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Abstract 

Herein is described the first enantioselective intramolecular allylation of alkenylnickel 

nucleophiles. These reactions are initiated by the addition of an arylboronic acid across an 

alkyne, followed by cyclization of the resulting alkenylnickel species onto an allylic phosphate. 

The reversible E/Z isomerization of the alkenylnickel species is essential for the success of the 

reactions.  

 

This process delivers chiral 1,4-diene-containing hetero- and carbocycles, previously 

inaccessible via established rhodium catalysis, with excellent levels of regio- and stereocontrol. 

This reaction further demonstrates the power of reversible alkenylnickel E/Z isomerization in 

providing products that would otherwise be inaccessible using syn-selective alkyne 

carbometallation processes.  

 

Attempts to extend this reactivity to other classes of electrophilic traps are also described.  
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Ns nosyl 
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RT room temperature 
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t triplet 
TBAF tetrabutylammonium fluoride 
TFA trifluoroacetic acid 
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¢ƘǊƻǳƎƘƻǳǘ ǘƘƛǎ ǿƻǊƪΣ άǿŜŘƎŜǎέ ƘŀǾŜ ōŜŜƴ ǳǎŜŘ ǘƻ ƛƴŘƛŎŀǘŜ stereochemistry at quaternary 

ŎŜƴǘǊŜǎ ŀƴŘ άōƭƻŎƪǎέ ƘŀǾŜ ōŜŜƴ ǳǎŜŘ ǘƻ ƛƴŘƛŎŀǘŜ ǎǘŜǊŜƻŎƘŜƳƛǎǘǊȅ ŀǘ ǘŜǊǘƛŀǊȅ ŎŜƴǘǊŜǎΦ 

Compounds are given a number prefaced with the letter I as it appears in the introduction, with 

numbering starting again in the results and discussion for clarity. Compounds that were 

synthesised but do not appear in the main text are prefaced with the letter S when they appear 

in the experimental section. Compounds used as ligands on metal centres are prefaced with the 

letter L.  
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1 Transition Metal-Catalyzed Allylic Substitution Reactions 

Transition metal-catalyzed allylic substitution reactions have emerged as highly versatile 

processes in organic synthesis, allowing for CςC, CςN and CςO bond formation, whilst 

simultaneously generating a valuable alkene unit which is readily amenable to further 

transformations. The vast majority of these processes rely on the use of electrophilic -̄allyl 

metal intermediates. These are obtained by the oxidative addition of a low-valent metal species 

into an allylic electrophile; the resulting intermediate can be intercepted with a wide range of 

nucleophiles.[1ς4] In the context of C-C bond formation, nucleophiles can be divided into two 

ƳŀƧƻǊ ŎƭŀǎǎŜǎΦ ά{ƻŦǘέ ƻǊ ǎǘŀōƛƭƛȊŜŘ ƴǳŎƭŜƻǇƘƛƭŜǎ ŀǘǘŀŎƪ ǘƘŜ ŎŀǊōƻƴ ŎƘŀƛƴ ƻŦ ǘƘŜ -̄allyl complex to 

give the desired product. Conversely, άƘŀǊŘέ ƻǊ ǳƴǎǘŀōƛƭƛȊŜŘ ƴǳŎƭŜƻǇƘƛƭŜǎ ǿƛƭƭ ǊŜŀŎǘ ǿƛǘƘ ǘƘŜ 

metal centre directly, typically via a transmetalation mechanism, which may occur either before 

or after oxidative addition. Subsequent reductive elimination leads to C-C bond formation 

(Scheme 1).[4]  

 

Scheme 1: Principles of allylic substitution. 

Controlling both the regio- and stereoselectivity of allylic substitutions can be extremely 

challenging, particularly with the use of unstabilized nucleophiles (Scheme 2). In the case of I3, 

enantioselectivity can be induced by controlling the facial selectivity of oxidative addition. 

However, if the rate of ̄-allyl isomerization becomes competitive with reductive elimination, 

then the undesired linear product I6 can be formed. Judicious choice of both metal and ligand 

are essential for controlling product distribution.[5]  
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Scheme 2: Regioselectivity with hard electrophiles in allylic substitution reactions. 

Other modes of enantiocontrol can also be invoked.[4,6] In cases where there are two potential 

leaving groups on a meso system, enantiotopic oxidative addition of one of these is 

enantiodetermining (Scheme 3, a). When olefin co-ordination is facile and reversible, 

diastereomeric metal ̄-allyl complexes via ̀ - -̄  ̀isomerization can form. Thus, the enantiofacial 

discrimination of the ̄-allyl complex will be enantiodetermining if isomerization is much faster 

than the rate of nucleophilic capture (Scheme 3, b). If oxidative addition of a racemic chiral 

compound results in the formation of a meso -̄allyl metal complex, then differentiation of the 

enantiotopic allyl termini will control enantioselectivity (Scheme 3, c). Finally, enantiofacial 

discrimination by a prochiral nucleophile may also be enantiodetermining (Scheme 3, d).  

 

Scheme 3: Modes of enantiocontrol. 

Due to the valuable chiral building blocks that are generated by these reactions, transition 

metal-catalyzed allylic substitution processes have been intensely studied over the past half 

century.[3,5ς8] As such, a vast number of soft carbon-based nucleophiles have been employed in 

these reactions, giving access to a diverse array of enantioenriched products.[6,9] Non-carbon-
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based nucleophiles have also been studied; the use of nucleophiles for C-O and C-N formation 

are of particular importance, as the resulting chiral allylic alcohols and amines are highly 

valuable.[10,11] The importance of these processes has been highlighted by the strategic use of 

enantioselective allylic substitution reactions in the synthesis of multiple complex 

molecules.[8,12ς14] Representative examples of these processes under the influence of iridium 

catalysis are shown in Scheme 4, however it is important to note that analogous palladium-

catalyzed reactions have also been well developed.[1ς3,5ς9]  

 

Scheme 4: Nucleophiles in allylic substitution processes. 

The development of enantioselective C-C bond-ŦƻǊƳƛƴƎ ǇǊƻŎŜǎǎŜǎ ŜƳǇƭƻȅƛƴƎ άƘŀǊŘέ ŎŀǊōƻƴ-

centered nucleophiles has been met with limited success. An early palladium-catalyzed example 

was reported by Buono, in which vinyl Grignard reagent I8 was coupled with I7 (Scheme 5).[15] 

Unfortunately, only modest yields were obtained, and enantioselectivity was poor.  
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Scheme 5: Alkenylation of allylic acetate I7. 

Further developments in this area have relied on the use of highly reactive organometallic 

species, such as organoaluminium, organozirconium, organotin and organozinc reagents.[5] The 

use of these promiscuous reaction partners can limit functional group tolerance and requires 

preclusion of air and moisture.  

 

The Lam group has developed a wide portfolio of transition metal-catalyzed processes which 

utilize bench stable organoboron reagents as pro-nucleophilic species.[16ς22] The use of these 

milder reagents in allylic substitution reactions would be of benefit, as they would potentially 

allow for such reactions to occur under operationally simple conditions, displaying wider 

functional group tolerance and increased selectivity.  

 

As outlined in the abstract of this thesis, we wished to develop a nickel-catalyzed 

carbometalation-cyclization cascade process, incorporating an allylic alkenylation reaction as a 

key step. Due to the multifaceted nature of this reaction, the following literature review will be 

divided into two sections. First, an overview of asymmetric transition metal-catalyzed allylic 

substitution reactions which involve organoboron reagents as nucleophilic coupling partners 

will be discussed. In the second section, the current literature describing carbometalation-

cyclization cascade reactions will be explored. This approach allows for a thorough review of the 

two key fundamental components of our proposed methodology.  
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1.1 Enantioselective Allylic Substitution Reactions Involving Organoboron 

Nucleophiles 

1.1.1 Using Copper Catalysis 

Copper has shown the ability to effectively couple a wide array of boron-derived nucleophiles 

with allylic electrophiles. These are characterised by their high level of regiochemical fidelity, 

ƎŜƴŜǊŀƭƭȅ ŦŀǾƻǳǊƛƴƎ ǘƘŜ ʴ-product. Facile reductive elimination also reduces scrambling of 

stereochemistry, resulting in highly enantioenriched products being obtained.[23]  

 

Hayashi reported an early example of such a process, in which a chiral copper-NHC catalytic 

system was able to promote the reaction of allylic phosphates I10 with aryl- and alkenylboronic 

acid neopentylglycol esters I11 (Scheme 6).[24] The products of ɹ -substitution, such as I12, were 

selectivity obtained with high levels of enantiocontrol.   

 

 

Scheme 6: Enantioselective arylation of I10. 

The proposed catalytic cycle is outlined in Scheme 7.  
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Scheme 7: Catalytic cycle for the formation of I3. 

Chiral copper(I)-NHC complex I14 is generated in situ, which undergoes transmetalation with 

the organoboronate to give organocopper(I) species I15. Interaction of sodium methoxide gives 

organoboronate I16; the sodium moiety then guides the orientation of oxidative addition to give 

organocopper(III) intermediate I18. Reductive elimination gives the product of allylic 

substitution I3 and closes the catalytic cycle. 

