
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 3

/6
/2

02
6 

8:
42

:1
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Leveraging the 1,
Department of Chemistry, Central Washingto

E-mail: Timothy.beng@cwu.edu

† Electronic supplementary information (
and spectroscopic data. See DOI: 10.1039

Cite this: RSC Adv., 2022, 12, 309

Received 4th October 2021
Accepted 10th December 2021

DOI: 10.1039/d1ra07390g

rsc.li/rsc-advances

© 2022 The Author(s). Published by
3-azadiene-anhydride reaction for
the synthesis of functionalized piperidines bearing
up to five contiguous stereocenters†

Jorge Garcia, Jane Eichwald, Jayme Zesiger and Timothy K. Beng *

Amodular and scalable strategy, which remodels 3-methylglutaric anhydride to 2-oxopiperidines bearing at

least three contiguous stereocenters is described. The approach relies on the chemoselective and

stereocontrolled annulation of 1,3-azadienes with the anhydride component. The resulting acid-tethered

allylic 2-oxopiperidines are then engaged in several selective fragment growth processes, including

catalytic denitrative alkenylation, halolactonization, and Vilsmeier–Haack functionalization.
Introduction

An overarching and intrinsic goal when designing synthetic
methodology is to identify approaches whereby simple
commercially available precursors or easily accessible synthetic
intermediates are converted into a broad array of products,
which efficiently tap into uncharted chemical space. Moreover,
there are high incentives for the construction of architecturally
complex sp3-enriched azaheterocyclic scaffolds,1 especially the
piperidine motif, which is arguably the most prevalent.2 As
such, synthetic methods for its construction and diversication
are highly coveted. In particular, polysubstituted piperidines
and 2-oxopiperidines are increasingly attractive fragments for
potential drug discovery since the strategic placement of
substituents about this three-dimensional scaffold is ideally
suited for structure–activity relationship studies.3 Although the
synthesis of functionalized piperidines remains daunting,4

recent advances5 are starting to bring these once elusive
building blocks into the mainstream. However, most of these
advances are predicated on taking an existing piperidine scaf-
fold and installing substituents by functionalization (e.g.,
through cross-coupling).6 There is also a relative paucity in
stereo- and regioselective approaches to alkenylated and
methylated piperidines, despite their prevalence in natural
products (e.g., GB 17, arboorine, spirane D, caulophyllumine
B, dienomycin C, and pinidine, Fig. 1) and their frequent use as
versatile building blocks for the preparation of medicinal
agents.7 For instance, the introduction of methyl groups has the
potential to drastically improve the biological activities of
a drug candidate by altering its binding affinity, solubility, and
metabolism.8 Methyl branches are also favorable structural
n University, Ellensburg, WA 98926, USA.
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units in tailor-made fuel components with advanced combus-
tion properties.9

A complementary strategy to these versatile piperidine scaf-
folds is to directly forge the azaheterocycle by an annulation
protocol. We were therefore motivated by current methodolog-
ical limitations as well as the relevance of methylated and
alkenylated piperidines to develop a step-economical, diaster-
eoselective, and scalable method for the preparation of highly
decorated sp3-rich piperidines bearing at least three contiguous
stereocenters. Previously, we disclosed that glutaric anhydride
(1a) is a more competent substrate than 3,3-dimethylglutaric
anhydride (1b) in the 1,3-azadiene-anhydride reaction (Fig. 2).10

Indeed, sterically challenged 1b failed to react even at elevated
temperatures (up to 150 �C) even though constitutionally
isomeric 2,2-dimethylglutaric anhydride reacted efficiently with
1,3-azadienes of type 2 at 110 �C.10 In the current study, we seek
to evaluate the performance (with respect to reactivity, diaster-
eoselectivity, and chemoselectivity) of 3-methylglutaric anhy-
dride (1c) toward 1,3-azadiene partners, and elaborate the
product (i.e., 3c) to several synthetically and pharmaceutically
Fig. 1 Examples of biologically active methylated and/or alkenylated
piperidines.
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Fig. 2 Proposed plan for the synthesis of methylated allylic piperidines
and potential synthetic applications.

