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ABSTRACT: Acid-catalyzed intramolecular vinylogous Mannich reactions and intramolecular Michael reactions affording pyrrol-
izinone-fused N-heterocycles from hydroxylactam derivatives bearing enals have been developed. Depending on the substituent on 
the hydroxylactam, the enal moiety acted either as a nucleophile (i.e., as an enol/enolate) or as an electrophile to react with the N-
acyliminium ion or enamide generated from the hydroxylactam moiety, respectively. The reactions were demonstrated in the con-
struction of fused N-heterocycles with 5- to 8-membered rings.  

Bicyclic N-heterocycles bearing pyrrolidine rings or pyrrol-
idin-2-one moieties, such as pyrrolizines,1 indolizines,2 in-
dolizinones,2 pyrroloazepines,3 and pyrroloazocine,3 are pre-
sent in bioactive natural products1-3 (Figure 1). Methods for 
the synthesis of these N-heterocycles are of interest in drug 
discovery and related research.1-3 Whereas various methods for 
the synthesis of the N-heterocycles have been reported, each 
can be used only for the synthesis of certain types of N-
heterocycles.1-4 Here we report a strategy that allows the syn-
thesis of various pyrrolidinone-fused bicyclic N-heterocycles 
with different ring sizes (Scheme 1).  

 

 
Figure 1. Bioactive natural products with pyrrolizine and related 
bicyclic N-heterocycle cores.  

In our strategy, hydroxylactam enals A are used as starting 
materials. We hypothesized that depending on the substituents 
on the lactam ring of A, the cyclization would occur either 
through the intramolecular vinylogous Mannich reaction of the 
enal enolate or the enol with the N-acyliminium ion B gener-
ated in situ (Scheme 1, path a) or through the intramolecular 
Michael addition reaction of enamide C, which is generated 
form N-acyliminium ion B, with the enal moiety (Scheme 1, 
path b).  

 
Scheme 1. Reaction Paths Leading to Pyrrolidinone-Fused 
Bicyclic N-Heterocycles 
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Hydroxylactam derivatives5,6 have been used as starting ma-
terials for the synthesis of fused N-heterocyclic systems; in 
these reactions, N-acyliminium ions7 are generated in situ and 
are used as electrophiles to react with nucleophiles to lead to 
the formation of a new ring.5,6 Nucleophiles and nucleophile 
precursors previously used in these reactions include al-
lylsilanes,5a,d alkenes,5b,e,f,j alkynes,5h,k heteroaryls,5c,i en-
amides,5g acetals,5l,m,n dithioacetals,6a and enals5o,6c,d,e (in previ-
ously reported examples, the hydroxylactam enals were used 
for Morita-Baylis-Hillman reactions5o,6c,d,e). In these reported 
reactions, for each method, the substituents on the hydroxylac-
tam ring and the ring size that can be synthesized are limited. 
Only a few examples of construction of rings larger than 6-
membered rings in these reactions have been report-
ed.5f,g,i,l,m,n,6e  

We hypothesized that the use of hydroxylactam derivatives 
with enolizable substituents at the carbon bearing the hydroxy 
group would alter the reaction mode (Scheme 1, path b) and 
expand the range of the fused N-heterocycles that can be syn-
thesized. When enamides would be generated from the N-
acyliminium ions, the enamides5g,8,9 should act as nucleophiles, 
and the bond formation positions will differ from those of the 
reactions that the N-acyliminium ions act as electrophiles 
(path a). With the reactions of the enamides, the construction 
of 7- and 8-membered rings should be readily achieved. We 
designed an α,β-unsaturated aldehyde (or enal) to serve as the 
reacting group with the N-acyliminium ions (path a) and with 
enamides (path b), because the α,β-unsaturated aldehyde moi-
ety can act as a nucleophile10 (as an enol or an enolate) and as 
an electrophile11 (as a Michel reaction acceptor). 

First, the Mannich reaction of the enal donor with the N-
acyliminium ion generated in situ (Scheme 1, path a) was ex-
amined using hydroxylactam enal 1a to afford hexahydro-
pyrrolizinone derivative 2a, which was directly reduced by 
NaBH4 to give 3a (Table 1). Enantiomerically pure hydrox-
ylactam 1a was synthesized from (R)-(+)-malic acid (Support-
ing Information). When TfOH was used as acid catalyst in 
CH3CN, 3a was obtained in high yields with high diastereose-
lectivity (entries 3-5). Although conditions with high loading 
of TfOH gave the product in a short time, the use of 0.3 equiv 
of TfOH relative to 1a at room temperature (25 °C) led the 
formation of the product in a high yield as almost a single 
diastereomer within a reasonable reaction time (75%, dr >20:1, 
after 20 h, entry 5).  