 

The construction of quaternary stereocenters with high levels of stereoselectivity was later 

achieved by the same group (Scheme 8).[25] Allylic phosphates, used in conjunction with 

neopentylglycol esters on boron, were found to be optimal in terms of reactivity and 

stereoselectivity. Hydroxy substitution on L2 was also found to be essential in inducing regio- 

and enantiocontrol. 
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Scheme 8: Formation of quaternary stereocenters. 

Sp3-hybridized organoboron reagents can also be used as nucleophiles in copper-catalyzed 

asymmetric allylic substitution reactions, as illustrated by Sawamura et al. in 2012 (Scheme 

9).[26] Alkyl-9-BBN nucleophiles I24, generated by hydroboration of the corresponding alkenes 

I23, were employed in the reaction with allylic chlorides I25. The reactions of terminal alkenes 

I23  bearing functional groups such as acetal, phthalimide and esters at the terminus of the 

aliphatic chain were well tolerated. Silyl ethers and halides on the allylic electrophile were also 

compatible, with slightly higher levels of enantioselectivity being observed for -ɹsilyl Z-allylic 

substrates, leading to enantioenriched allyl silanes (I26c). The use of smaller ɹ-substituents, such 

ŀǎ ʴ-methyl-substituted allyl chlorides led to decreases in yield and enantioselectivity (I26d).  

 

The group demonstrated that alkene geometry was inconsequential to activity, with both E- and 

Z-isomers reacting effectively (I26e), although the product derived from Z-I25 was obtained in 

slightly higher yield and enantioselectivity.   
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Scheme 9: Copper-catalyzed alkylations of I25.  

The proposed mechanism is detailed in Scheme 10. 
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Scheme 10: Catalytic cycle for the formation of ent-I3. 

Transmetalation of copper(I) complex I27 gives organocopper(I) intermediate I28. Coordination 

of the allylic chloride followed by migratory insertion with anti-stereochemistry gives I31. 9-

BBN-OMe, which is formed during the transmetalation event, may assist in activating the allylic 

chloride leaving group due to its Lewis acidic character. Finally, anti- -̡elimination (with respect 

to the leaving group) of I31 releases the product and closes the catalytic cycle.  

 

The same group later extended this methodology to the synthesis of quaternary stereocenters 

(Scheme 11). Modification of the catalytic system, using L4 instead of L3, allowed for the 

reaction of ɹ Σʴ-disubstituted allylic chlorides with relatively high levels of stereoselectivity.[27] A 

range of terminal alkenes bearing functional groups such as benzyl ether, acetal and ester 

moieties underwent the reaction smoothly. Various ʴΣʴ-disubstituted allyl chlorides were also 

well tolerated, with enantioselective coupling of allylic chlorides bearing similar steric demand 

ŀǘ ǘƘŜ ʴ-position being achieved (I33d). In contrast to their previous work, the use of E- and Z-

alkene isomers lead to the generation of antipodal products [(R)-I33e and (S)-I33e].  
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Scheme 11: Copper-catalyzed formation of I33. 

Hoveyda and co-workers have also reported enantioselective allylic alkylations, using gem-

diborylmethane reagent I35 to install an alkyl boron functional handle (Scheme 12).[28] Allylic 

substitution followed by oxidation of the resulting alkyl-B(pin) gives access to homoallylic 

alcohols I36 in high levels of regio- and stereoselectivity. Notably, I36b, which is derived from a 

potentially deactivating pyridyl-substituted allylic phosphate, was obtained without significant 

loss in efficiency or selectivity. 
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Scheme 12: Copper-catalyzed allylic alkylations of I34. 

Other classes of organoboronic acid esters have also been successfully employed for copper-

catalyzed enantioselective allylic substitutions. Allenylboronic acid pinacol ester I38 was found 

to be an effective nucleophile, reacting smoothly with allylic phosphates I37 to form both 

tertiary and quaternary stereocenters (Scheme 13).[29] Sulfonate-bearing ligand L6 was essential 

in promoting this reaction with high levels of selectivity.  

 

Scheme 13: Copper-catalyzed allenylations of I37. 

Alkynylation of allylic phosphates has also been described (Scheme 14). Thus, the use of 

trimethylsilyl-protected propargylboronic acid pinacol ester I41, in conjunction with silver/NHC 

complex L7 as a ligand for copper, enabled this transformation to occur with high levels of regio- 

and stereochemical fidelity.[30] Both -ɹmono- and ,ɹ -ɹdisubstituted allylic phosphates were 

competent electrophiles, allowing for the construction of both tertiary- and quaternary 

stereocenters. Allenylation of the allylic phosphates was observed as a competitive process.  
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Scheme 14: Copper-catalyzed alknylations of allylic phosphates.  

 

1.1.2 Using Palladium Catalysis 

Despite the vast advances made in the field of enantioselective palladium-catalyzed allylic 

substitution reactions, allyl-allyl cross-coupling reactions have remained underdeveloped.[5] 

Such reactions could give access to two contiguous stereocenters, whilst simultaneously 

forming a challenging sp3-sp3 bond. However, challenges such as ̡ -hydride elimination of the ̄ -

allyl intermediate, and the inability to control regioselectivity have hindered their development.   

 

Morken and co-workers reported the first realization of this concept, in the context of the 

reaction between allylic Boc substrates I44a and I44b with allyl-B(pin) I45 (Scheme 15).[31] I46 

was obtained in excellent levels of stereo- and regiocontrol, representing a significant milestone 

in the development of this chemistry. 
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Scheme 15: Palladium-catalyzed formation of I46. 

In order gain more information about the mechanism, enantiomerically enriched (S)-I47 was 

subjected to the standard reaction conditions (Scheme 16). Diene (S)-I50 was obtained as the 

sole product in 91% ee. If oxidative addition occurs by an anti-displacement of the leaving group, 

which is well known, then C-C bond formation must occur syn to palladium after isomerization 

to I49. This is consistent with an inner-sphere reductive elimination pathway, rather than an 

outer-sphere attack of the allylboronate.   

 

Scheme 16: Reactivity with (S)-I47. 

A diastereoselective variant was described soon after, in which more complex ɹ -substituted 

allylboronates I52 were employed (Scheme 17).[32] CsF was used as an additive in order to 

increase the rate of transmetalation of the more substituted and less reactive crotyl reagent. 

Functional groups on the allyl boronate reagent, such as esters and silyl ethers remained intact 

throughout the course of the reaction, with moderate to good levels of diastereoselectivity 

displayed throughout. Non-aromatic electrophiles were not tolerated when ligand L9 was 

utilized; fortunately changing the ligand to L10 afforded the desired products in high levels of 

enantioselectivity.  



 
 

14 
 

 

Scheme 17: Palladium-catalyzed formation of contiguous stereocenters.  

One factor that has limited the development of allyl-allyl cross couplings lies in developing 

methods that allow for selective derivatization of the product alkenes. Morken attempted to 

address this through the use of borylated allylboronates I55, furnishing products with 

differentiated alkenes (Scheme 18).[33] The resulting vinyl boronate was then used for 

subsequent transformations, such as a Suzuki-Miyuara coupling.  

 

Scheme 18: Palladium-catalyzed formation of I56. 

All-carbon quaternary stereocenters can also be constructed using this methodology (Scheme 

19).[34] The reaction of allylic carbonate I57 with allyl-B(pin) I45 afforded I58 with high levels of 
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selectivity. In some cases, 1,3-diene side-products were also observed, resulting from -̡hydride 

elimination of the ̄ -allyl intermediate. 

 

Scheme 19: Palladium-catalyzed formation of quaternary stereocenters. 

More recently, Ding and co-workers have reported the use of Baylis-Hillman adducts in 

enantioselective allyl-allyl cross coupling reactions (Scheme 20).[35] By utilizing chiral ligand L11, 

densely functionalized products were obtained with excellent levels of enantioselectivity. 

Substrate scope was limited to aryl-substituted allylic acetates, with the use of a more complex 

-̡substituted allyl-B(pin) reagent requiring higher catalyst and ligand loadings and slightly 

higher temperatures in order to promote the reaction to afford I62c.    

 

Scheme 20: Palladium-catalyzed allylations of I60. a Pd (5 mol%), L11 (12.5 mol%), CsF (10.0 equiv), 40 °C. 
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1.1.3 Using Rhodium Catalysis 

Rhodium has also been utilized in enantioselective allylic substitutions involving organoboron 

nucleophiles. In 2005, Gong achieved the asymmetric nitroallylation of arylboronic acids with 

nitroallyl acetates.[36] A commercially available rhodium pre-catalyst was used in conjunction 

with L12 to give arylated products in high enantiomeric excess (Scheme 21). The methodology 

was applied to the total synthesis of (+)- -ɹLycorane I67. 

 

Scheme 21: Rhodium-catalyzed nitroallylation of I64.  

The reaction proceeds via an initial 1,4-addition of the arylrhodium species to give rhodium 

nitronate intermediate I70 (Scheme 22). -̡elimination of the ester liberates the catalyst and 

provides the product. 

 

Scheme 22: Mechanism for the formation of I71.  

Oi et al. described the asymmetric allylic substitution of ɹ-substituted aryl ethers I72 with 

arylboronic acids I73 (Scheme 23).[37] The reaction was proposed to proceed via carborhodation 

of the alkene, followed by ̡-aryloxy elimination to ǊŜƭŜŀǎŜ ǘƘŜ ʴΣʴ-disubstituted products I74 

with retention of alkene stereochemistry. Alkene geometry was important in determining 

stereochemistry, with antipodal products (S)-I74a and (R)-I74a being obtained when using E- 

and Z-alkene isomers.  
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Scheme 23: Rhodium-catalyzed arylations of I72. 

