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-azadiene-succinic anhydride
annulation reaction for the stereocontrolled
synthesis of allylic 2-oxopyrrolidines bearing up to
four contiguous stereocenters†

Timothy K. Beng, * Jasleen Kaur, Ifeyinwa S. Anosike, Benjamin Rentfro
and Shae Newgard

Polysubstituted 2-oxopyrrolidines bearing at least two contiguous stereocenters constitute the core of

several pharmaceuticals, including clausenamide (antidementia). Here, we describe a flexible annulation

strategy, which unites succinic anhydride and 1,3-azadienes to produce allylic 2-oxopyrrolidines bearing

contiguous stereocenters. The approach is chemoselective, efficient, modular, scalable, and

diastereoselective. The scalable nature of the reactions offers the opportunity for post-diversification,

leading to incorporation of motifs with either known pharmaceutical value or that permit subsequent

conversion to medicinally relevant entities.
Introduction

There are high incentives for the construction of sp3-rich aza-
heterocyclic scaffolds.1 It is well established that two
compounds with the same molecular formula and connectivity,
but with different orientations in space (i.e., stereoisomers) can
produce vastly different biological responses.2 Specically,
functionalized 2-oxopyrrolidines (i.e., g-lactams) and pyrroli-
dines bearing contiguous stereocenters constitute the core of
several alkaloid natural products and pharmaceuticals (Fig. 1).
The g-lactam topology also presents an ideal platform for
systematic scaffolding owing to its latent reactivity and the
diverse number of transformations it can undergo.3 Notable
strategies for the construction of functionalized 2-oxopyrroli-
dines include ring-opening of aziridines,4 the aza-Heck reac-
tion,5 and cascade/multicomponent reactions.6 These
methodological advances notwithstanding, approaches for the
stereocontrolled synthesis of polysubstituted g-lactams bearing
contiguous stereocenters are still underdeveloped.7 One
strategy to vicinally functionalized and alkenylated g-lactams
that caught our attention, given its reliance on 1,3-azadienes of
type A, is the strategy developed and popularized by Rovis and
co-workers (Fig. 2A).8

Cyclic anhydrides are more than just acylating agents given
that they also serve as useful dipolar synthons for the synthesis
of complex organic molecules through formal cycloaddition
n University, Ellensburg, WA 98926, USA.
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reactions. Our efforts in the last decade to popularize the 1,3-
azadiene-anhydride annulation reaction and its synthetic
versatility led to discoveries that several 6-membered ring
anhydrides (e.g., glutaric anhydride, 2,2-dimethylglutaric
anhydride, 3-methylglutaric anhydride, diglycolic anhydride,
thiodiglycolic anhydride, and MIDA anhydride) react compe-
tently with appropriately substituted 1,3-azadienes.9a–g Recently,
we revealed that highly reactive phenylsuccinic anhydride is
amenable to chemoselective and stereocontrolled pentannula-
tion with 1,3-azadienes at room temperature.9h–j
Fig. 1 Examples of bioactive 2-oxopyrrolidines and pyrrolidines
bearing vicinal stereocenters.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Prior synthesis of allylic 2-pyrrolidinones featuring 1,3-
azadienes, (B) proposed plan for the synthesis of allylic 2-pyrrolidi-
nones and potential synthetic applications, (C) possible chemo-
selective challenges.

