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ABSTRACT: Herein we report Ni-catalyzed intramolecular carboacylation of imides containing a tethered alkene and tetraarylborate 
nucleophiles. Using a nickel-phosphine catalyst system, -substituted, -amino ketones are generated in up to 92% yield with site 
selectivity.  Deprotection and cyclization of the -amino ketone product afforded a cyclic imine in 71% yield, and a stereoselective 
reduction formed the -substituted, -amino alcohol in 66% yield with 2.3:1 d.r. and 94% ee (major diastereomer).

Transition metal-catalyzed dicarbofunctionalization reactions 
of alkenes are important tools in the development of 
functionally complex compounds from commercially available 
feedstocks.1 Our group and others have focused on the 
development of arylacylation reactions of alkenes to rapidly 
generate ketones.2 These arylacylation reactions fall into two 
general categories: 1) activation of a C-C bond to form a aryl-
metal-acyl intermediate1a, 2a, 2b, 2d-g, 2i and 2) direct activation of 
the C-X bond of a carboxylic acid derivative to form a metal-
acyl intermediate.2h, 2j-l, 2n-p, 2r The former strategy has been 
leveraged to make a variety of structurally complex ketones, but 
this approach requires relatively complex starting materials 
and/or challenging removal of directing groups. The latter 
approach has drawn significant interest in recent years due to 
the variety of readily accessible carboxylic acid derivatives. 
Our group and the Newman group have reported intramolecular 
arylacylation reactions of ortho-allylbenzamides and ortho-
allylbenzoate esters with arylboron nucleophiles.2k, 2l, 2r These 
reactions provide proof-of-concept for transition metal-
catalyzed arylacylation of alkenes with carboxylic acid 
derivatives and arylboron nucleophiles. However, these 
reactions require preorganization of the acyl and alkene 
coupling partners and are limited to the formation of substituted 
indanones. 
The utility of arylacylation reactions of alkenes would be 
greatly expanded by the ability to perform intermolecular, 
three-component couplings of carboxylic acid derivatives, 
alkenes, and arylboron reagents. To this end, our group and 
others have shown that intermolecular arylacylation reactions 
of strained, bicyclic alkenes occur to form functionalized 
ketones in good-to-excellent yields (Scheme 1A).1e, 2l However, 
these types of intermolecular arylacylation reactions are not 
general for alkenes beyond those that are strained and bicyclic. 

We envisioned identifying a catalyst system capable of 
coupling a  
Scheme 1. Arylacylation Reactions 
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range of alkenes with acyl electrophiles and aryl nucleophiles. 
In particular, we targeted reactions of homoallylic amines with 
carboxylic acid derivatives and an arylboron nucleophile as a 
novel entry to the -amino ketone motif found in a variety of 
pharmaceuticals and biologically active compounds (Scheme 
1B).3 Based on our preliminary studies, these types of 
intermolecular arylacylation reactions are challenging because 
the rate of migratory insertion of unactivated alkenes into the 
acyl-metal bond is slow relative to catalyst decomposition and 
competing reaction pathways. 
We sought to address these limitations by designing a reactant 
for pseudo-intermolecular alkene arylacylation (Scheme 1C). 
Our knowledge of imide activation2k, 2l, 2n led us to evaluate N-
homoallylimides in which activation of the acyl C-N bond leads 
to cleavage of the homoallylic amine unit from the acyl 
coupling partner. This approach would provide rapid access to 
-amino ketones via a formal intermolecular coupling of a 
carboxylic acid derivative, a homoallylic amine, and an aryl 
nucleophile. Moreover, we hypothesize this strategy will 
mitigate the need for strained, bicyclic alkenes that lead to fast 
migratory insertion by pre-organizing the acyl and alkene units 
within the same Ni(II) complex. This pre-organization has the 
potential to limit the impact of competing reaction pathways 
and improve the rate of migratory insertion of an unactivated 
alkene into the Ni-C(acyl) bond. 
Table 1. Optimization Studies 

