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Phosphine-Catalyzed [4+1] Cycloadditions of Allenes with Methyl 

Ketimines, Enamines, and A Primary Amine 

 Ze-Hun Cao†[a], Yu-Hao Wang†[a], Subarna Jyoti Kalita[a], Uwe Schneider[b] and Yi-Yong Huang*[a]  

 

Abstract: Unprecedented phosphine-catalyzed [4+1] cycloadditions 

of allenyl imides have been discovered using various N-based 

substrates including methyl ketimines, enamines, and a primary 

amine. These transformations provide a one-pot access to 

cyclopentenoyl enamines and imines, or (chiral) γ-lactams via two 

geminal C–C bond or two C–N bond formations, respectively. Several 

P-based key intermediates including a 1,4-(bis)electrophilic α,β-

unsaturated ketenyl phosphonium species have been detected by 31P 

NMR and HRMS analyses, which shed light on the postulated 

catalytic cycle. The synthetic utility of this new chemistry has been 

demonstrated through a gram-scaling up of the catalytic reaction as 

well as regioselective hydrogenation and double condensation to form 

cyclopentanoyl enamines and fused pyrazole building blocks, 

respectively. 

Introduction  

Nucleophilic catalysis, e.g. the conjugate addition of a phosphine 
or an amine catalyst across electrophilic allenes to generate 
reactive zwitterionic intermediates, has emerged as an 
indispensable method for the synthesis of both carbocycles and 
heterocyles.[1] Catalytic nucleophile-induced annulation between 
allenyl esters and imines has drawn great attention since Lu’s 
pioneering work in 1997.[2] To date, five types of allene–imine 
annulations have been established to build diverse N-
heterocycles (Scheme 1). (1) Lu’s phosphine-catalyzed [3+2] 
cycloaddition using non-substituted allenyl esters (R1 = R2 = H; 
Scheme 1a): zwitterionic intermediate A has been involved to give 
various racemic[3] and enantiomerically enriched[4] functionalized 
pyrrolines through α-C–C and γ-C–N bond formations; (2) Shi’s 
[2+2] cycloaddition using the same types of substrates and 
generating an isomerizable intermediate with DABCO or cinchona 
alkaloid amide catalysts (Scheme 1b): racemic[5] and 
enantiomerically enriched azetidines[6] have been formed 
stereoselectively through γ-C–C and β-C–N bond formations; (3) 
Kwon’s phosphine-catalyzed [4+2] cycloaddition using α-
substituted allenyl esters (R1 = CH2R3, R2 = H; Scheme 1c):[7] 1,4-
dipole B has been generated as a key intermediate to form 
tetrahydropyridines through γ-C–C and β’-C–N bond formations. 
Here, the electron delocalization in B is extended to the β’-C 

atom[8]; (4) Kumar’s phosphine-catalyzed [3+2] cycloaddition 
using α-substituted allenyl esters (R1 = CH2CO2Et, R2 = H; 
Scheme 1d):[9] In contrast to Kwon’s mode, a zwitterionic 1,3-
dipole C was engaged in the annulation through β’-C–C and β-C–
N bond formations when isatine-derived N-Boc-ketimines were 
used; (5) Huang’s sequential domino annulations using γ-benzyl 
allenyl esters (R1 = H, R2 = CH2Ar; Scheme 1e) to give 
(poly)heterocycles: here, the electron delocalization in 
intermediate D is extended to the δ-C atom.[10] Based on the 
putative reaction mechanisms, these allene-derived zwitterionic 
intermediates all exhibit initial nucleophilicity to imines, and play a 
pivotal role in the above dipolar cycloadditions. From the 
viewpoint of both mechanism- and diversity-oriented synthesis, 
the development of fundamentally distinct allene‒imine 
annulation methodologies to generate complex molecules in a 
simple and efficient manner is still in great demand but remains a 
significant challenge. Assuming that new reactive intermediates 
may be discovered in the event, these could be trapped by other 
reaction partners with the purpose of widening the synthetic 
versatility. 
 