Lautens and co-workers have studied the desymmetrization of meso-cyclic allylic diol derivatives 

I75, using a Rh(I)-biarylphosphine L13 system in conjunction with arylboronic acids 73.[38] Under 

these reaction conditions, 1,2-trans products I76 were obtained as major isomers in high levels 

of enantioselectivity, with the 1,4-trans product I77 being observed as a minor product. The 

diastereomeric 1,2- and 1,4-cis isomers, which could also potentially be generated, were not 

detected. At this point in their study, mechanistic investigations were not forthcoming. In terms 

of substrate scope, arylboronic acids containing electron-withdrawing groups gave the best 

conversions, with the highest levels of enantio- and regioselectivity. Halide substitution led to 

decreased yields and regioselectivities being observed; the reaction with ortho-

tolylphenlyboronic acid gave I76e in only 25% yield. Finally, boronic acids containing strongly 

Lewis basic functionalities did not participate in the reaction (I76f was not observed).  
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Scheme 24: Rhodium-catalyzed desymmetrizations of I75. 

The same group subsequently intensively studied the reaction conditions, developing a ligand-

controlled regiodivergent strategy to access both 1,2- and 1,4-trans products I78 and I80 

selectively (Scheme 25).[39] 1,2-trans product I78 could be obtained by using the same reaction 

conditions as those reported in their initial investigations (see Scheme 24). However, by 

changing the reaction solvent from THF to toluene and modifying the bis-phosphine ligand 

backbone, 1,4-trans isomer I80 was afforded selectively, albeit in lower levels of regiocontrol.      
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Scheme 25: Regiodivergent desymmetrizations of I75. 

Mechanistic considerations are outlined in Scheme 26. 
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Scheme 26: Potential mechanisms for the formation of I87 and I89.  

Two possible catalytic cycles can be considered, in which generation of presumed active catalyst 

I83 is common to both. After transmetalation with the arylboronic acid and coordination to the 

substrate to produce I85, the two pathways diverge. A carborhodation pathway proceeds via a 

diastereo- and enantioselective migratory insertion of the alkene, generating alkylrhodium 

intermediate I91. An antiperiplanar ̡-alkoxide elimination then releases the 1,2-anti product 

I87. The relative stereochemistry is set by carborhodation anti to the carbonate leaving groups. 

However, this proposed pathway cannot account for the formation of 1,4-trans product I89.  

 

An alternative pathway, which may be concurrently active with the carborhodation cycle, 

involves an enantioselective oxidative addition to generate Rh(III). The resulting 1,2- -̀enyl 

complex I86 can then undergo reductive elimination to yield 1,2-trans product I87 or equilibrate 

to the 1,4- -̀enyl form I88. Reductive elimination from I88 would afford the 1,4-trans product 

I89. The regioselectivity would therefore be dependent on the rates of reductive elimination vs 

the rate of equilibration (k3/k-3). If this was the sole operative pathway, the enantioselectivity of 

both regioisomers should be identical as irreversible desymmetrization occurs during k2. 
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However, in several cases, the authors observed that the ee of the regioisomers did not 

correlate. From these results, they concluded that it was likely that both reaction pathways were 

operative.    

 

Lautens and co-workers have also extended this methodology to the desymmetrization of 

acyclic meso-allylic carbonates I92, using a related Rh(I)-bis-phosphine system.[40] 

Regioselectivity was highly dependent on the nature of the catalyst, with L15 providing optimal 

results. Unfortunately, only moderate levels of both enantio- and regioselectivity were 

obtained, with significant amounts of the undesired linear achiral product I94 being observed.  

 

Scheme 27: Rhodium-catalyzed desymmetrizations of acyclic diesters I92. 

Murakami has reported the use of unactivated allylic diols in an analogous allylic substitution 

reaction (Scheme 28).[41] The reaction of 1,4-butene diol I95 with phenyl boroxine I96 proceeds 

smoothly, affording h-substituted homoallylic alcohol I97 in good yield and stereoselectivity.  

 

Scheme 28: Rhodium-catalyzed formation of I97. 

The reaction is proposed to proceed via initial formation of cyclic arylboronic ester I98 (Scheme 

29). Transmetalation followed by carborhodation of the alkene gives alkylrhodium I100; 

subsequent ̡ -oxygen elimination occurs to afford the product. This is mechanistically distinct 
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to the related reactions of allylic carbonates achieved by Lautens, in which an oxidative addition 

pathway is invoked. However, detailed mechanistic investigations of this reaction were not 

pursued.   

 

Scheme 29: Mechanism for the formation of I97. 

Recently, Fletcher has reported the arylative- and alkylative allylic substitution of racemic allylic 

halides (Scheme 30).[42] Allylic chlorides and bromides could be employed in this process. A 

range of aryl boronic acids participated in the reaction, with the best results obtained with 

electron-rich boronic acids. Heteroatom-containing substrates also reacted smoothly, giving rise 

to a range of enantioenriched tetrahydropyran derivatives.   

 

Scheme 30: Rhodium-catalyzed arylations of I101.  

 

1.1.4 Using Iridium Catalysis 

Iridium-catalyzed enantioselective allylic substitutions provide branched products in a wide 

range of reactions with hetero- and stabilized nucleophiles. However, the reactions with hard 

nucleophiles tend to rely on the use of reactive organomagnesium or organozinc reagents, 



 
 

23 
 

limiting functional group tolerance.[8] There are relatively few examples of milder 

organometallic reagents being utilized in these processes.  

 

In 2013, Carreira reported the enantioselective alkynylation of allylic alcohols I103, using alkynyl 

trifluoroborates I104 as nucleophiles (Scheme 31).[43] Under phase transfer conditions and using 

chiral phosphoramidite L16 as a ligand for iridium, 1,4-enynes I105 were obtained with 

outstanding levels of regio- and stereoselectivity. Whilst an advantage of this method is that 

pre-activation of the alcohol is not required, (hetero)aryl substitution of the allylic electrophile 

is required.  

 

Scheme 31: Iridium-catalyzed alkynylations of I103.  

Nui and co-workers later used similar catalytic systems to enable the use of 1,1-bisborylalkane 

I35 as a nucleophilic coupling partner.[44] Two catalytic systems were developed in order to allow 

both linear- and branched allylic Boc electrophiles I106a and I106b to be utilized in this reaction, 

enabling convergence to ɹ-substituted homoallylic-B(pin) products I107. As was observed in the 

related alkynylation reaction reported by Carreira, (hetero)aromatic substitution on the allylic 

electrophile was necessary.  



 
 

24 
 

 

Scheme 32: Iridium-catalyzed formation of I107.  

 

1.1.5 Using Nickel Catalysis 

Enantioselective nickel-catalyzed asymmetric allylic substitution reactions have been developed 

since the early 1980s. The majority of these reactions require the use of Grignard reagents in 

conjunction with a chiral P-P ligand.[45ς50] However, the use of organoboron compounds in 

combination with nickel catalysis remains underdeveloped.  

 

Uemura and co-workers reported an early example of such a reaction. Using an inexpensive and 

commercially available nickel salt, with chiral oxazolinylferrocenylphosphine L18 as ligand, 

arylboronic acids I73 were able to react with racemic allylic acetates I7 (Scheme 33).[51] 

Unfortunately, poor levels of enantiocontrol were generally observed, and the reaction was 

limited to a small number of leaving groups.   
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Scheme 33: Nickel-catalyzed arylations of I7. 

The corresponding reaction with acyclic allylic acetates also met with limited success, with 

extremely limited substrate scope, moderate yields and poor levels of enantioselectivity being 

obtained (Scheme 34).[51]  

 

Scheme 34: Nickel-catalyzed arylation of acyclic esters I109. 

Doyle and co-workers have utilized aryl boroxines for the construction of 2-aryl-1,2-

dihydroquinolines, via a nickel-catalyzed asymmetric allylic arylation reaction (Scheme 35).[52] 

Boronate-assisted ionization of the substrate is followed by subsequent oxidative addition of 

nickel into the resulting quinolonium intermediate. A range of arylboronic acids were tolerated 

under the reaction conditions, with electron-rich nucleophiles delivering the products with the 

greatest efficiencies. However, higher catalyst loadings were required in these cases (I113c). 
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Substitution on the electrophile led to decreased yields and enantioselectivities being observed, 

with electron-withdrawing groups diminishing reactivity. Other carbamate groups were 

employed, but ethyl carbamate remained optimal.  

 

Scheme 35: Nickel-catalyzed formation of I113. a Ni (10 mol%), L19 (30 mol%), 30% NaOPh.3H2O, 48 h. 

Ring-opening of strained heterocycles is an effective strategy for the construction of C-C bonds. 

In 2014 Zhou reported a nickel-catalyzed arylative ring opening of oxabenzonorbornadienes 

with boronic acids.[53] Using chiral bis-phosphine L20 as a ligand for a Ni(0) precatalyst, the 

product of ring opening exo-I116, containing two contiguous tertiary stereocenters, was 

obtained in excellent yield and good enantioselectivity.    

 

Scheme 36: Nickel-catalyzed arylation of I114. 

The proposed mechanism is outlined in Scheme 37.  
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Scheme 37: Mechanism for the formation of I122. 