 

Entry Deviation from Standard Conditions Yield (%)a 

1 none 92b,c 

2 95 C 41 

3 rt 20 
4 5 mol% Ni(cod)2, 10 mol% PtBu3 72 
5 10 mol% PtBu3 85 
6 No H3BO3 26 
7 2 equiv H3BO3 65 
8 2 equiv BPh3 instead of NaBPh4 0 
9 2 equiv BPh3, no NaBPh4 or H3BO3 0 
10 20 mol% BPh3 48 
11 20 mol% BPh3, no H3BO3 0 

aDetermined by 1H NMR spectroscopy using dibromomethane 
as internal standard. bIsolated Yield. cReaction Conditions: 1a 
(0.100 mmol), NaBPh4 (0.200 mmol), H3BO3 (0.100 mmol), PtBu3 
(0.020 mmol), Ni(cod)2 (0.010 mmol), 1,4-dioxane (1 ml), 18 h at 
40C.  

We began our investigation by evaluating the reactivity of N-
benzoyl-N-(but-3-en-1-yl)benzamide 1a as a model substrate 
(Table 1). The reaction of 1a with sodium tetraphenylborate 
(NaBPh4) in the presence of boric acid and a catalyst generated 
from Ni(cod)2 and tri-tert-butylphosphine (P(t-Bu)3) formed 
amino ketone 2a in 92% yield (entry 1). We found the following 
reactions parameters led to the formation of amino ketone 2a in 

high yield: a 1:2 ratio of catalyst to ligand;  2 equivalents of the 
NaBPh4 nucleophile;  and 1 equivalent of boric acid at 40 C in 
1,4-dioxane. 
During optimization studies, we found the reaction temperature 
significantly impacts the yield of amino ketone 2a. Increasing 
the reaction temperature resulted in lower yields of 2a due to 
decarbonylation from the intermediate acylnickelamidate  
species followed by transmetalation and reductive elimination 
to generate biphenyl (entry 2). Lowering the reaction 
temperature to room temperature led to low yield of 2a (20%) 
with nearly quantitative recovery of the balance of the mass as 
starting material 1a (entry 3).  Lowering the catalyst loading 
and changing the ratio of Ni:ligand from 1:2 to 1:1 led to slight 
decreases in the yield of 2a (entries 4 and 5). Eliminating the 
boric acid additive from the reaction leads to a significant 
decrease in the yield of 2a (entry 6). However, increasing the 
loading of boric acid is also detrimental to the yield of the 
reaction (entry 7).  
Our intial hypothesis was that the beneficial effects of boric acid 
were likely a result of reaction with sodium tetraphenylborate 
to generate triphenylborane during the course of the reaction. 
The triphenylborane could serve to activate the imide substrate 
1a or serve as the active organoboron nucleophile in the 
reaction.2l In an effort to identify the active organoboron 
nucleophile, we conducted our model reaction with 2 equiv of 
triphenylborane instead of sodium tetraphenylborate in the 
presence and absence of boric acid (entries 8 and 9). These 
reactions did not lead to the formation of amino ketone 2a, 
suggesting that triphenylborane is not the active organoboron 
nucleophile.  In fact, addition of catalytic quantities of 
triphenylborane as an additive is detrimental to the yield of 
amino ketone 2a (entries 10 and 11). Taken together, these 
results suggest that boric acid plays a role in activation of the 
imide substrate and that sodium tetraphenylborate is likely the 
active organoboron nucleophile. 
Table 2. Substrate Scopea

 

Entry R Product Yield (%) 
1 C6H5 2a 92 (92)b 

2 p-CH3C6H4 2b 86 
3 p-FC6H4 2c 71 
4 p-OCH3C6H4 2d 70 
5 m-CH3C6H4 2e 77 
6 C6H11 2f 61 
7 p-CF3C6H4 2g 10c 