 
Scheme 1. Pioneering examples of allene‒imine annulations via nucleophilic 
catalysis. 
 

In our earlier study, allenyl imides bearing a 2-oxazolidinyl 
group has been successfully subjected to a Lewis acid-catalyzed 
[2+2] cycloaddition/isomerization sequence with non-activated 
aldimines.[11] Further exploiting allenyl imides in phosphine 
catalysis are based on the following observations and 
anticipations: (1) we previously found that the 2-oxazolidinyl 
group of an α,β-alkenyl imide was readily detached when exposed 
to nucleophiles (Scheme 2a);[12] (2) a common approach to 
ketenes is base-mediated elimination of HCl from acyl chlorides 
(Scheme 2b);[13] (3) upon reaction of allenyl imide 1 with a 
nucleophilic phosphine catalyst, nucleophilic zwitterionic 
intermediate E is initially formed via conjugate addition; the 
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elimination of the 2-oxazolidinyl group may result in the 
generation of the intriguing α,β-unsaturated ketenyl phosphonium 
intermediate F; the latter may act as a 1,4-(bis)electrophile and 
trigger unprecedented annulations (Scheme 2c). It is noted that 
the synthetic utility of 1,4-(bis)electrophilic intermediates 
generated via phosphine-induced elimination of an acetate group 
from β'-acetoxy allenyl esters has been reported by Tong,[14] Fu,[15] 
and Lu;[16] to the best of our knowledge, however, the use of 
imines as reaction partners in this context is unprecedented. In 
order to test the possibility of generating and synthetically 
exploiting intermediate F, methyl N-tosyl ketimines have been 
chosen as reactions partners (Scheme 2c). These imines may 
serve as both 1C,1C-(bis)nucleophiles or 1C,3N-
(bis)nucleophiles[17] to capture the putative 1,4-(bis)electrophile F, 
which may result in [4+1] or [4+3] annulations, respectively. If a 
[4+1] pathway proceeded,[18] the construction of a functionalized 
cyclopentenone motif[19] under atypical metal-free conditions 
would be anticipated.[20] In this context, in view of producing 
synthetically useful cyclopentenonyl enamines and imines, we 
report herein original results on novel [4+1] annulations of allene 
1 with methyl ketimines and enamines (two geminal C–C bond 
formations through a one-pot method). Indeed, the synthesis of 
these building blocks and their applications have drawn particular 
interest;[21] e.g. pyracyclumines C, A, and D ‒isolated from the 
roots of Anacyclus pyrethrum feature this type of key sub-
structure (Scheme 2c).[22] These transformations feature both P-
based intermediates of opposite polarity and products of distinct 
connectivity compared with the reported allene–imine annulations 
(cf. Scheme 1). In addition, 31P NMR and HRMS analyses 
regarding the reaction mechanism have been carried out, leading 
to the extension of this methodology to the use of an amine 
(formation of γ-lactams; two geminal C–N bond formations one- 
pot). 

 

 

Scheme 2. New reaction design for allene‒imine annulations. 

Results 

Optimization of reaction conditions for the allene‒imine 
annulation. We commenced the study using allenyl imide 1 and 
ketimine 2a in the presence of tertiary phosphine catalysts (Table 
1). The use of PPh3 and PCy3 in DCM at 30 oC for 24 h did not 
promote the [4+1] cycloaddition in acceptable yields (entries 1 
and 2); on the other hand, the use of the more nucleophilic PBu3 
(20 mol%) increased the yield of product 3a to 54% (entry 3). In 
3a, the α-methyl group of 2a was found to be connected to the γ- 
and carbonyl carbon atoms of 1 with an apparent loss of the 2-
oxazolidinyl leaving group (two C–C geminal bond formations). 
The structural assignment of 3a with a (Z)-configured enamine 
unit was spectroscopically determined and later confirmed by X-
ray crystallography of product 3k (vide infra). Significantly, the 
successful [4+1] reaction outcome validated our hypothesis in 
Scheme 2c, especially the in situ formation of 1,4-(bis)electrophile 
E; a plausible reaction pathway for the formation of 3a is detailed 
vide infra. Next, a solvent screening was carried out (entries 4–
13); the reaction in benzene gave 3a in 60% yield within 3 h (entry 
9). However, further experimentation did not lead to a better result 
(entries 10–12). Likewise, the use of Brønsted basic additives 
including Cs2CO3 has proved disappointing (see Table S–1). To 
our delight, product 3a was obtained in 70% yield when 
dichloroethane was used as a solvent (entry 13). 
 