First, the postulated active chiral nickel complex I117 is formed in situ. Oxidative addition of the 

substrate with I118 gives ̄ -allyl nickel complex I119. Chelation of nickel to both the oxygen 

atom and the alkene may account for the high exo selectivity observed. Transmetalation with 

the boronic acid yields arylnickel species I120; reductive elimination and further work-up affords 

the desired product. 

 

1.2 Allylation of Alkenylmetal Nucleophiles 

Allylic substitution reactions have proven to be reliable and powerful methods for the 

generation of synthetically useful and highly enantioenriched products. Tailoring of the -̄

electrophile by judicious selection of metal allows for the use of both stabilised and non-

stabilised nucleophiles. Despite these advances, the use of nucleophilic alkenylmetal 

intermediates in these reactions has not been well described. The conjugated products from 

these reactions are more synthetically useful than those derived from alkylation or arylation, 

and exploration of this reactivity opens up new opportunities in asymmetric synthesis. 

 

Hoveyda and co-workers have pioneered the development of asymmetric allylic alkenylation 

reactions. In 2008 they described the allylic alkenylation of allylic phosphates I125 with 

alkenylaluminium nucleophiles (Scheme 38).[54] These nucleophiles are readily prepared by 
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hydroalumination of the corresponding terminal alkynes. Alkenylated products I126 were 

obtained in excellent yields, with high levels of regio- and enantiocontrol. 

 

Scheme 38: Copper-catalyzed alkenylations of I125. 

The same group later extended this methodology to the synthesis of quaternary stereocenters 

(Scheme 39).[55] A range of alkyne substituents were well tolerated, including a bulky tert-butyl 

moiety and a potentially sensitive halogen. Aryl-, alkyl-, carboxyl- and silyl-substituted allylic 

phosphates also undergo the reaction smoothly, with high levels of stereo- and regioselectivity 

observed throughout.   

Scheme 39: Copper-catalyzed formation of quaternary stereocenters.  

The previous reactions are limited by the need to use trans-vinylmetal intermediates, as the 

corresponding cis-isomers cannot be accessed by hydroalumination of the terminal alkyne. 

Reactions involving aryl-substituted vinylaluminiums were also not reported, as the 

hydroalumination reactions were found to be extremely inefficient. Hoveyda overcame these 

limitations by investigating the use of internal silyl-substituted alkynes I131. Stereodivergent 



 
 

29 
 

hydroaluminations gave access to both cis- and trans-alkenylaluminium reagents (Z)-I132 and 

(E)-I132, which were then utilized for allylic substitution reactions (Scheme 40).[56]    

 

Scheme 40: Stereodivergent hydroaluminations of I131.   

Reactions with both E- and Z-alkenylaluminium reagents proceeded smoothly, with retention of 

alkene stereochemistry (Scheme 41). However, in the case of vinylaluminium I139, the addition 

of an isobutyl- rather than a vinylcopper complex was observed as a competitive process.  

 

Scheme 41: Copper-catalyzed alkenylations with internal vinylaluminium reagents. 

Whilst alkenylaluminium reagents have been shown to be valuable pro-nucleophiles in allylic 

substitution processes, their highly reactive nature can result in limited functional group 

tolerance, in addition to the generation of unwanted side products. As a result, the use of milder 
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organometallic reagents which exhibit high functional group tolerance would be of greater 

benefit.  

 

Hayashi and co-workers have demonstrated that alkenylboron reagents, which are air- and 

moisture stable, can also be utilised in copper-catalyzed allylic substitution reactions (Scheme 

42).[57]  

 

Scheme 42: Copper-catalyzed alkenylation with organoboron reagents. 

The proposed mechanism is outlined in Scheme 43. 

 

Scheme 43: Catalytic cycle for the formation of I146. 

Copper alkoxide complex I142 undergoes transmetalation with a boronic acid to give 

organocopper intermediate I143. Interaction with the NaOMe base gives intermediate I144. The 

sodium counterion then guides the orientation of the allylic phosphate in the subsequent 

oxidative addition process; reductive elimination of organocopper(III) intermediate I145 

provides the product and closes the catalytic cycle.   
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Allylic alkenylations with organoboron nucleophiles have also been achieved with other 

transition metals. Carreira reported the iridium-catalyzed allylic substitution of allylic alcohols 

I103 with alkenylpotassium trifluoroborates I147.[58] A notable feature of this approach is that 

the free alcohol can be used, obviating the need for prefunctionalization/activation. High levels 

of -hselectivity are observed, in contrast to the -ɹselectivity obtained with copper catalysis in 

related processes. Whilst a range of aryl- and alkyl-substituted alkenyltrifluoroborates were well 

tolerated, (hetero)aryl substitution on the allylic alcohol was required for the reaction to 

proceed effectively.  

 

Scheme 44: Iridium-catalyzed alkenylations of I148. 

As discussed in Section 1.1.3, Fletcher and co-workers reported a rare example of an 

enantioselective rhodium-mediated allylic substitution process (Scheme 30).[42] As well as 

promoting arylative reactions, a Rh(I) precatalyst in conjunction with chiral ligand L13 could 

effect the reaction with alkenyl boronic acids, affording alkenylated products I151 in high levels 

of enantioselectivity (Scheme 45). However, there were no examples of substrates containing 

further substitution which would indicate the regioselectivity of the reaction.   
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Scheme 45: Rhodium-catalyzed alkenylations of I149. 

Hoveyda has also described the use of alkenylboron nucleophiles in copper-catalyzed 

enantioselective allylic alkenylation processes (Scheme 46). Both E- and Z-alkenylboron 

reagents react with high levels of regio- and stereochemical fidelity to give disubstituted 

alkenes.[59] Notably, the reactions with carboxylic ester-containing I154 proceed with high levels 

of stereoretention.  

 

Scheme 46: Copper-catalyzed alkenylations of I34. 

Heterocyclic alkenyl-B(pin) compounds also react smoothly under similar reaction conditions, 

affording unsaturated N-Boc- or O-containing rings in good yields and high selectivity (Scheme 

47). An alkyl substituted allylic phosphate is also well tolerated, affording I157c in 73% yield. 
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Scheme 47: Copper-catalyzed alkenylations with heteroatom-containing alkenylboron reagents. 

Finally, the robust and commercially available vinyl-B(pin) also readily undergoes the desired 

transformation, producing 1,4-diene I160 with excellent levels of regiocontrol. This publication 

was noteworthy, as it showcased several classes of alkenyl-B(pin) compounds that could 

participate in asymmetric allylic substitution processes, significantly expanding the scope of this 

chemistry.  

 

Scheme 48: Copper-catalyzed alkenylation using I159. 

Vinyl-B(pin) compounds can also be used to generate sterically congested quaternary centres 

(Scheme 49).[60] Aryl- and alkyl-substituted alkenyl-B(pin) reagents react smoothly under the 

reaction conditions, whilst carboxylic ester-containing I162d is obtained in excellent yield. The 

corresponding substrate would be incompatible with the use of alkenylaluminium reagents, 

demonstrating the advantages of using milder pro-nucleophilic species.   
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Scheme 49: Copper-catalyzed formation of quaternary stereocenters.  

Currently, the key alkenylmetal nucleophiles are generated by transmetalation with an alkenyl 

pro-nucleophile. As a result, this chemistry is currently limited to single C-C bond formation. 

Generation of the alkenylmetal nucleophile via a C-C bond formation event prior to allylic 

alkenylation would lead to increased molecular complexity and potentially more valuable 

products, whilst also displaying interesting new reactivity which could be further explored.  
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2 Carbometalation-Cyclization Cascade Reactions 

2.1 Reactions Proceeding via syn-Carbometalation 

Domino or cascade reactions combine several fundamental transformations into a single 

process, allowing for the formation of multiple bonds and the rapid generation of molecular 

complexity.[61,62] 

By designing substrates that allow for multiple C-C bond forming reactions to occur sequentially, 

transition metals can mediate a huge array of cascade processes which generate carbon skeletal 

frameworks in an atom- and step economical manner.[62,63] 

One powerful method for triggering such cascade processes is by initial carbometalation of an 

alkyne (Scheme 50). Addition of an organometallic species across an alkyne will generally result 

in both components ending up on the same side of the newly formed alkene i.e. syn-

carbometalation. This is the predominant pathway due to the strict stereo-electronic 

requirements of migratory insertion. The resulting alkenylmetal intermediate can then readily 

ǊŜŀŎǘǎ ǿƛǘƘ ǘƘŜ ǇŜƴŘŀƴǘ ˉ-electrophile to form the second C-C bond.[64]  

 

Scheme 50: Addition-cyclization via syn-carbometalation. 

Interest in these reactions has increased dramatically as their importance to C-C bond formation 

has become increasingly clear, and as such there are a large number of examples of these 

processes.[62] The following section will review seminal examples to demonstrate the breadth of 

this chemistry and is not designed to be exhaustive. 