8 m-OCH3C6H4 2h 24c 
9 o-CH3C6H4 2i 16c 
10 o-FC6H4 2j 21c 
11 CH3 2k 0c 

aReaction Conditions: 1a (0.200 mmol), NaBPh4 (0.400 mmol), 
H3BO3 (0.200 mmol), PtBu3 (0.040 mmol), Ni(cod)2 (0.020 mmol), 
1,4-dioxane (2 ml), 18 h at 40C. Yields of 2a-f are isolated yields 



 

after column chromatography. bReaction run at 1 mmol scale. 
cYields determined by 1H NMR spectroscopy using 
dibromomethane as internal standard. 

Unfortunately, the scope of the reaction with respect to sodium 
tetraarylborate nucleophiles is limited to sodium 
tetraphenylborate. As shown in Table 1, entry 1, the model 
reaction of 1a with commercial sodium tetraphenylborate 
purchased from Sigma-Aldrich) led to the formation of 2a in 
92% yield (see Table S1, entry 2). The reaction of 1a with 
sodium tetraphenylborate synthesized from phenylmagnesium 
bromide and sodium tetrafluroborate formed 2a in 91% yield.4 
However, reactions of sodium tetra(p-tolyl)borate, sodium 
tetra(4-methoxyphenyl)borate, and sodium tetra(4-
fluorophenyl)borate, prepared from the appropriate Grignard 
reagent and sodium tetrafluoroborate, with 1a in the presence 
of the nickel catalyst did not lead to the formation of the 
corresponding amino ketone products (see Table S1, entries 3-
5). 
With practical reactions conditions in hand, we investigated 
reactions of a range of substituted N-benzoyl-N-(but-3-en-1-
yl)benzamides (Table 2). Reactions of N-benzoyl-N-(but-3-en-
1-yl)benzamides containing electron-donating and mildly 
electron-withdrawing substituents at the para position formed 
products 2b-2d in 70-86% yield. The reaction of N-(but-3-en-
1-yl)-3-methyl-N-(3-methylbenzoyl)benzamide formed 
product 2e in 77% yield. In addition, the reaction of N-(but-3-
en-1-yl)-N-(cyclohexanecarbonyl)cyclohexancarboxamide 
formed -amino ketone 2f in 61% yield.   
Unfortunately, reactions of symmetrical N-benzoyl-N-(but-3-
en-1-yl)benzamides do not form -amino ketones in high yields 
in many instances (Table 2). For example, N-benzoyl-N-(but-3-
en-1-yl)benzamides containing electron-withdrawing groups 
react to form -amino ketones in low yields (10-24%). 
Reactions of N-benzoyl-N-(but-3-en-1-yl)benzamides 
containing ortho substitution are inefficient and lead to the 
corresponding -amino ketones in 16-21% yield. In addition, N-
acetyl-N-(but-3-en-1-yl)acetamide was unreactive. Imides 
containing N-allyl, N-bis-homoallyl and substituted homoallyl 
groups did not generate the corresponding amino ketone 
products.   
Table 3. Unsymmetric Imide Substrate Scope 

 

R R´ Product Yield 
(%) 

2:2 
Ratio 

C6H5 p-CF3C6H4 2l 75 1.9:1 
p-OCH3C6H4 p-CF3C6H4 2m 90 4:1 
p-CF3C6H4 o-CH3C6H4 2na 44 >20:1 
p-CF3C6H4 Mes 2o 40 >20:1 
p-CF3C6H4 o-OCH3C6H4 2pa 60 >20:1 

m-OCH3C6H4 o-OCH3C6H4 2qa 62 >20:1 

Ac o-OCH3C6H4 2ra 25 >20:1 
C6H5 Cy 2sa 68 >20:1 

aReaction run at 60 ºC.  