Fig. 3 Unsuccessful attempt at annulation of 1,3-azadiene 1a with 2.
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Considering the pervasiveness of 2-pyrrolidinones bearing
contiguous stereocenters, the synthetic versatility of allylic
cyclic amines, and our long-standing interest in vicinally func-
tionalized azaheterocycles,10 we sought to evaluate the perfor-
mance (with respect to reactivity, diastereoselectivity, and
chemoselectivity) of succinic anhydride (2) toward 1,3-aza-
dienes of type 1 (Fig. 2B). Intrinsic to our design was the pros-
pect of being able to rapidly construct 3 and elaborate it to other
synthetically attractive topologies such as 4–8. We were however
© 2024 The Author(s). Published by the Royal Society of Chemistry
not oblivious to the challenges associated with the proposed
1,3-azadiene-succinic anhydride annulation reaction. For
instance, from a chemoselectivity standpoint alone, the reac-
tion between 1 and 2 is capable of producing at least four
products (Fig. 2C, see 30, 9, 11, and 12).11 Product 30 would arise
from the desired imine–anhydride reaction. Conversely,
Tamura adduct 9 would be formed if the alkene–anhydride
reaction out-competes the imine–anhydride reaction. If the
alkene–anhydride reaction is accompanied by tautomerization
and concomitant acylation of the anhydride by the resulting
enamine, unsaturated caprolactam 11 (see blue arrows) or
dihydropyridone 12 (see red arrows) would be formed. We have
embraced these challenges and herein disclose our ndings on
the successful construction of lactam-tethered alkenoic acids of
type 30 and subsequent post-diversication. We employ a ring-
forming reaction, which is sustainable, diastereoselective,
regioselective, functional group-selective (i.e., chemoselective),
modular, and scalable.
Results and discussion

We initiated studies toward the construction of 5-alkenylated-2-
oxopyrrolidines and subsequent fragment growth by attempting
to nd suitable conditions for the annulation reaction between
1,3-azadienes9a of type 1 and anhydride 2. Despite its rich
history, the anhydride-imine reaction featuring 2 is still mostly
limited to aryl aldimines.12 Nevertheless, we were aware of one
unsuccessful attempt involving 1,3-azadiene 1a and 2 (see 3a0,
Fig. 3).13 Unfortunately, the authors provided little information
with respect to the remaining mass balance and possible side
products. N-aryl imines of type 1a are reluctant substrates for
the anhydride-imine reaction,14 presumably due to the relatively
reduced nucleophilicity of the nitrogen atom as well as their
hydrolytic instability. In our hands, the reaction of 1a with 2, in
toluene, equally afforded 3a0 in unattractive yield (<10%).
However, we found that 1a is fragile leading to the formation of
amidoacid G, imide H, and enal I.

Knowing that N-alkyl azadienes are more charitable annu-
lation partners than their N-aryl counterparts,9d we decided to
perform optimization studies using azadiene 1b (Table 1).
Encouragingly, when an equimolar mixture of 1b and 2, in
toluene, was heated to 100 °C, a clean chemoselective annula-
tion reaction occurred and product 3b0 was obtained along with
unreacted starting materials (Table 1, entry 1). Reaction
RSC Adv., 2024, 14, 16678–16684 | 16679
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Table 1 Optimization of the annulation of 1b with 2

Entry Solvent Temp (°C) % yield of 3b0

1 Toluene 100 70
2 O-xylene 120 27
3 THF 60 54
4 2-Me THF 60 69
5 TMO 90 88
6 DMF 90 0
7 Ph2O 90 12
8 TMO 100 71a

9 TMO 80 77b

10 TMO 70 54c

11 None 110 16

a Aer 2 h. b Aer 12 h. c Aer 22 h.
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optimization was carried out and it was established that 2,2,5,5-
tetramethyloxolane (TMO) out-performs other reaction media
(e.g., toluene, xylene, THF, 2-MeTHF, DMF, and diphenylether).
The chemoselective formation of 2-oxopyrrolidine 30 indicates
a scenario whereby the anhydride–imine pathway out-competes
the anhydride–alkene pathways (see Fig. 2C). The reaction
proceeds with high stereochemical control, leading to the
formation of predominantly one stereoisomer (as judged by GC-
MS and 1H NMR analyses of the crude mixture). The atom
efficiency of this transformation is commendable, given that
with the exception of the water formed during the formation of
the 1,3-azadiene (i.e., 1b), all atoms originating from the enal,
primary amine, and anhydride 2 are incorporated into the
product structure. Although the crucial philosophical criterion
of green chemistry (i.e., atom economy) is clearly fullled in this
1,3-azadiene-anhydride reaction, it is yet to be considered as
a tool for sustainable synthetic chemistry.15 This is presumably
because the reaction is typically performed in a high-boiling
aromatic hydrocarbon solvent such as toluene. Toluene is also
suspected of causing damage to fertility, among other health
hazards, while also being a hazardous air pollutant and harmful
to aquatic life with long-lasting effects.16 The replacement of
toluene by greener and safer solvents is all the more important
now that it has been added to the REACH restricted substance
list.17,18 We anticipate that the successful deployment of TMO (a
green ethereal solvent that does not form peroxides) as the
reaction medium in these studies, would confer the 1,3-
azadiene-anhydride annulation protocol the coveted ‘green
chemistry status’.