 

2.1.1 Using Rhodium Catalysis 

{ƛƴŎŜ aƛȅǳŀǊŀΩǎ ƛƴƛǘƛŀƭ ŘƛǎŎƻǾŜǊȅ ǘƘŀǘ ōƻǊƻƴƛŎ ŀŎƛŘǎ Ŏŀƴ ǊŜŀŎǘ ƛƴǘŜǊƳƻƭŜŎǳƭŀǊƭȅ ǿƛǘƘ ,h -̡

unsaturated ketones under the influence of rhodium catalysis, the addition of organorhodium 

species to a wide variety of unsaturated electrophiles has been widely studied.[65,66] Additionally, 

organorhodium species also readily undergo carbometalation reactions with alkynes, making 

them ideal candidates for the development of cascade reactions.[67,68]  
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Hayashi and co-workers reported an early example of a rhodium-catalyzed cascade process in 

2005, describing the arylative cyclization of alkynes tethered to aldehydes and ketones (Scheme 

51).[69] By utilizing chiral diene ligand L26, the desired products were obtained in good yields 

and good to high levels enantioselectivity, although enantiocontrol was diminished when 

tethered ketones were used (I64c).  

 

Scheme 51: Rhodium-catalyzed arylative cyclizations of I163. 

Organorhodium complexes are well known for their ability to react readily with electron 

deficient alkenes.[65,66] Hayashi integrated this process into a cascade reaction, tethering an ,h -̡

unsaturated carbonyl to the alkyne.[70] Thus, the resulting alkenylrhodium intermediate 

generated by syn-carborhodation is able to cyclize onto the alkene in a 5-exo-trig fashion 

(Scheme 52). Again, chiral ligand L26 was utilized to induce high levels of stereocontrol. An array 

of structurally diverse arylboronic acids were used, affording products I166 with uniformly 

outstanding levels of stereoselectivity and high chemoselectivity. 
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Scheme 52: Rhodium-catalyzed addition-conjugate additions of I165. 

Interestingly, when bis-phosphine ent-L12 was used, a range of side products resulting from 

undesired reaction pathways were observed, including direct conjugate addition of the 

arylrhodium (Scheme 53). This result highlights the challenges in developing cascade processes 

that involve multiple reactive sites and intermediates.  

 

Scheme 53: Selectivity with the use of ent-L12. 

More recently, Darses has reported the arylative cyclization onto ,h -̡unsaturated carbonyls to 

form chiral 3-benzazepine derivatives, enabled by electronic bias of the alkyne to reverse the 

regioselectivity of the initial carbometalation step (Scheme 54).[71]  
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Scheme 54: Rhodium-catalyzed formation of I173. 

The mechanism of this process is outlined in Scheme 55. 

 

Scheme 55: Mechanism of the formation of I173. 

First, transmetalation with phenylboronic acid I69 gives arylrhodium complex I175. Syn-

carbometalation of alkyne I171 places rhodium distal to the tethered enoate. Alkenyl- to aryl-

rhodium 1,4-migration gives arylrhodium I177, followed by 1,4-addition to the enoate. 

Hydrolysis of alkylrhodium I178 generates I173 and closes the catalytic cycle.  

 

Non-carbonyl-based electrophiles have also been utilized in these reactions. Murakami and co-

workers described the first example of an organorhodium species reacting with a nitrile (Scheme 

56).[72] By tethering these to alkynes, ketone products I180 were obtained in moderate to good 
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yields. Interestingly, these products were obtained as E/Z alkene mixtures, with an ethyl 

substituent on the alkyne greatly favouring the Z-isomer.  

 

Scheme 56: Rhodium-catalyzed tandem cyclizations of alkynyl-tethered nitriles.  

The addition of organometallic reagents to imines is an important challenge in organic 

chemistry, as the resulting amines are particularly valuable moieties. However, their reduced 

electrophilicity in comparison to aldehydes and ketones can make such transformations difficult 

to achieve. Lee has recently described the arylative- and alkenylative cyclizations of alkynyl-

tethered activated imines (Scheme 57).[73] Both terminal and methyl-substituted alkynes 

participated in the reaction; the reactions with alkenylboronic acids proceeded with retention 

of alkene stereochemistry.  

 

Scheme 57: Rhodium-catalyzed formation of I183. 

Attempts to render the reaction asymmetric using chiral diene ligand L28 were met with 

moderate success, with low yields being obtained in the reaction with arylzinc species I185. 
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Scheme 58: Enantioselective arylative cyclization of I184. 

As discussed previously in Section 1.2, there are relatively few examples of alkenylmetal 

nucleophiles being utilized in allylic substitution reactions. In 2005 Murakami reported a rare 

example of a carbometalation-allylic alkenylation cascade, providing a range of carbo- and 

heterocyclic products containing an exocyclic alkene (Scheme 59).[74] Aryl-substituted alkynes 

reacted poorly, with I188b obtained in only 25% yield. In these cases, poor levels of regiocontrol 

are observed, leading to greatly diminished yields. Changing the nature of the linker from a 

malonate to a sulfonamide also resulted in poor reactivity being observed (I188d).  

 

Scheme 59: Rhodium-catalyzed allylic alkenylations of I187. 

Extension to an enantioselective variant was also attempted using chiral rhodium complex L29 

(Scheme 60).[75] However, only two enantioselective examples were reported, and several side 

products arising from unwanted side reactions were obtained. This further highlights the 

challenges in achieving high levels of stereo-, regio- and chemoselectivity in cascade processes.  
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Scheme 60: Enantioselective allylic alkenylation of I189. 

Isocyanates have also been utilized as electrophilic coupling partners. Thus, using a simple 

catalytic system, a range of aryl- and alkenyl substituted 3-alkenylindeneoxazoles were obtained 

(Scheme 61).[76] Structurally and electronically diverse aryl- and alkenylboronic acids were well 

tolerated, however the use of sterically demanding and less nucleophilic boronic acids required 

more forcing conditions, affording I194a and I194e in 78% and 56% yield respectively. The 

reaction was also sensitive to steric bulk on the alkyne, with I194f being obtained in only 18% 

yield.  
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Scheme 61: Rhodium-catalyzed arylative cyclizations of I193. a BA (2.0 equiv), 40 °C; b BA (3.0 equiv), 100 °C. 

The above examples are all redox-neutral processes, involving the use of Rh(I) precatalysts in 

conjunction with a ligand. After transmetalation with an organoboron species, syn-

carborhodation generates an alkenylrhodium intermediate which can react with a range of 

electrophiles to complete the cascade reaction.  

 

2.1.2 Using Palladium Catalysis 

Cascade processes proceeding under the influence of palladium catalysis have also been widely 

studied.[77] In contrast to rhodium catalyzed reactions, in which the metal is believed to stay as 

Rh(I) throughout the cascade, palladium-catalyzed reactions can procced via an oxidative 

Pd(0)/Pd(II) cycle. However, reactions catalyzed by cationic Pd(II) complexes are believed to be 

redox-neutral.[77,78] Thus, the use of palladium instead of rhodium for analogous reactions may 

sometimes result in different reactivity being observed.    

 

In 2007, Lu reported the arylative cyclization of alkynyl tethered ketones (Scheme 62).[79] The 

authors propose a redox neutral Pd(II) cycle, in which carbopalladation is followed by 

nucleophilic addition of the alkenylpalladium intermediate, similar to the previously described 
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rhodium chemistry. Bisphosphine L30 was used in order to induce enantioselectivity. However, 

the results were generally poorer than those reported with rhodium.  

 

Scheme 62: Arylative cyclization of I195.  

The same group later extended this work to enantioselective arylative cyclizations of electron 

deficient alkenes, conjugated to both aldehydes and ketones (Scheme 63).[80]  

 

Scheme 63: Palladium-catalyzed cyclization of I165. 

Bäckvall and co-workers have described the oxidative diarylative cyclization of 1,6-enynes 

(Scheme 64).[81] A Pd(0)/Pd(II) cycle is proposed, which is enabled by the use of benzoquinone 

as a stoichiometric oxidant. This additive is thought to coordinate to the metal centre, enabling 

facile reductive elimination to Pd(0), and subsequently acting as an oxidant to generate Pd(II).   
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Scheme 64: Oxidative diarylation of I197.  

Lu et al. have extended the scope of palladium-catalyzed cascade reactions to the synthesis of 

coumarin derivatives. Under cationic palladium conditions, the reaction of arylboronic acids I73 

and alkynyl-tethered aldehydes I199 proceeded smoothly to give the desired 3-

alkylidenedihydrocoumarins I200 in excellent yields and enantioselectivites (Scheme 65).[80] 

 

Scheme 65: Palladium-catalyzed formation of I200. 

Interestingly, 3-substituted coumarins could be obtained by utilising a slightly modified catalytic 

system (Scheme 66). Unfortunately, attempts to render this process enantioselective were 

unsuccessful. 
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Scheme 66: Palladium-catalyzed formation of I201. 

It is thought that these products are obtained by initial formation of I200, followed by triflic-

acid catalyzed isomerization to I201. Independent experiments with triflic acid confirmed that 

isomerization from I200 to I201 was possible. 

 

2.2 Reactions Proceeding via anti-Carbometalation 

As discussed previously, syn-carbometalation of alkynes with organometallic reagents gives 

sterically well-defined and predictable products. The resulting alkenylmetal intermediates have 

shown to be competent nucleophiles with a wide range of -̄electrophiles (Scheme 67).[63,64,66,67]  

 

Scheme 67: Addition-cyclization via syn-carbometalation. 