Following studies on the scope of reactions with symmetrical 
N-benzoyl-N-(but-3-en-1-yl)benzamides, we sought to leverage 
the lack of reactivity observed with N-benzoyl-N-(but-3-en-1-
yl)benzamides containing strongly electron-deficient aryl 
groups or ortho-substituted aryl groups to facilitate selective C-
N bond activation in unsymmetrical N-homoallylimide 
substrates (Table 3). By pairing the p-trifluoromethyl 
substituted benzoyl group with the electron-neutral phenyl and 
electron-rich p-methoxybenzoyl derivatives, we found that N-
benzoyl-N-(but-3-en-1-yl)-4-(trifluoromethyl)benzamide and 
N-(but-3-en-1-yl)-4-methoxy-N-(4-
(trifluoromethyl)benzoyl)benzamide generated 1.9:1 and 4:1 
mixtures of two -amino ketone regiomers in 75% and 90% 
yield, respectively (Table 3, products 2l and 2m). These 
regioisomeric mixtures indicate that selective reaction of the  
imide C-N bond of the more electron-rich benzoyl group is 
favored.  
We next sought to investigate the impact of sterics on imide 
activation as a way to improve on the modest selectivity 
observed by differentiating the electronic properties of the 
benzoyl groups present in the unsymmetrical N-homoallylimide 
substrates. Reactions of unsymmetrical N-homoallylimides 
containing a 4-trifluoromethylbenzoyl group and an ortho-
substituted benzoyl group led to greater than >20:1 selectivity 
favoring C-N bond activation of the less hindered benzoyl 
group (products 2n-p). For example, the reaction of N-(but-3-
en-1-yl)-2-methoxy-N-(4-(trifluoromethyl)benzoyl)benzamide 
forms product 2p in 60% yield with greater than >20:1 
regioselectivity. This result is remarkable as the ketone product 
is formed in good yield despite the requirement for selective 
reaction of an electron-deficient benzoyl group which proved 
problematic in the context of symmetrical N-homoallylimide 
substrates.  
Scheme 2. Proposed Mechanism 

   

A plausible reaction mechanism is presented in Scheme 2. 
Oxidative addition of N-homoallylimide 1 in the presence of the 
Ni(0) catalyst leads to the formation of acyl-nickel-amidate 



 

intermediate I. Subsequent isomerization of the acyl and 
amidate ligands and coordination of the alkene generates 
intermediate II. Migratory insertion of the alkene into the Ni-
C(acyl) bond forms intermediate III. Transmetalation of 
intermediate III with NaBPh4 in the presence of boric acid 
generates intermediate IV. Reductive elimination from 
intermediate IV liberates the -amino ketone product and 
regenerates the Ni(0) catalyst.  
The results of reactions of symmetrical imides containing 
electron-deficient acyl groups in combination with the 
reactivity and selectivity observed in reactions of the 
unsymmetrical imides provide insight into the requirements for 
efficient carboacylation reactions. The reaction of symmetrical 
N-(but-3-en-1-yl)-4-(trifluoromethyl)-N-(4-
(trifluoromethyl)benzoyl)benzamide 1g leads to 40% 
conversion of the imide starting material but only 10% yield of 
the -amino ketone product 2g (Table 2, entry 7).2j This result 
suggests oxidative addition to form the corresponding acyl-
nickel-amidate intermediate I is feasible. The low product yield 
may result from dissociation of the electron-deficient amidate 
ligand leading to relatively slow migratory insertion and a 
significant rate of decarbonylation of the Ni-acyl intermediate. 
It is also possible that migratory insertion into the Ni-acyl bond 
of an electron-deficient acyl group is slow relative to migratory 
insertion into the Ni-acyl bond of an electron-rich acyl ligand.2c, 

