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Abstract

We herein disclose the first report of a first- row transition metal-catalyzed α,β-dehydrogenation 

of carbonyl compounds using allyl-nickel catalysis. This development overcomes several 

limitations of previously reported allyl-palladium-catalyzed oxidation, and is further leveraged for 

the development of an oxidative cycloalkenylation reaction that provides access to bicycloalke-

nones with fused, bridged, and spirocyclic ring systems using unactivated ketone and alkene 

precursors.

Methodological advancements in the area of transition metal catalysis have enabled 

challenging C—C bond formations using unstabilized enolates. Among these advancements 

are α-alkenylation reactions1 that employ a cross coupling strategy (Figure 1A) to unite a 

vinyl halide and a metal enolate to provide synthetically versatile β,γ-enone products. As an 

alternative to cross coupling, seminal work by Saegusa2 and Kende3 demonstrated that 

unactivated alkenes can be employed for the cycloalkenylation4 of ketones using palladium, 

but required the preactivation of the carbonyls as enoxysilanes (Figure 1B). Additionally, 

stabilized enolates5 such as 1,3-diketones can also be employed in cycloalkenylation 

reactions, including using palladium catalysis as reported by Widenhoefer.6

As existing strategies for α-alkenylation require either activated ketone or alkene partners,5 a 

direct alkenylation between unactivated ketones and alkenes by an oxidative approach would 

advantageously allow for the employment of more abundantly available precursors, and 

contribute to increased step-efficiency for cycloalkenylation reactions, which are broadly 

used in natural product synthesis for the construction of carbocycles.4b

Given our previous success using allyl oxidants to promote β-hydride elimination in the 

context of palladium-catalyzed carbonyl dehydrogenation (10),7‘8 we hypothesized that 

allyltransition metal catalysis could also facilitate our desired dehydrogenative 

cycloalkenylation. In particular, we were interested in probing the possibility of using allyl-
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nickel catalysis to facilitate the desired cycloalkenylation reaction due to nickel’s increased 

propensity to undergo migratory insertion.9

The envisioned oxidative cycloalkenylation reaction involves generation of allyl-nickel 

enolate 4 by deprotonation of 1 followed by transmetalation with allyl-nickel species 3. A 

subsequent migratory insertion event with a pendant alkene would generate alkyl-nickel 

species 5 that then undergoes β-hydride elimination to give the desired cycloalkenylation 

product (2) and allyl-nickel-hydride (6). Catalyst turnover by reductive elimination of 6 

gives propene as the stoichiometric byproduct and Ni(0), which completes the catalytic cycle 

via oxidative addition to allyl electrophile 9. Additional mechanistic support comes from 

Tsuji’s observation that allyl-palladium enolates generated by the decarboxylation of allyl β-

ketoesters could undergo migratory insertion and β-hydride elimination with electron-

deficient alkenes to give cycloalkenylation products.10

Despite the often more challenging β-hydride elimination of first-row transition metals,9 

successful development of this methodology would provide a more sustainable and cost- 

effective alternative for allyl-metal-catalyzed β-hydride elimination in both 

cycloalkenylation and carbonyl α,β-dehydrogenation contexts. We also aimed to leverage 

the inherent differences of first- and second-row transition metals to address some of the 

current limitations of allyl-palladium- catalyzed dehydrogenation chemistry. In particular, 

for reluctant substrates that give predominantly Tsuji-Trost allylation byproducts, we 

expected the use of a less electrophilic allyl-nickel species to be more successful.

Unactivated carbonyl compounds can undergo α,β-dehydrogenation by several methods 

including using metal catalysis.11 Stahl has reported an exciting process for ketone and 

aldehyde dehydrogenation using palladium catalysis that is beginning to see widespread 

adoption.12 Dong has also reported a palladium-catalyzed approach for lactams,13 and more 

recently a method employing platinum to dehydrogenate several substrate classes.14 

Methods utilizing first-row metals for dehydrogenation have either focused on activated 

systems that lead to products with extended conjugation, or these intermediates were not 

isolated but rather reacted further to form more stable products.15 This report describes the 

first practical first-row transition metal-catalyzed α,β-dehydrogen- ation of carbonyl 

compounds using nickel-catalysis. The discovery of nickel-catalyzed dehydrogenation was a 

starting point for the development of an oxidative cycloalkenylation of ketone enolates for 

the construction of diverse bicyclic scaffolds.