However, a major limitation of this chemistry lies in the inherent syn-selectivity of the initial 

addition across the alkyne. Whilst proximal addition (relative to the electrophile) of the metal 

yields an alkenylmetal intermediate which can readily cyclize, if the opposite regioselectivity 

occurs i.e. distal addition, the resulting alkenylmetal intermediate is unable to cyclize due to 

steric constraints. As a result, the product derived from distal addition is inaccessible via syn-

carbometalation pathways (Scheme 68).  
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Scheme 68: Limitations of syn-carbometalation. 

Conceptually, the formal anti-carbometalation of an alkyne, in which the two components of 

the organometallic species end up on opposite sides of the resulting alkene, seems to be the 

most logical solution to the problem of distal addition. Even if distal addition were to occur, the 

alkenylmetal intermediate can still readily react with the electrophile to give the desired cascade 

product (Scheme 69). This would potentially be an extremely powerful method for accessing 

isomers which are unavailable by established syn-carbometalation pathways. 

 

Scheme 69: Addition-cyclization via anti-carbometalation. 

Due to the inherent syn-selectivity of migratory insertions, reactions involving anti-

carbometalation remain underdeveloped, with relatively few examples being reported. 

 

2.2.1 Single Electron/Radical Pathways 

Single electron processes have been utilized to obtain the products of formal anti-

carbometalation. First-row transition metals are particularly suited for these processes, due to 

their propensity to react via both one- and two-electron pathways.[82] 

 

Hu and co-workers described the synthesis of Z-alkenes via the iron-catalyzed reductive 

coupling of terminal alkynes and alkyl halides (Scheme 70).[83] Initial radical addition to the 

alkyne is followed by recombination with the metal, which is placed trans to the initial site of 

addition. Thus, the products of a formal anti-hydroalkylation I204 are obtained with good levels 

of stereoselectivity.   
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Scheme 70: Iron-catalyzed reductive alkylations of I202. 

The same group later extended this work to sequential C-C bond formation, by combining the 

initial radical addition with a nickel-catalyzed Negishi coupling (Scheme 71).[84] This process 

allows for more complex trisubstituted alkenes to be obtained.  

 

Scheme 71: Formation of anti-carbometalation product I209. 

Similar reactivity has been reported by Nevado and co-workers, who achieved the nickel-

catalyzed dicarbofunctionalization of terminal alkynes (Scheme 72).[85] Thus, terminal alkynes, 

arylboronic acids and both activated and unactivated secondary and tertiary alkyl halides could 

be coupled, giving access to trisubstituted alkenes in a stereo- and regiocontrolled manner.  

 

Scheme 72: Nickel-catalyzed anti-carbometalations of I202. 

The proposed catalytic cycle is shown in Scheme 73. 
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Scheme 73: Catalytic cycle for the formation of I219.  

Ni(I), thought to be the active species, is formed in situ, possibly by comproportionation of Ni(0) 

and Ni(II). Transmetalation with a boronic acid, followed by reaction with the alkyl halide I213 

generates alkyl radical I214 and Ni(II) complex I215. If path A is operative, recombination of I216 

and I215 produces Ni(III) complex I218, which readily undergoes reductive elimination to 

release the product and regenerate Ni(I). Potentially, the corresponding vinyl halide I217 could 

also form (path B), followed by oxidative addition with Ni(I) to generate the analogous Ni(III) 

complex. However, control experiments appeared to rule out such a pathway. The authors 

attribute the high levels of stereoselectivity with the formation of vinyl radical I216, which can 

undergo rapid E/Z interconversion, incorporating an external radical opposite to the alkyl group. 

 

The same group later reported the related carbosulfonylation of terminal alkynes, using sulfonyl 

chlorides as radical precursors (Scheme 74).[86] The mechanism is similar to that shown in 

Scheme 73.   
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Scheme 74: Nickel-catalyzed carbosulfonylation of I222. 

Palladium is also able to mediate single-electron processes to access anti-carbometalation 

products, an example of which was reported by Liang in 2015 involving the aryldifluoroalkylation 

of alkynes (Scheme 75).[87] 

 

Scheme 75: Palladium catalyzed aryldifluoroalkylations of I224. 

The proposed catalytic cycle is shown in Scheme 76.  
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Scheme 76: Catalytic cycle for the formation of I234. 

First, reduction of ethyl difluoroiodoacetate I228 by Pd(0) generates the difluoroalkyl radical 

I229 and Pd(I). Radical addition to the alkyne gives vinyl radical I230, which undergoes 

recombination with Pd(I) to afford alkenylpalladium intermediate I232. Transmetalation with 

an arylboronic acid gives Pd(II)-aryl complex I233, subsequent reductive elimination closes the 

cycle and produces the aryldifluoroalkylated product I234. 

 

2.2.2 Chelation-Assisted Alkenylmetal Isomerization 

One method to obtain anti-carbometalation products is to tether a heteroatom to the alkyne. 

In 1997 Negishi observed such reactivity in the zirconocene-mediated hydro- and iodoalkylation 

of alkynols (Scheme 77).[88] They proposed that initially syn-carbometalation of the alkyne took 

place, with isomerization driven by chelation of the heteroatom to the metal centre in the anti-

form. Both terminal and internal alkynes react with high levels of regioselectivity, an advantage 

over radical addition type processes, which are limited to additions to terminal alkynes.  
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Scheme 77: anti-Carbometalation products from I235. 

Similar reactivity was observed by Ma in the copper-catalyzed hydroalkylation of alkynols 

(Scheme 78).[89]  

 

Scheme 78: Copper-catalyzed anti-carbometalation of I238. 

Cheng and co-workers have reported the cobalt-catalyzed hydroarylation of internal alkynes 

(Scheme 79).[90] When a hetereoatom is tethered to the alkyne, anti-carbometalation products 

are obtained. Conversely, when these are not present, syn-carbometalation products are 

predominantly observed, suggesting that the heteroatom plays a crucial role in 

stereoselectivity. 

 

Scheme 79: Cobalt-catalyzed hydroarylations of I242. 

The authors propose that after initial syn-carbometalation, alkenylcobalt species I245 can 

undergo E/Z isomerization via cobalt carbene intermediate I246 to give I247. The tethered 

alcohol is able to stabilise cobalt through the five membered oxametallacycle, which undergoes 

irreversible protonation to give the anti-isomer I248.  
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Scheme 80: Proposed mechanism for the formation of I248. 

The nature of the alkyne substituents also plays a key role in isomerization. I243c derived from 

3-hexyne was obtained as a 1:1 mixture of E/Z isomers; when electron withdrawing groups were 

present, only syn-carbometalation products were observed. 

 

More recently, Reddy observed the anti-hydroarylation of alkynes under the influence of nickel 

catalysis (Scheme 81).[91] When the alkyne was substituted with an aryl group, anti-isomers I250 

were obtained as the major products. The authors attribute the regioselectivity to steric effects, 

however it is likely that electronic effects are the determining factor, as polarization of the 

alkyne results in nickel being placed  hto the aryl substituent.    

 

Scheme 81: Nickel-catalyzed anti-hydroarylations of I249. 

When an external electrophilic trap was included, products derived from syn-carbometalation 

were exclusively obtained (Scheme 82). This suggests that the rate of alkene migratory insertion 

is much faster than the rate of alkenylnickel isomerization. 
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Scheme 82: Formation of tetrasubstituted alkene I254. 

Werz has successfully applied alkenylpalladium isomerization to subsequent productive C-C 

bond formation, in the anti-carbopalladative cyclization of diynes (Scheme 83).[92] A range of 

bicyclic products I257 were obtained using this methodology, although only aryl halides were 

amenable to this transformation.    

 

Scheme 83: Palladium-catalyzed arylative cyclizations of I255. 

¢ƘŜ ǊƻƭŜ ƻŦ ǘƘŜ ŦǊŜŜ άhIέ ƎǊoup to control both stereo- and regioselectivity was highlighted by 

the reaction of methoxy derivative I258 (Scheme 84). When subjected to the standard reaction 

conditions, desired product I260 was formed, along with significant quantities of side product 

I261. This product arises from the opposite regioisomer of syn-carbopalladation, suggesting that 

the free hydroxyl group is essential in controlling initial regioselectivity.   

 

Scheme 84: Reaction with I258. 
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2.2.3 Other Examples of anti-Carbometalation 

Fujiwara and co-workers have reported that palladium and platinum are also able to promote 

anti-carbometalation reactions, observed in the hydroarylation of internal alkynes (Scheme 

85).[93] Interestingly, mechanistic studies suggested that an initial anti-addition took place, 

rather than an isomerization of the alkenylmetal species.  

 

Scheme 85: anti-Hydroarylations of I242. 

Tsukamoto and co-workers have investigated intramolecular cyclization reactions of alkynyl-

tethered electrophiles. Interestingly, under palladium catalysis, the reaction of boronic acids 

I182 with alkynals and alkynones I263 gave the products of formal anti-carbometalation 

(Scheme 86).[94] By using a simple catalytic system, a range of (hetero)aryl- and alkenylboronic 

acids reacted smoothly.    
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Scheme 86: Palladium-catalyzed arylative cyclizations of I263. 

¢ƘŜ ŀǳǘƘƻǊǎ ǇǊƻǇƻǎŜ ŀƴ άanti-²ŀŎƪŜǊέ ǘȅǇŜ ŀŘŘƛǘƛƻƴ ǘƻ ǘƘŜ ŀƭƪȅƴŜΣ ǿƘƛŎƘ ƛǎ ŘŜǎŎǊƛōŜŘ ōŜƭƻǿ ƛƴ 

Scheme 87. 