In previous reports, vinylogous reactions of enals were often 
performed in the presence of amine-based catalysts to form 
enamines10a-f as intermediates or in the presence of metal cata-
lysts to form enolates10g as intermediates. In the reaction of 1a, 
the acid-catalysis worked for the formation of the enol/enolate 
from the enal group as well as the formation of the iminium 
ion from the hydroxylactam to afford 2a; the use of silyl enol 
ether derivatives12 of the enal was not required to give the 
product.   

Next, the scope of the intramolecular vinylogous Mannich 
reaction was evaluated using various hydroxylactam enals 1, 
in which R2 is H or Ph, to afford bicyclic N-heterocycles 3 
under the conditions identified for the formation of 3a, i.e., in 
the presence of TfOH (0.3 equiv) in CH3CN (Scheme 2). For 
the formation of 3a-e, single enantiomers 1a-e were used as 
starting materials. Depending on the methylene chain length of 
1, five- and six-membered rings were constructed. Desired 
products were obtained from the reactions of hydroxylactam 

derivatives bearing benzyloxy, methoxy, or p-
methoxybenzyloxy groups, dibenxyloxy groups, or fused ben-
zene or substituted benzene rings. For the reactions construct-
ing five-membered rings, the products were obtained as single 
diastereomers in most cases (dr >20:1 for 3a-c, 3f-i, and 3k; dr 
10:1 for 3d). For the reactions generating six-membered rings, 
two diastereomers were formed, and each diastereomer of 3e 
and of 3j was isolated as the single diastereomer by usual puri-
fication. The hydroxylactam enal bearing a substituent at the 
enal α-position was also converted to the desired product 
(formation of 3h). The pyrrolizinone derivative bearing a tet-
ra-substituted carbon center was also constructed (formation 
of 3i). The hydroxylactam bearing an enone moiety instead of 
an enal moiety also afforded the corresponding desired prod-
uct (formation of 3k). Whereas 5- and 6-membered rings were 
readily constructed through the intramolecular vinylogous 
Mannich reactions, formation of 7-membered rings was not 
observed under the same conditions. 

 
Table 1. Screening of Catalysts and Conditions for the 
Formation of 2a from 1aa 

 

entry catalyst (equiv) solvent time 
(h) 

yield 
(%)b drc 

1 BnNH2 (0.3)-
PhCOOH (0.4) CH3CN 24 -d -d 

2 Pyrrolidine (0.3)-
PhCOOH (0.4) CH3CN 24 -d -d 

3 TfOH (1.0) CH3CN 8 80 >20:1 
4 TfOH (0.5) CH3CN 12 78 >20:1 
5 TfOH (0.3) CH3CN 20 75 >20:1 
6 TfOH (0.2) CH3CN 30 68 >20:1 
7 TfOH (0.1) CH3CN 40 63 >20:1 
8 TfOH (0.3) toluene 48 <10 - 
9 TfOH (0.3) acetone 48 50 >20:1 
10 TfOH (0.3) THF 48 50 >20:1 
11 TsOH (0.3) CH3CN 24 50 6:1 
12 MeOTf (0.3) CH3CN 24 63 10:1 
13 MsOH (0.3) CH3CN 36 50 10:1 
14 BF3.OEt3 (0.3) CH3CN 24 45 10:1 
15 TMSOTf (0.3) CH3CN 24 73 18:1 
16 TfOH (0.3) CH3CN 72 70 >20:1 
17e TfOH (0.3) CH3CN 72 40 >20:1 

a Reaction conditions (first step): 1a (0.11 mmol), catalyst 
(equiv), solvent (1.0 mL) at room temperature (25 °C) for indicat-
ed time; see Supporting Information for detail. b Isolated yield of 
3a from 1a. c Data of 2a before purification, determined by 1H 
NMR analysis. d 2a was not formed (1a remained). e Reaction at 
0 °C. 
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The stereochemistries of 3a and (±)-2f were determined to 
be as shown in Scheme 2 by X-ray crystal structural analysis 
of their derivatives (see below and the Supporting Infor-
mation). 