Ketone 11a was used as our model substrate (Table 1) as we previously identified that 

acyclic ketones were poor substrates for our reported allyl-palladium-catalyzed ketone 

dehydrogenation protocol (entry 1).8 Several first-row metal catalysts were investigated 

(entries 2–6), and encouragingly we found that a similar, albeit low yield of enone 10a could 

be detected using NiBr2(dme) (entry 6), demonstrating the feasibility of a nickel-mediated 

reaction. Investigation of the base (entries 7–9) revealed that our previously disclosed 

hindered lithium anilide base, LiCyan, proved to be most effective.7b

We investigated the scope of the nickel-catalyzed dehydrogenation with particular interest in 

other substrates that were previously unsuccessful with the palladium-catalyzed system 
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(Table 2). A variety of acyclic ketones, including aliphatic (10a-c) and electron-rich aryl 

ketones (10d-e) were efficiently dehydrogenated under the optimized conditions, and 

tolerated acid sensitive acetal and cyclopropane functionality. Primary nitriles (10f) and 

more hindered secondary nitriles ( 10g—j) were also excellent substrates for this nickel- 

catalyzed dehydrogenation. Notably, α-aryl nitriles ( 10i—j ), which predominantly gave 

allylation byproducts when palladium was used, were efficiently dehydrogenated using the 

less electrophilic allyl-nickel system. Similarly, α-aryl ester 10k was also accessed in good 

yield. Unsaturated ester 10l containing N-Piv functionality was also obtained in excellent 

yield. Amides (10m-o) were a viable substrate class for this nickel-catalyzed 

dehydrogenation, including sterically hindered β,β-disubstituted amide 10o.

When we tried our optimized conditions on cyclic ketones, we saw significantly depreciated 

yields. Instead we found that commercially available Zn(TMP)2 was most effective for 

cyclic ketones, as previously demonstrated.8 β-ketoester 10p could be dehydrogenated in 

good yield, despite the possibility of metal chelation by the 1,3-dicarbonyl suppressing 

reactivity. Ketone 10q containing a pendant alkene and mutilin derivative 10r could also be 

accessed. Interestingly, we found that Zn(TMP)2 could also be used to efficiently 

dehydrogenate 5-, 6-, and 7- membered lactones (10s-u) and lactams (10v-x) despite their 

decreased acidity. Notably, unsaturated lactam 10v is a key intermediate needed to access an 

important class of IRAK4 inhibitors.16 While LiCyan is still an effective base for lactones 

and lactams, it was generally observed that Zn(TMP)2 outperformed LiCyan for cyclic 

carbonyl compounds (see Supporting Information). The use of Zn(TMP)2 also provides the 

advantage of a more operationally simple protocol. Under our reaction conditions, structural 

features of the molecule (acyclic or cyclic) seem to dictate the optimal base necessary for 

efficient dehydrogenation.

Furthermore, the development of a nickel-catalyzed system for carbonyl dehydrogenation 

overcomes previous limitations in scope, such as acyclic ketones (10a-e) and allylation-

prone a-aryl substrates (10i—k) and provides an efficient and cost- effective alternative for 

carbonyl dehydrogenation, which has only been demonstrated previously with precious 

metals.

Using our newly established allyl-nickel-based system, we then explored the possibility of 

an oxidative cycloalkenylation of ketones. It was found that with only a minor modification 

to the dehydrogenation conditions using Zn(TMP)2 as base, the desired cycloalkenylation 

could be achieved. The addition of ZnBr2 as an additive was crucial for attaining an efficient 

reaction and a broad substrate scope (see Supporting Information for a broad investigation of 

additives), and highlights the remarkable role of salt additives in transformations involving 

organozinc species.17

The substrate scope was explored with particular interest in the various carbocyclic 

architectures that could be accessed (Table 3). Acyclic ketones could efficiently cyclize with 

a pendant homoallyl group, providing β-methyl cyclohexenone products after alkene 

isomerization to the more thermodynamically stable α,β-enone products (2a—d). 