 

Scheme 87: Catalytic cycle for the formation of I269. 

Nucleophilic addition of electron-rich Pd(0) to the alkyne triggers a nucleophilic addition to the 

carbonyl group at the adjacent carbon, giving intermediate I267. Solvolysis with methanol and 

transmetalation with a boronic acid gives Pd(II)-aryl species I268, which undergoes reductive 

elimination to generate the  product and reform Pd(0). 
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The same group later extended this work to a three-component coupling to give highly 

substituted amino indenes I272, formed by cyclization onto an in-situ generated imine (Scheme 

83).[95] The extension of palladium-ŎŀǘŀƭȅȊŜŘ άanti-²ŀŎƪŜǊέ ǘȅǇŜ ǇǊƻŎŜǎǎŜǎ ǘƻ enantioselective 

variants have not yet been reported. 

 

Scheme 88: Palladium-catalyzed three-component cyclizations of I271. 

 

2.2.4 Non-Chelation Assisted Alkenylmetal Isomerization 

Chelation-assisted alkenylmetal isomerizations were discussed in Section 2.2.2. The 

development of processes that do not require the tethering of a stabilising group into the 

substrate would greatly increase the scope of anti-carbometalation reactions. 

 

2.2.4.1 Palladium-Catalyzed 

Limited examples of alkenylpalladium isomerization have been reported, however in many 

examples these intermediates have not been exploited for further productive C-C bond 

formation. Zhu has reported the anti-hydroarylation of ynamides, in which free rotation of the 

alkenylpalladium species is enabled by donation of the nitrogen lone pair (Scheme 89).[96]   
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Scheme 89: Palladium-catalyzed anti-carbometalations of ynamides.  

In 2015, Lautens and co-workers reported an intramolecular anti-carbohalogenation of alkynes 

(Scheme 90). Use of a sterically bulky phosphine ligand promoted a rare C-I forming reductive 

elimination event. The authors observed that products of anti-carbometalation I276 could be 

obtained exclusively when elevated temperatures were used.[97] 

 

Scheme 90: Palladium-catalyzed carbo-halogenations of I275.  

This work was extended to an intramolecular carboiodination cascade process, which uses 

commercially available halide surrogates as milder reagents (Scheme 91).[98] Under these 

reaction conditions, halogenated dihydropyridinones I279 were obtained in good yields. 

(Hetero)aryl substitution on the alkyne was essential for controlling the regioselectivity of the 

initial hydropalladation.   
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Scheme 91: Palladium-catalyzed anti-hydrohalogenations of I277. 

 

2.2.4.2 Nickel-Catalyzed 

Early examples of nickel-catalyzed anti-carbometalation were reported by Bergman and co-

workers in the late 1970s and early 1980s (Scheme 92).[99,100] They observed that in the 

stoichiometric reaction between nickel complex I280 and internal alkynes at room temperature, 

facile syn-carbometalation occured to give alkenylnickel complex (E)-I282. However, after 

leaving the reaction to stand at room temperature for several days, increasing amounts of anti-

isomer (Z)-I282 were observed. 

 

Scheme 92: Stoichiometric anti-carbometalation of I281. 

The authors suggest that reversible addition of triphenylphosphine to complex (E)-I282 

generates nickel carbenoid I283, which can freely rotate. After isomerization, dissociation of 

triphenylphosphine gives anti-isomer (Z)-I282. 
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Scheme 93: Proposed mechanism for the formation of (Z)-I282. 

Free isomerization of alkenylnickel intermediates have also been reported in the context of 

intramolecular cyclization cascades. Suginome described the nickel-catalyzed alkynylboration of 

alkynes to give anti-carbometalation products exclusively (Scheme 94).[101] 

 

Scheme 94: Nickel-catalyzed formation of I284. 

The stereoselectivity of this reaction is rationalized by the steric clash of nickel with the bulky 

iso-propyl groups on nitrogen in the syn-form, thereby driving isomerization to the more 

favoured anti-isomer (Scheme 95).  

 

Scheme 95: Mechanistic rationale for the formation of (E)-I287. 

Substrate-dependent isomerization has also been observed by Martin and co-workers. In 2015 

they reported a carboxylative cyclization reaction, in which syn- and anti-isomers could be 

obtained dependent on the steric bulk of the substrate.[102] When non-sterically hindered 

substrates were utilized, syn-carbomelation products were obtained exclusively (Scheme 96). 
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Scheme 96: syn-Carbometalation products from nickel-catalyzed carboxylative cyclizations of I288. 

When additional steric bulk geminal to the alkyl bromide was introduced, mixtures of E/Z 

isomers were obtained, with anti-carbometalation products (E)-I291 now being favoured 

(Scheme 97). It was suggested that syn-carbometalation initially takes place, whilst subsequent 

isomerization is driven by the additional steric bulk around the electrophile.  

 

Scheme 97: anti-Carbometalation products from nickel-catalyzed carboxylative cyclizations of I290. 

Liu and co-workers have successfully incorporated alkenylnickel isomerization into subsequent 

cyclization onto ̄ -electrophiles (Scheme 98).[103] Thus, 1-naphthyl-amines I293 were accessed 

by a nickel-catalyzed cascade reaction of arylboronic acids I73 with alkynyl-tethered nitriles 

I292. A range of (hetero)aryl boronic acids participated in the reaction, although 2-

thienylboronic acid derived product I292c was obtained in only 35% yield. Both (hetero)aryl- 

and alkyl-substituted alkynes were well tolerated, without loss of regiocontrol. 
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Scheme 98: Nickel-catalyzed arylative cyclization of alkynyl-tethered nitriles.  

hƴŜ ƭƛƳƛǘŀǘƛƻƴ ƻŦ ǘƘƛǎ ŎƘŜƳƛǎǘǊȅ ƛǎ ǘƘŀǘ ŀƴ άh¢.{έ ƎǊƻǳǇ ŀǘ ǘƘŜ ǇǊƻǇŀǊƎȅƭƛŎ Ǉƻǎƛǘƛƻƴ ƛǎ ǊŜǉǳƛǊŜŘ 

for an efficient reaction. The reaction of a substrate without this substituent resulted in poor 

yields being obtained (Scheme 99). 

 

Scheme 99: Reaction with I294. 

Reddy has recently used a similar catalytic system to enable cyclization onto tethered azides 

(Scheme 100).[104] This is a rare example of cyclization onto a non-carbon centered electrophile, 

giving access to 2,3-diaryl quinolines I297. In this case, protection of the propargylic alcohol is 

not required, however, lack of propargylic substitution again results in poor reactivity. As with 

the chemistry previously reported by Liu, only (hetero)aryl boronic acids are tolerated. The 

expansion to different classes of boron pro-nucleophiles would greatly expand the scope of 

these processes.  
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Scheme 100: Nickel-catalyzed formation of 2,3-diaryl quinolines. 

The proposed catalytic cycle for this transformation is shown in Scheme 101; Liu and co-workers 

propose a similar cycle for their related reaction. 

 

Scheme 101: Catalytic cycle for the formation of I303. 

Active catalyst I298 is first formed in situ, followed by transmetalation with the boronic acid to 

give aryl-nickel species I299. Syn-arylnickelation of the alkyne places nickel distal to the 

electrophile; the resulting alkenylnickel species then undergoes reversible alkenylnickel E/Z 

isomerization. Isomerization is likely promoted by coordination of the azido group to the anti-

alkenylnickel intermediate. Denitrogenative cyclization of (E)-I300 gives intermediate I301, 

which undegoes protodenickelation and dehydrative aromatization to yield product I297. 
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Montgomery and co-workers have recently observed alkenylnickel isomerization in the three-

component reductive coupling of alkynals (Scheme 102).[105] Reductive coupling of the alkyne 

and tethered aldehyde, followed by cross-electrophile coupling afforded tetrasubstituted 

alkenes I306, predominantly as the E-isomer. 

 

Scheme 102: Nickel-catalyzed reductive cyclizations of I303. 

The Lam group has previously reported enantioselective nickel-catalyzed anti-carbometalative 

cyclizations, utilizing a range of different alkynyl-tethered electrophiles.[106] A simple catalytic 

system, using inexpensive Ni(OAc)2
.4H2O and chiral ligand L41 in conjunction with arylboronic 

acids as an aryl source, was effective in promoting these processes.  

 

Cyclizations onto tethered 1,3-diketones I307 proceeded smoothly, giving access to the 

products of a formal anti-carbometalation I309 in good yields and high levels of enantiocontrol 

(Scheme 103). The reaction was compatible with arylboronic acids containing both electron 

donating and withdrawing groups, however (hetero)aromatic boronic acids gave poorer levels 

of enantioselectivity (I309e). Aryl substitution on the alkyne was also required, with no reaction 

being observed with methyl or trimethylsilyl groups.    
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Scheme 103: Enantioselective nickel-catalyzed desymmetrizations of I307. 

Larger cyclohexane-1,3-diones could also be employed, however significant dehydration of the 

initial cyclization products to yield 1,3-dienes was observed. Therefore, treatment of the crude 

reaction mixture with 20% H2SO4 in AcOH to drive dehydration to completion was performed 

(Scheme 104). 

 

Scheme 104: Enantioselective desymmetrization of I310. 