The scope of the reaction with respect to the alkenyl moiety
as well as the N-substituent has been explored. For purposes of
easier isolation and purication, the initially formed carboxylic
acid (i.e., 30) has been converted to the corresponding methyl
16680 | RSC Adv., 2024, 14, 16678–16684
ester in most cases. The 1H NMR spectra of 3 revealed coupling
constants (3JA,B) ranging from 1.0 to 6.0 Hz for protons HA and
HB (see Table 1 for depiction of the protons). According to the
literature data for similar 4,5-disubstituted 2-pyrrolidinones,
the coupling constant, 3JA,B is in the range of 3.4–6.9 Hz for
trans-compounds and in the range of 8.0–9.0 Hz for cis-pyrro-
lidin-2-ones.19 The observed values of 3JA,B for the acids/esters
depicted in Scheme 1 fall in the range typical for trans-4,5-
disubstituted 2-pyrrolidinones.

Understandably, ortho-substituted styrenes (see 3c vs. 3e)
and electron-decient styrenes (see 3e vs. 3f) react with a slight
decrease in efficiency. N-alkyl-, allyl-, benzyl-, and phenethyl-
azadienes are well tolerated (see 3b–3z3). As previously stated,
N-aryl imines are typically reluctant substrates for the anhy-
dride–imine reaction.14 Nevertheless, 2 reacts with some N-aryl-
1,3-azadienes with varying degrees of success (3z4 and 3z5). In
these cases, it was imperative to maintain an anhydrous
medium. The use of freshly distilled TMO and molecular sieves
was paramount. There is no compromise in the E/Z stereo-
selectivity of the alkene even when trisubstituted alkenes are
employed (3j–z). The synthesis of metathesis-suitable bis-allylic
2-oxopyrrolidines such as 3n/w sets the stage for the construc-
tion of N-fused bicyclic amines. Halogenated precursors are
tolerated (see 3s, 3u, 3y, 3z, and 3z3), which bodes well for late-
stage diversication since the halogen group may be utilized as
a functional handle for cross-coupling purposes.9b The annu-
lation of 2 with externally substituted 1,3-azadienes derived
from b-aryl cinnamaldehydes is possible (see 3z5). Diary-
lethenes such as 3z5 are prevalent in photoresponsive molec-
ular switches.20

A potentially benecial aspect of this methodology is the
scalable nature of the reactions given that products such as 3b0

have been prepared in over 10 mmol scale, with little to no
compromise in efficiency and diastereoselectivity. This has set
the stage for the post-diversication studies described hence-
forth. It is now fully appreciated that both molecular complexity
(as measured by Fsp3, where Fsp3 refers to the ratio of sp3

hybridized carbons to the total number of carbons) and the
presence of carbon stereocenters correlate with success as
compounds transition from discovery, through clinical testing,
to drugs.21 Among the many methods for the construction of
common-ring lactones, halogen-initiated cyclization of unsat-
urated carboxylic acids is an attractive and direct approach for
the stereoselective synthesis of halogenated lactones.22

Fittingly, our studies have revealed that catalytic bromo- and
iodo-lactonization of the allylic lactam acids of type 30 proceeds
regioselectively as well as diastereoselectively (Scheme 2, 5a–j).
These bicycles bear four contiguous stereocenters. The stereo-
controlled synthesis of tertiary organic halides such as 5f–h is
noteworthy given the scarcity of reliable methods for their
preparation. Notably, when bis-homoallylic lactam acid 3n0 is
employed, iodolactonization is accompanied by carbo-
iodination of the N-allyl moiety, leading to the formation of
tricycle 6.