Table 1. Optimization of conditions for the reaction between 1 and 2a.[a] 

 

Scope for the use of methyl ketimines. With the optimized 
conditions in hand, we focused on the methyl ketimine scope 
(Scheme 3). Pleasingly, a range of highly functionalized 
cyclopentenonyl enamines 3 were constructed in 40‒78% yield.  
When MeO or F groups were introduced at the ortho (2b‒c), meta 
(2e‒f), and para (2h‒i) positions of aromatic ketimines, the 
corresponding cycloadducts 3 were isolated in comparable yields. 
The use of substrate 2d with an electron-withdrawing group (CF3) 
at the meta position gave product 3d in 45% yield.  The use of 
substrates bearing methyl and halide substituents (Cl, Br, and I) 
at the para position gave the corresponding products 3 in 49‒60% 
yield; the structure of compound 3k was further confirmed by X-
ray crystallographic analysis.[23] The use of meta,para-
disubstituted ketimines was found to be compatible with the 
reaction conditions; here, it is noted that methyl groups (3m, 78%) 
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proved to be more suitable than fluoro groups (3n, 47%). Both 1-
naphthyl and 2-naphthyl substitution was tolerated to give 
products 3o and 3p in 75% and 61% yield, respectively. Likewise, 
heterocylic ketimines including 2-furyl and 2-thienyl groups 
underwent the [4+1] cycloaddition leading to products 3q and 3r 
in 61% and 69% yield, respectively.  Notably, the transformation 
using the very challenging (bis)aliphatic ketimine 2s proceeded at 
60 oC, providing product 3s in a respectable 40% yield.  
 
Scheme 3. Scope for the use of methyl ketimines 2.[a,b] 

 
 
Optimization of reaction conditions for the allene‒enamine 
annulation. In view of a potential imine/enamine tautomerism 
under the employed basic conditions, the possibility of directly 
using enamines instead of methyl ketimines was examined. We 
were pleased to find that this transformation was indeed 
successful with enamine 4a giving rise to the corresponding [4+1] 
cycloadduct 5a, in which an all-carbon quaternary stereocenter 
was constructed (Table 2).  While other solvents have proved less 
suitable (entries 1–3), the intended reaction proceeded in DCE at 
30 oC for 24 h to give 5a in 44% yield (entry 4). The use of a variety 
of inorganic Brønsted base additives seemed to accelerate the 
transformation (entries 5‒11); the best result was obtained in the 

presence of 20 mol% of cesium carbonate (3 h, 47% yield; entry 
7). 
 
Table 2. Optimization of conditions for the reaction between 1 and 4a.[a] 

 
 
Scope for the use of enamines. Next, we firstly examined the 
scope of methyl enamines (R = Me; Scheme 4). The use of 
enamines bearing electron-rich substituents at the aromatic core 
displayed higher reactivity than electron-neutral substrates, 
although there was only a marginal impact on the corresponding 
yields (5b‒j, 41‒51%). It is noted that the conversion of halide-
substituted substrates was uniformly performed at 60 oC. Finally, 
a more challenging ethyl-substituted enamine (R = Et, 4k) was 
tested to give product 5k in a respectable 49% yield. 
 