2n, 5 The reaction of N-(but-3-en-1-yl)-4-methoxy-N-(4-
(trifluoromethyl)benzoyl)benzamide proceeds selectively 
through an acyl-nickel-amidate intermediate  containing an 
electron-deficient amidate ligand and an electron-rich acyl 
ligand (Table 3, product 2m). The carboacylation reaction 
occurs in high yield. This result is consistent with faster rates of 
migratory insertion into Ni-C(acyl) bonds with electron-rich 
acyl groups. However, the electronic differentiation between a 
p-methoxybenzoyl group and a p-trifluoromethylbenzoyl group 
does not lead to synthetically useful regioselectivity. Oxidative 
addition of N-(but-3-en-1-yl)-2-methoxy-N-(4-
(trifluoromethyl)benzoyl)benzamide occurs selectively into the 
more electron-deficient acyl group to generate an acyl-nickel-
amidate intermediate containing an electron-rich amidate ligand 
and an electron-deficient acyl ligand. The corresponding 
carboacylation reaction occurs to form the ketone product in 
60% yield despite migratory insertion occurring into a Ni-
C(acyl) bond with an electron-deficient acyl group. This result 
is consistent with more electron-rich amidate ligands leading to 
faster relative rates of migratory insertion. The relatively faster 
rates of migratory insertion may result from an equilibrium 
favoring association of the amidate ligand to the metal center in 
conjuction with electron-rich amidate ligands leading to 
relatively slow rates of decarbonylation of the Ni-acyl 
intermediate.   
The ability to selectively activate C-N bonds in unsymmetrical 
N-homoallylimide substrates and an understanding of the 
factors that lead to productive carboacylation led us to validate 
this approach in a selection of additional unsymmetrical N-
homoallylimides. The reactions of N-(but-3-en-1-yl)-2-
methoxy-N-(3-methoxybenzoyl)benzamide and N-acetyl-N-
(but-3-en-1-yl)-2-methoxybenzamide formed ketones 2q and 
2r in 62 and 25% yield, respectively (products 2q and 2r). 
These results contrast the poor yields observed in reactions of 
symmetrical N-homoallylimide substrates containing either 3-
methoxybenzoyl or acetyl groups.  The reaction of N-(but-3-en-
1-yl)-N-(cyclohexanecarbonyl)benzamide containing one 

aromatic acyl group and one aliphatic acyl group generated the 
aromatic ketone product in 68% yield with >20:1 selectivity. 
We then investigated two synthetic applications of the 𝛾-amino 
ketone product: (1) amine deprotection followed by imine 
condensation to generate a 3,4-dihydro-2H-pyrrole and (2) 
asymmetric transfer hydrogenation in conjunction with 
dynamic kinetic resolution6 to generate chiral β-substituted, δ-
amino alcohols (Scheme 3). A sequence of activation of 2a, 
cleavage of the benzyl protecting group,7 and treatement with 
TFA8 generated 3,4-dihydro-2H-pyrrole 3 in 44% yield over 3 
steps. Asymmetric transfer hydrogenation of 2a in the presence 
of catalytic RuCl(mesitylene)[(S,S)-Ts-DPEN)] 4 formed β-
substituted, δ-amino alcohol 5 in 66% yield with 2.3:1 dr and 
94% ee (major diasteromer) and 93% ee (minor diastereomer).  
Scheme 3. Applications  

 

In summary, we report the intramolecular carboacylation of 
imides containing a tethered unactivated alkene to generate ɑ-
substituted, 𝛾-amino ketones.  This transformation allows for 
expedited access to a challenging amino ketone motif in up to 
92% yield. We also demonstrate the ability to transform 
unsymmetric imides into ɑ-substituted, 𝛾-amino ketones by 
selective activation of one C(acyl)-N bond over another. 
Electronic differentiation of the imide acyl groups leads to 
modest selectivity. However, steric differentiation of the imide 
acyl groups enables selective activation of the more accessible 
C(acyl)-N bond and the formation of the corresponding ɑ-
substituted, 𝛾-amino ketones with >20:1 regioselectivity. We 
also demonstrate the utility of this synthetic method via 
deprotection and cyclization to form a 3,4-dihydro-2H-pyrrole 
and asymmetric transfer hydrogenation to generate a chiral, 
non-racemic β-substituted, δ-amino alcohol.  
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