 
Scheme 2. Scope of the Intramolecular Vinylogous Manni-
ch Reactions 

 
a Conditions: 1 (0.1 mmol, 1.0 equiv) and TfOH (0.3 equiv) in 

CH3CN (1.0 mL) at rt (25 °C) for the indicated time, then reduc-
tion using NaBH4, except where noted. Isolated yield of 3 from 1 
is listed. The dr values of 2 determined by 1H NMR analysis be-
fore purification are shown. b No reduction step was used. c Data 
taken from Table 1, entry 5. d A 1 g-scale reaction; 1a (3.6 mmol). 
e Formation of 2 was performed in THF. f Corresponding ketone 
(not aldehyde) was used as the starting material. 

Next, the intramolecular Michael reactions via the formation 
of the enamides (Scheme 1, path b) were examined (Scheme 
3). When the reaction to form 3l was tested in the presence of 
TfOH (0.3 equiv to 1) in CH3CN, which was the same condi-
tions used for the intramolecular Mannich reactions to form 
3a-k, the reaction was faster than the reactions shown in 
Scheme 2. Reducing the loading of TfOH to 0.1 equiv to 1 
also afforded 3l in the same yield. Thus, the intramolecular 
Michael reactions of various substrates 1l-u were performed in 
the presence of TfOH (0.1 equiv). In all the cases, the intramo-
lecular Michael reaction step was completed within 1 h. De-

pending on the chain length between the amide group nitrogen 
and the enal group, products with 6-, 7-, and 8-membered 
rings 3l-u were obtained. Although the reactions were per-
formed in the presence of TfOH, product 3r, which has an 
acetal group, was obtained from 1r. Product 3u, which has an 
oxygen-containing 8-membered ring, was also obtained.  

Whereas aryl group-fused-hydroxylactam enals afforded the 
intramolecular Michael reaction products, product 3v was not 
formed from the corresponding starting material under the 
same conditions as those used for the formation of 3l-u. 

 
Scheme 3. Scope of the Intramolecular Michael Reactions 

 
a Conditions: 1 (0.1 mmol, 1.0 equiv) and TfOH (0.1 equiv) in 

CH3CN (1.0 mL) at rt (25 °C) for the indicated time, then reduc-
tion using NaBH4. b A 1 g-scale reaction. c TfOH (0.3 equiv). 

When the reaction of the formation of 1l was stopped at an 
early stage of the reaction, enamide 4 and 2l were obtained 
(Scheme 4). When enamide 4 was treated under the same con-
ditions with TfOH, product 2l was formed. These results indi-
cate that the enamide is the intermediate of the reaction for the 
formation of 2l from 1l. Similarly, (E)- and (Z)-isomers of 
enamide 5 were isolated, and these were also transformed to 
product 2p (Scheme 4).  

In previously reported reactions, when 5-membered hy-
droxylactam derivatives with enolizable substituents at the 
carbon bearing the hydroxy group were used for the formation 
of fused N-heterocycles, products obtained were only through 
the N-acyliminium ions.5c,d,l Thus, the formation of the en-
amide intermediates to lead to products 3l-u shown in Scheme 
3 is notable. 
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Scheme 4. Isolation of Enamide Intermediates and the Re-
actions of the Enamides 

 
 

Scheme 5. Transformations of the Products 

 
To demonstrate the utility of the reactions, products 2 and 3 

were transformed to various derivatives 6-11 (Scheme 5, see 
also Supporting Information for additional transformations). 
X-ray crystal structural analyses of 8 and 10 were used to de-
duce the stereochemistry of 3a and 3f, respectively. Further, 
direct transformation after the intramolecular Michael reaction 

was also tested; the intramolecular Michael addition reaction 
of 1l followed by Wittig reaction afforded 12 in one pot. 

In summary, we have developed intramolecular vinylogous 
Mannich reactions and intramolecular Michael reactions of 
hydroxylactam derivatives bearing enal groups to afford pyr-
rolidinone-fused N-heterocycles. With these reactions, oxy-
functionalized products retaining the starting material chirality 
and benzene-fused products were synthesized. Depending on 
the substituent on the hydroxylactam derivatives, the C-C 
bond formation proceeded through either the enal enolate (or 
enol) addition to the N-acyliminium ion or the enamide addi-
tion to the enal. With a non-enolizable substituent, a pyrroliz-
inone derivative bearing a tetra-substituted carbon center was 
obtained. With enolizable substituents, construction of rings 
larger than 6-membered ring was achieved. Our strategy al-
lowed the construction of 5- to 8-membered rings to lead to 
various pyrrolidinone-fused N-heterocycles.  
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