One of the most succinct approaches to C(sp3)–C(sp3) bond
construction is a-enolate alkylation of carbonyl compounds.23 It
is well established that due to resonance stabilization, amides
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Annulation of 1,3-azadienes with succinic anhydride (2).

Scheme 2 Regioselective and stereocontrolled halolactonization of
lactam-tethered alkenoic acid 3.
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have comparably lower a-CH acidities (pKa = 35.0) than other
carbonyl-containing compounds such as esters (pKa = 29.5),
which renders a-functionalization of amides extremely
© 2024 The Author(s). Published by the Royal Society of Chemistry
challenging. Nevertheless, we have explored the amenability of
unprotected tertiary g-lactam alkenols, which are obtainable
from 3 by chemoselective nucleophilic addition of Grignard
reagents to the ester motif, to diastereoselctive enolate alkyl-
ation (Scheme 3). In the event, we nd that enolization and
concomitant trapping with several carbon-based electrophiles
proceeds smoothly to afford the highly customized 5-alkeny-
lated lactams depicted in Scheme 3. Allylic alkylation of the
enolates with prenyl-, geranyl-, or allyl bromide furnishes the
allylated lactams in satisfactory yields and diastereoselectivities
(8a–i). Benzyl electrophiles react prudently in this trans-
formation (8j–p). Methylation with methyl iodide proceeds
uneventfully when the enolate is trapped at a colder tempera-
ture to prevent bis-methylation and O-methylation of the
alcohol (see 8q/r).

Trapping of the lactam enolate with other potentially prob-
lematic alkyl electrophiles such as phenethyl bromide, 11-bro-
moundecene, and 1-bromononane furnished the desired
products in moderate yields and high diastereoselectivities (see
8s–u). Acylation with allyl chloroformate proceeds satisfactorily
to afford b-lactam ester 8v, a potentially useful substrate for
enantioselective decarboxylative allylation. Propargylation of
the transient enolate with propargyl bromide leads to the
installation of the terminal alkyne resident in lactam 8w. Allylic
lactams harboring a cyclopentenol motif have also been
successfully interrogated in this diastereoselective a-function-
alization protocol (see 8x–z2). The superiority of tert-
RSC Adv., 2024, 14, 16678–16684 | 16681
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Scheme 3 Scope of diastereoselective a-functionalization of alkenol-tethered g-lactams.
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butyllithium over conventional lithium amide bases such as
LDA and LiHMDS, in lactam enolate alkylations, has previously
been noted by Beak and coworkers.24 These a,b,g-substituted
16682 | RSC Adv., 2024, 14, 16678–16684
lactams are potential precursors to 2,3,4,5-substituted pyrroli-
dines given the increasing popularity of methods for the
reductive alkylation of lactams.25
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In summary, a formal cycloaddition between 1,3-azadienes and
succinic anhydride, performed in a sustainable reaction
medium, has been developed to facilitate the construction of
allylic 2-pyrrolidinones bearing contiguous stereocenters. The
annulation reaction shows a relatively broad substrate scope
and provides vicinally functionalized allylic g-lactams in
moderate to good yields. The nature of the nitrogen substituent
on the 1,3-azadiene component appears to have a profound
effect on the reactivity and selectivity given that N-aryl azadienes
are problematic. The protocol is chemoselective, diaster-
eoselective, and scalable, thus, providing an opportunity for
post-modication by incorporating motifs with either known
pharmaceutical value or that permit subsequent conversion to
medicinally relevant entities (e.g., halogens, carboxylic acids,
esters, alkenes, alkynes, and alcohols). Highly customized
bicyclic g-lactams have been assembled through a DMAP-
catalyzed halolactonization protocol. The amenability of these
functionalized 2-pyrrolidinones to C–C bond forming trans-
formations, such as enolate alkylation of unprotected alkenol-
tethered g-lactams, bodes well for future late-stage assembly
of complex bioactive pyrrolidines and g-lactams. With the
developed method, we anticipate that scientists would be able
to use the 1,3-azadiene-succinic anhydride annulation reaction
to rapidly generate libraries of new vicinally functionalized 2-
oxopyrrolidines in a sustainable manner, while controlling the
3D architecture of the compounds.
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