Scheme 4. Scope for the use of enamines 4.[a,b] 
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Control experiments and mechanistic study. In order to shed 
light on the reaction pathway of this complex transformation, a 
couple of control experiments were carried out (Scheme 5). Firstly, 
allene 1 and a benzaldehyde-derived aldimine were reacted in the 
presence of a catalytic amount of PBu3 or PPh3 in DCM; however, 
the reaction did not occur (Scheme 5a). This result stands in 
sharp contrast to the studies by Lu[2] and Kwon,[7] and suggests 
that the use of an allenyl imide –instead of the corresponding 
ester– involves a novel reactive key intermediate clearly distinct 
from the reported intermediates A and B (cf. Scheme 1). Secondly, 
in order to confirm the effect of water in the assumed proton 
transfer of this phosphine catalysis,[24] D2O was used as a 
stoichiometric additive (Scheme 5b). The use of 1.0 equiv of D2O 
had no influence on both rate and yield of 3a (65%); here, the 
corresponding product 3a–d was not even detected. On the other 
hand, the use of 3.0 equiv of D2O promoted the incorporation of 
deuterium in the product (33%), while the yield of 3a decreased 
to 27%. These results may suggest that water does not play a key 
role in the catalytic cycle. 
 
Scheme 5. Control experiments using an aldimine or ketimine 2a in the 
presence of D2O. 

 

 
 
 
 
 

 
 
 
 
 
 
Figure 1. 31P NMR monitoring experiments. 

 

 
 

 
Figure 2. HRMS analysis of the reaction system. 

 
In addition, the reaction system has been examined by 31P 

NMR spectroscopy and high-resolution mass spectrometry 
(HRMS; Figures 1 and 2). Initially, allenyl imide 1 and PBu3 were 
reacted at an equimolar ratio in CDCl3 (1.0 M) at 30 oC for 30 min 
(0.05 mmol scale); this reaction was monitored by 31P NMR 
spectroscopy (Figure 1). This experiment revealed the detection 
of four new signals (δ = 25.6, 27.8, 32.8, 37.4 ppm) with the major 
resonance being at 25.6 ppm [in addition to PBu3 (δ = –30.6 ppm) 
and P(O)Bu3 (δ = 48.4 ppm)]. These novel peaks have been 
ascribed to zwitterionic and α,β-unsaturated ketenyl 
phosphonium intermediates E and F, respectively (Figure 1) – as 
confirmed by HRMS; the presence of several signals may be 
explained by rotational isomers of E and/or F in a slow equilibrium 
(relative to the 31P NMR time scale). Next, an aliquot taken from 
the reaction mixture of allenyl imide 1 and ketimine 2a in the 
presence of PBu3 under standard conditions (6 h) was analyzed 
by HRMS using both electrospray ionization (ESI) and 
atmospheric pressure chemical ionization (APCI) methods. Here, 
four major peaks were detected, and these could be ascribed to 
four key intermediates (Figure 2). For instance, the cation signal 
at m/z = 370.2500 (ESI) would correspond to the protonated form 
of zwitterionic species E. Likewise, the ion signals at m/z = 
283.2181 and 556.3002 (APCI) would correspond to α,β-
unsaturated ketenyl phosphonium species F and the protonated 
form of zwitterionic C–C bond adduct G, respectively. In addition, 
the ion peak at m/z = 454.2533 may be attributed to the cationic 
C–N bond adduct H derived from the reaction between F and in 
situ-generated TsNH2 (formed by hydrolysis of ketimine 2a).  This 
unexpected result has inspired us to design a novel [4+1] 
annulation between allenyl imides and TsNH2 (two geminal C–N 
bond formations one-pot; vide infra). 
 
Plausible reaction mechanism. Based on the collected data 
above, a plausible reaction mechanism has been proposed for the 
formation of products 3 or 5 from starting materials 1 and 2 or 4, 
respectively (Figure 3). Initially, conjugate nucleophilic addition of 
PBu3 to allenyl imide 1 would result in the generation of 
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zwitterionic intermediate E, which would form α,β-unsaturated 
ketenyl phosphonium species F, a 1,4-(bis)electrophile, through 
loss of the 2-oxazolidinyl anion. This Brønsted base would 
deprotonate the N–H of enamine substrate 4 to form aza-enolate 
I; 4 may be generated via tautomerization if methyl ketimine 
substrate 2 is used. Nucleophile I would add preferentially to the 
electrophilic C(sp) center of species F (first C–C bond formation). 
The resulting zwitterionic allyl intermediate F (cf. Figure 2) may 
tautomerize to the more stable species J (1,3-proton transfer), in 
which an intramolecular nucleophilic addition would readily occur 
between the carbanion center and the electrophilic alkene moiety 
to generate ylide intermediate K (second C–C bond formation; 5-
endo-trig). K may isomerize to the more stable species L (1,2-
proton transfer), from which imine product 5 would be formed by 
elimination of PBu3 (catalyst turnover). If R = H, 5 would 
tautomerize to the corresponding enamine product 3 (1,3-proton 
transfer). 
 