Importantly, ethyl ketones could also be used despite the possibility of dehydrogenation, 

providing access to tetrasubsituted enone 2b. Enone product 2c highlights that this protocol 
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is selective for cyclization of 6-membered rings rather than 5-membered rings, which is in 

contrast to previous reports of palladium-mediated cycloalkenylations.4 Gratifyingly, 

sensitive furan functionality was also well tolerated (2d). Geminally substituted cyclic 

structures could be used to access spirocyclic motifs in good yields (2e—h) and tolerated the 

acid sensitive N-Boc (2f) and acetal functionality (2g—h).

Bicyclo[4.3.0]nonanes and bicyclo[4.4.0]decanes could also be accessed using this 

methodology as demonstrated by products 2i—q. Access to piperitone derivative 2i 
highlights that 5-membered ring formation is also possible, and 2i was prepared on 1 g scale 

without any depreciation in yield. β,γ-enone 2j can be used to access a variety of 

eudesmane-type sesquiterpene natural products, but was previously reported to be a 

challenging scaffold to access by existing cycloalkenylation approaches.18 Gratifyingly, 

pendant alkenes bearing electron withdrawing groups were also tolerated in the substrate 

scope and could provide α,β-unsaturated ester product 2k as a 2:1 mixture of separable E- 

and Z-isomers. Cycloalkenylation with olefins bearing electron-donating substituents such 

as alkyl or ether groups were not tolerated. Other bicyclo[4.3.0]nonanes (2l —n), such as 

verbenone derivative 2l bearing an acid- sensitive cyclobutane and Boc-protected indole 2n 
were also excellent substrates under the reaction conditions. Cyclo- alkenylation initiated by 

cyclopentanones could also be achieved (2o—q) and demonstrated the tolerance of 

benzonitrile (2p) and TBS-protected alcohol functionality (2q). Indanone 2o was accessed 

using modified reaction conditions that employed 20 mol % catalyst loading and no ZnBr2 

additive, which was found to be an excellent alternative for reluctant substrates. Notably, 

while 6-membered ring formation under previously reported cycloalkenylation methods with 

palladium is challenging,2‘4 this allyl-nickel system provides an efficient disconnection for 

forming cyclohexanes with unactivated alkenes.

Although cycloalkenylation to form fused ring systems was not possible when β-hydride 

elimination was a competing pathway, bridged bicyclic ring systems such as bicyclo[3.3.l]- 

nonanes (2r-1) and bicyclo[3.2.l]octanes (2u), which are important core structures in a 

variety of natural products,19 could be accessed despite the possibility of β-hydride 

elimination. Access to bicyclo[3.3.l]nonane 2r demonstrates the possibility of bifurcating 

reactivity using reagent control (Table 2, 10q), although this was not found to be a general 

phenomenon. Wieland-Miescher ketone derivative 2t containing two ketone functional 

groups selectively underwent cycloalkenylation via the thermodynamic enolate, and 2v 
demonstrates selective cyclization with the axially disposed O- tethered alkene to give a 

bicyclo[3.3.l]nonane rather than with the all-carbon tethered alkene to give a 

bicyclo[3.2.l]octane.

Under the reported reaction conditions, all substrates were completely selective for the exo-

mode of cyclization and gave cis-fused products. No alkene isomerization was observed for 

substrates that gave fused or bridged bicyclic products, which is an advantage over 

previously reported palladium-mediated cycloalkenylations of enoxysilanes, which gave 

isomeric mixtures of alkenes.4

We wanted to probe the identity of the metal responsible for C—C bond formation between 

the ketone enolate and the pendant olefin (Figure 2). Two mechanistic possibilities could be 
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envisioned: one involves the carbometalation of the pendant alkene20 by a zinc enolate and 

the other involves the proposed migratory insertion of an alkene to an allyl-nickel enolate. 