The scope of the reaction was expanded beyond the use of 1,3-diketones as electrophilic traps; 

cyclo-hexa-1,3-dieneones I312 were explored and found to be highly active Michael acceptors. 

These products were isolated with small quantities of I314, which result from arylnickelation of 

the alkyne with the opposite regioselectivity observed in the formation of I313. A range of 

arylboronic acids were well tolerated, as well as varying substitution at the quaternary centre 

and on the alkyne.  
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Scheme 105: Enantioselective desymmetrizations of alkynyl-tethered enones.  

Preliminary investigations were conducted in order to gain insight into the mechanism. 

Stoichiometric hydroarylation of 1-phenyl-1-butyne I315 with 4-methoxyphenylboronic acid 

I252 gave alkyne I316 as a 1.7:1 mixture of E- and Z-isomers, suggesting that a reversible 

alkenylnickel isomerization pathway was operative. 

 

Scheme 106: Stoichiometric hydroarylation of I315. 

The reaction of I315 with 2-formylphenylboronic acid I317 gave indene I318, the product of syn-

carbometalation, in 81% yield and 87% ee. The ability to obtain products derived from both syn- 

and anti-carbometalation further suggests that a reversible alkenylnickel E/Z isomerization is an 

active pathway in these reactions. 
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Scheme 107: Formation of syn-carbometalation product I318.  

 

In summary, although the generation of alkenylmetal nucleophiles derived from syn-

carbometalation has been well described, there is relatively little precedent to form the 

equivalent nucleophiles generated via anti-carbometalation. Additionally, the majority of these 

processes rely on the use of expensive and rare noble metals, which limits their long-term 

sustainability. It would be more beneficial to employ abundant and inexpensive first-row 

transition metals, and to potentially unlock new reactivity that cannot be accessed by their 

second- and third row congeners.  

 

Additionally, there are limited examples of allylic substitution reactions being incorporated into 

addition-cyclization cascade processes, and no highly enantioselective methods with broad 

substrate scope have been described. As a result, the development of an anti-carbometalation-

allylic alkenylation cascade process, forming two C-C bonds with high levels of regio- and 

stereocontrol, would greatly enhance the utility of this chemistry. The development of such a 

process is the focus of this thesis.  
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3 Results and Discussion 

 

3.1 Aims and Objectives 

The Lam group has previously reported enantioselective nickel-catalyzed anti-carbometalative 

cyclizations, utilizing a range of different alkynyl-tethered electrophiles.[106] Having 

demonstrated that alkenylnickel nulceophiles can cyclize onto tethered ketones and enones, we 

were interested in developing other methods for C-C bond formation. Our aim was to 

demonstrate the first enantioselective allylation of an alkenylnickel nucleophile, using a 

tethered allylic electrophile as a terminal trap (Scheme 108).   

 

Scheme 108: Proposed Reaction. 

Regioselective syn-arylnickelation of the alkyne would place nickel distal to the tethered 

electrophile, with subsequent cyclization being enabled by reversible alkenylnickel E/Z 

isomerization. The successful realization of this work would be of significance, as it would be a 

rare example of an enantioselective allylic alkenylation involving a fully-substituted 

alkenylmetal nucleophile. Furthermore, the isomers obtained from this process would be 

inaccessible from the same substrates under syn-selective rhodium-catalyzed alkyne 

carbometalation, and so the ability to obtain these in high levels of stereoselectivity would be 

of great benefit.[74,75]  

 

3.2 Reaction Development 

3.2.1 Initial Investigations with O-Linked Substrates 

The successful development of this project would require optimization on two fronts. We 

envisaged that a range of substrates would need to be evaluated to find an allylic leaving group 

amenable to the reaction with our alkenylmetal nucleophile. Concurrently, optimization of the 

catalytic system would be required to identify the most selective and efficient system. 
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Our initial investigations began with the synthesis of cis-butene-1,4-diol derived 1,6-enynes 3a-

d, containing a variety of oxygen-based electrophilic traps (Scheme 109).  

 

Scheme 109: Preparation of alkynyl-tethered allylic electrophiles. 

Mono-propargylation of cis-butene-1,4-diol afforded enyne 1, which was subjected to 

Sonogashira cross-coupling conditions, furnishing key intermediate 2 (Scheme 109, a). The allylic 

alcohol was then readily transformed into a range of allylic leaving groups (Scheme 109, b). 

 

These substrates were then subjected to the previously reported optimized conditions for 

alkynyl cyclization reported by the Lam group, utilizing achiral ligand L42, to evaluate their 

reactivity (Table 1).[106] 
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Table 1: Leaving group investigation. 

 

Entry[a] R NMR Yield of 5 and 6[b]  5:6[c] 

1 H 0 - 

2 Ac 0 - 

3 Boc 28 10:1 

4 CO2Me 7 10:1 

5 Cbz 0 - 

[a] Reactions employed 0.05 mmol of 3a-d. [b] Determined by 1H NMR analysis using 1,4-dimethoxybenzene as an 

internal standard. [c] Determined by 1H NMR analysis of the crude reactions. 

Use of the free allylic alcohol, which was has been reported for related Ni(0)-catalyzed 

processes, was not successful (entry 1).[107,108] An allylic acetate, another commonly used leaving 

group in allylic substitution reactions, was also unreactive (entry 2).[4,5] Pleasingly, substrates 

containing allylic carbonates participated in the reaction, with good levels of regioselectivity 

between isomers 5 and 6 observed (entries 3 and 4). However, the NMR yields obtained were 

poor (28% and 7% respectively), and overall mass recovery was far from quantitative. This 

suggested that decomposition of the starting materials, reactive intermediates and/or the 

products was occurring in significant quantities.  

 

Having established the feasibility of our process, we were interested in determining whether 

enantioselectivity could be induced through the use of an appropriate chiral ligand. As such, an 

extensive ligand screen was conducted (Table 2). Several classes of privileged ligands were 

utilized, including chiral bis-phosphines L44, bis-amines L45, TADDOL L46 (and non-TADDOL 

derived L47) phosphoramidites, BOX L48 and PyBOX derivatives L49. Unfortunately, in the 

majority of cases, no reactivity was observed. In some cases, trace amounts (<5%) of product 

were observed.  
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Table 2: Representative examples of chiral ligands investigated. 

 

Reactions employed 0.05 mmol of 3b. [a] Determined by 1H NMR analysis using 1,4-dimethoxybenzene as an internal 

standard. [b] Reactions conducted by Dr Gabriel Lenagh-Snow.  

!ǎ ǿƛǘƘ ƻǳǊ ƎǊƻǳǇΩǎ ǇǊŜǾƛƻǳǎƭȅ ǊŜǇƻǊǘŜŘ ǿƻǊƪΣ ǘƘŜ ǳǎŜ ƻŦ P,N-containing phosphinooxazoline 

(PHOX) ligands gave the most promising results. The results of this initial ligand screen are 

summarized in Table 3. 
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Table 3: Initial chiral ligand screening. 

 

Entry[a] Ligand NMR Yield of 5 and 6[b]  5:6[c] ee of 5 

1 L41 14 2.2:1 -50[d] 

2 L50 8 1.3:1 63 

3 L51 0 - - 

4 L43 0 - - 

5 L52 14 3.4:1 <5 

[a] Reactions employed 0.05 mmol of 3b. [b] Determined by 1H NMR analysis using 1,4-dimethoxybenzene as an 

internal standard. [c] Determined by 1H NMR analysis of the crude reactions. [d] ent-5 was obtained. 

Reaction with L41 gave 5 in -50% ee, however significant amounts of undesired tetrahydrofuran 

6 were observed (entry 1). This product arises from arylnickelation of the alkyne with the 

opposite regioselectivity observed in the formation of 5. Use of a bulkier iso-propyl group led to 

a slight increase in ee but resulted in further degradation of regiocontrol and yield (entry 2). No 

reactivity was observed when using more sterically encumbered or electron poor ligands 

(entries 3 and 4). The use of bis-phosphine L52 gave the desired product with slightly enhanced   

levels of regiocontrol, but the reaction was essentially racemic (entry 5). 

 

Whilst we were pleased to witness our desired reactivity with our initial studies, the poor yields 

and mass recovery which we observed were a cause for concern. As a result, we began to 
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explore the use of other 1,6-enynes containing different tethers, which we hoped would be 

more stable under the reaction conditions. 

   

3.2.2 Investigations with N-linked Substrates 

Sulfonamide-linked 1,6-enyne 11 was prepared according to the synthetic route outlined in 

Scheme 110.  

 

Scheme 110: Synthesis of allylic 11. 

Ring opening of 2,5-dihydrofuran with acetyl bromide provided bromide 7, which was required 

for the allylic fragment of the substrate. Tosyl protection of propagylamine, followed by 

Sonogashira cross-coupling, afforded 9. A one pot N-alkylation/O-deprotection sequence gave 

10. Final Boc protection of the allylic alcohol gave 11. Modified Boc protection conditions were 

required, as dimerization products were observed with the conditions utilized for the synthesis 

of 3b. 

 

Pleasingly, when 11 was subjected to the reaction conditions, tetrahydropyridine 12a was 

observed in moderate yield with reasonable levels of regiocontrol (Scheme 111). Although 

regioselectivity was lower than that obtained with ether substrate 3b, we were confident that 

with appropriate tuning of the catalytic system, this could be improved. 
























































































































































































