when mixtures of MeCN and an ethereal solvent were used (Table 1, 

entries 1 and 4). Initially, a mixture of MeCN and 2-MeTHF was used, as described 

previously,112 and 6,5-bicycle 153a was obtained in 61% 1H NMR yield as a single 

diastereomer (Table 1, entry 1).  The yield of 153a was improved to 71% when using 

a mixture of MeCN and 1,4-dioxane (Table 1, entry 4). In MeCN, 2-MeTHF or 1,4-

dioxane individually, the yields are much lower (23% to 34%) (Table 1, entries 2, 3, 

5).   

In addition, along with the 6,5-bicycles, we also obtained by-product 154a resulting 

from a [2+2] cycloaddition of 141a (Scheme 99).  

 

Scheme 99. Int ramolecular [2+2] cycloaddition of allenyl 2,5-hexadienone O-tethered substr ate 

Two possible regioisomers can be formed from intramolecular [2+2] cycloaddition 

of allenes 156 (Scheme 100).117 The proximal cyclic product 155 is furnished by 

reaction with the internal 2  ́component of the allene moiety and the distal cyclic 

product 157 is obtained by reaction with the external 2  ́ component of the allene 

moiety.  

 

Scheme 100. Intramol ecular [2+2] cycloaddition of allenenes 

Padwa and co-workers have reported the [2+2]-cycloaddition reaction of Ŭ-tethered 

allenyl sulfone 158, which formed distal cycloadduct 160 via diradical 159.118 Then a 

variety of substituents on the allene moiety such as various groups on Ŭ- or Ὕ-tethered 

allenyl sulfones were investigated in the thermal intramolecular [2+2] 
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cycloaddition.119 The corresponding distal cycloadducts 160 were afforded in 

excellent yields (Scheme 101).  

 

Scheme 101. Intramolecular [2+2] cycloadditi on of Ŭ-tethered allenyl sulfones 

The [2+2]-cycloaddition reaction is known to occur under thermal conditions or 

photochemical conditions. 117 Therefore, control experiments were performed to 

establish the origin of reactivity (Table 2).  

Table 2.  Intramolecular [2+2] cycloaddition of 141a 

 

Entry Additive Yield of 154a[c] (%) Yield of 141a[c] (%) 

1 n.a. 25 65 

2[a] n.a. 27 72 

3[a] AcOH (10 mol%) 25 68 

4 AcOH (10 mol%) 29 75 

5[b] 
(R)-TRIP (10 

mol%) 
24 62 

[a] The reaction was carried out in absence of light by covering reaction with aluminium foil. [b] 

Product 154a was obtained as racemic mixture. [c] Determined by 1H NMR analysis of the crude 

reactions using 1,3,5-trimethoxybenzene as an internal standard. 

Heating 141a in MeCN/1,4-dioxane (3:2) at 80 °C for 18 h, in the absence of 

PhB(OH)2 and Ni(OAc)2·4H2O gave 154a in 25% yield, which demonstrates this 

[2+2] cycloaddition is a thermally promoted process rather than a nickel-catalyzed 

reaction. Then absence of light or addition of acid was applied; however, product 
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154a was obtained in nearly the same yields (25-29%) (Table 2), demonstrating that 

formation of 154a is not affected by light or acidic conditions. A chiral phosphonic 

acid (R)-TRIP was used in the system; however, a racemic of the product was 

obtained in 24% yield (Table 2, entry 5). Therefore, in this study, intramolecular 

[2+2] cycloaddition of 141a is performed through a thermally-promoted background 

reaction. 

The N-sulfonyl-tethered allene 149a also underwent thermal [2+2] cycloaddition 

under the same conditions to give 161a (Scheme 102).  

 

Scheme 102. Intramolecular  [2+2] cycloaddition of N-sulfonyl tethered allenyl 2,5-hexadienone  

Slow diffusion of petroleum ether into a solution of 161a in EtOAc gave crystals that 

were suitable for X-ray crystallography. The structure of 161a was verified in Figure 

5. 

     

Figure 5. X-ray crystal structure of 161a. X-ray crystallography carried out by Dr. W. Lewis. 

2.3.3. Initial investigation of substrates 

Different types of allenyl cyclohexa-2,5-dienones were then subjected to the 

conditions with PhB(OH)2 (2.0 equiv), Ni(OAc)2·4H2O (10 mol%) and achiral ligand 

L39 (10 mol%) in MeCN/1,4-dioxane (3:2) at 80 °C for 18 h to test their activity 

(Table 3).  




































































































































































































































