 
Figure 3. Plausible reaction mechanism. 

 
Synthetic utility. Finally, the synthetic utility of this new chemistry 
was examined (Scheme 6). The catalytic [4+1] cycloaddition 
using 1 and 2a has proved amenable to a gram-scale experiment 
to give product 3a in 64% yield (Scheme 6a). Next, a couple of 
chemical transformations using 3a were tested. Firstly, Pd/C-
catalyzed regioselective hydrogenation of the more electron-poor 
C=C double bond in 3a was carried out to form the corresponding 
cyclopentanonyl enamine building block 6 in 89% yield (Scheme 
6b). Secondly, the enaminone fragment in 3a was converted to 
the pyrazole sub-structure in 7 through double condensation with 
phenyl hydrazine (65% yield; Scheme 6b). Finally, based on the 
unexpected detection of intermediate H by HRMS analysis (cf. 
Figure 2), it was found that this new catalytic method was 
applicable to using TsNH2 as a 1N,1N-(bis)nucleophile to give a 
novel entry to N-heterocycles,[25] i.e., γ-lactams such as 1,2-
dihydropyrrol-5-one 8 (from allene 1) and 9 (from α,γ-disubstituted 
allene 1ʼ) (two geminal C–N bond formations one-pot).[26] 
Significantly, when chiral phosphine catalyst (S)-SITCP was used, 
chiral compound 9 was formed in 42% yield with 52% ee (Scheme 
6c).  

 
Scheme 6. Synthetic utility of the developed chemistry. 

Conclusion 

In summary, we have developed an unprecedented phosphine-
catalyzed [4+1] cycloaddition between an allenyl imide and 
various methyl ketimines. This catalytic method has proved also 
valid for the use of enamines under Cs2CO3 co-catalysis. These 
transformations are clearly distinct from and thus complementary 
to the existing allene−imine annulations. The 2-oxazolidinyl group 
of the allenyl imide was shown to play a pivotal role in triggering 
smooth generation of a α,β-unsaturated ketenyl phosphonium key 
intermediate; as supported by control experiments or NMR and 
HRMS analyses. These step-economical procedures open up a 
new avenue to install densely functionalized cyclopentenoyl 
enamines and imines bearing an all-
carbon quaternary stereogenic center. The synthetic utility 
including gram-scaling up and straightforward access to fused 
pyrazole and (chiral) dihydropyrrolone building blocks has been 
demonstrated as well. The use of other types of (bis)nucleophiles 
and the design of related asymmetric phosphine catalysis is on-
going in our lab. 

Experimental Section 

General Procedure of the [4+1] annulations of allene and ketimine. 
PBu3 (0.02 mmol, 20 mol%) was added to a solution of 1 (0.10 mmol) and 
2 (0.12 mmol, 1.2 equiv) in DCE (1.0 mL) under an inert atmosphere.  The 
mixture was magnetically stirred at 30 oC for the time indicated (see 
manuscript), before purification by PTLC to give the corresponding 
products 3. 
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General Procedure of the [4+1] annulations of allene and enamine. 

PBu3 (0.02 mmol, 20 mol%) was added to a mixture of 1 (0.10 mmol), 4 

(0.12 mmol, 1.2 equiv), and Cs2CO3 (20 mol%) in DCE (1.0 mL) under an 

inert atmosphere.  The mixture was magnetically stirred at 30 oC or 60 oC 

for the time indicated (see manuscript), before purification by PTLC to give 

the corresponding products 5. 
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