Under the standard conditions, 1i underwent efficient alkenylation (Figure 2a). When 

substrate 1i was heated with Zn(TMP)2 and ZnBr2, we found that the zinc-mediated 

cyclization was indeed possible, albeit in low conversion. Subsequent quenching with D2O 

afforded the fully saturated, deuterated species 12 in 32% yield with 68% deuterium 

incorporation (Figure 2b) and suggests the intermediacy of an alkylzinc intermediate. 

Related cyclizations of activated zinc enolates with unactivated olefins have been reported.21

Despite the possibility of a zinc-mediated cyclization, the subsequent addition of nickel and 

allyl oxidant to effect transmetalation and β-hydride elimination of the alkylzinc species did 

not provide a significant amount of alkenylation product 2i (Figure 2c). Similarly, treatment 

of an alkylzinc intermediate prepared from the corresponding alkyl bromide to identical 

allyl-nickel conditions also provided low yields of alkenylation product (see Supporting 

Information). These results suggest that while a zinc-mediated anionic cyclization followed 

by an allyl-nickel-mediated β-hydride elimination is one possible mechanism for 

cycloalkenylation, the migratory insertion of a nickel enolate cannot be ruled out given 

additional experiments conducted in the absence of zinc (Figure 2d).

The nickel-mediated cyclization was demonstrated to be plausible by treatment of α-bromo 

ketone 13 with a stoichiometric quantity of Ni(cod)2. The low yield for this transformation 

may reflect the importance of the specific ligand sphere accessed through our catalytic 

manifold and emphasizes the synthetic utility of our methodology. Taken together, these 

mechanistic investigations highlight the possibility of both zinc and nickel to mediate C—C 

bond formation between unstabilized enolates and unactivated alkenes. Additional 

mechanistic investigations of the roles of zinc and nickel are ongoing and will be reported in 

due course.

We have effectively expanded allyl-metal catalysis for carbonyl α,β-dehydrogenation from 

palladium to nickel, thereby allowing for the use of a more sustainable and inexpensive first-

row transition metal catalyst. Furthermore, key limitations to the substrate specificity and 

scope of the allyl-palladium-catalyzed α,β-dehydrogenation conditions were overcome 

using the more general nickel-catalyzed reaction conditions for the dehydrogenation of 

ketones, nitriles, esters, and amides. The use of allyl-nickel catalysis also enabled an 

oxidative cycloalkenylation reaction between unstabilized ketone enolates and unactivated 

alkenes, providing access to diverse bicyclic architectures and a new retrosynthetic C—C 

bond disconnection for the synthesis of complex polycyclic molecules.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Strategies for α-alkenylation of ketones.
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Figure 2. 
Mechanistic investigations.

Huang et al. Page 9

J Am Chem Soc. Author manuscript; available in PMC 2020 September 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Huang et al. Page 10

Table 1.

Optimization of α,β-Dehydrogenation

Entry Base Catalyst Yield (%)
a

1 Zn(TMP)2 [Pd(allyl)Cl]2 8

2 Zn(TMP)2 MnBr2 0

3 Zn(TMP)2 FeBr2 0

4 Zn(TMP)2 CoBr2 0

5 Zn(TMP)2 CuBr2 0

6 Zn(TMP)2 NiBr2(dme) 7

7 Zn(TMP)2, ZnBr2 NiBr2(dme) 12

8 LiTMP, ZnBr2 NiBr2(dme) 61

9 LiCyan, ZnBr2 NiBr2(dme) 69

a1H-NMR yield was determined using 1,3,5-trimethoxybenzene as an internal standard.
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Table 2.

Scope of Carbonyl and Nitrile α,β-Dehydrogenation

a
1.2 equiv Zn(TMP)2 and no ZnBr2 was used.

b
1,4-Dioxane was used as solvent.

c
Reaction conducted at 23 °C.

d
1.0 equiv diethyl allyl phosphate was used.
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Table 3.

Scope of Oxidative Cycloalkenylation

a
2.0 equiv Zn(TMP)2 was used.

b
20 mol % NiBr2(dme) and no ZnBr2 was used.

c
40 °C.
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d
1.5 equiv Zn(TMP)2 was used.
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