Table 1 Optimization of the annulation of 1c with azadiene 2a

Entry Solvent Temp. (�C)
% Yield
of 3c1

1 Benzene 90 0
2 o-Xylene 130 56
3 Chlorobenzene 120 31
4 2-MeTHF 80 84
5 Toluene 110 77
6 Ph2O 180 26
7 1,4-Dioxane 110 8
8 Toluene 70 72a

9 Toluene 90 76b

10 Toluene 100 42c

a Aer 24 h. b Aer 8 h. c Aer 1 h.
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attractive topologies (see 4–7). Since many existing cyclization
strategies for piperidine synthesis tend to exhibit poor gener-
ality, suffer from low regio- and stereochemical control, require
protecting group manipulations, or depend on a specic
directing group,11 we anticipate that the current approach,
which side-steps these aforementioned limitations, would
greatly expand the structural space for the discovery of new
piperidine pharmacophores. Indeed, this anhydride-imine
reaction is known to be a powerful tool for the synthesis of
combinatorial and targeted compound libraries as well as for
producing building blocks in multigram (up to 100 g) scale.12
310 | RSC Adv., 2022, 12, 309–318
Results and discussion

We initiated studies toward the construction of methylated and
alkenylated piperidine derivatives and subsequent fragment
growth by attempting to nd suitable directing group-free
conditions for the annulation reaction between 1c and model
azadiene 2a (Table 1). Although we were cognizant of the
promiscuous reactivity of 2 with enolizable cyclic anhydrides
(which leads to a plethora of products, including Tamura-type,
anhydride-Mannich-type, and Perkin-type products),13 we
surmised that just like 1a, the mitigated reactivity of 1c would
provide an ideal balance of selectivity and reactivity. Reaction
optimization was eventually carried out and it was established
that 2-methyltetrahydrofuran (2-MeTHF) out-performs other
reaction media (e.g., benzene, o-xylene, chlorobenzene, toluene,
diphenyl ether, and 1,4-dioxane). The chemoselective formation
of 2-oxopiperidine 3c1 indicates a scenario whereby the
anhydride-imine pathway (i.e., Castagnoli–Cushman selectivity)
out-competes the anhydride-alkene pathway (i.e., Tamura
selectivity). Strikingly, the reaction proceeds with impeccable
stereochemical control at the C4 stereocenter, 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., 2), all atoms originating from the enal,
primary amine, and anhydride 1c are incorporated into the
product structure.

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 has been converted to the corresponding methyl ester.
These studies have revealed that 1,3-azadienes harboring both
electron-neutral, electron-rich, and electron-decient styryl
groups react competently. However, there is a slight preference
for electron-rich substituents (3c1 vs. 3c2 vs. 3c3), which is not
surprising. Indeed, we are not aware of any reports on the use of
aldimines derived from strongly deactivating p-nitro-
benzaldehyde in the anhydride-Mannich reaction.14 It is there-
fore a testament to the enhanced reactivity of 2 that it undergoes
satisfactory annulation with 1c. Understandably, ortho-
substituted styrenes react with a slight decrease in efficiency
(3c2 vs. 3c4 or 3c3 vs. 3c5). N-Aryl piperidines and 2-oxopiper-
idines are embedded in several pharmacologically pertinent
targets, including Factor Xa inhibitors and phosphodiesterase-
10 inhibitors.15 N-aryl imines are typically reluctant substrates
for the CCR,16 presumably due to the hydrolytic instability (and
subsequent proneness of the resulting amine to undergo acyl-
ation with the anhydride) as well as the relatively reduced
nucleophilicity of the nitrogen atom. The reluctance is further
exacerbated when electron-withdrawing anilines are employed.
These challenges notwithstanding, we have demonstrated that
N-aryl-1,3-azadienes react with varying degrees of success (3c7–
3c16). It is once again a testament to the enhanced reactivity of
N-aryl-a,b-unsaturated imines of type 2 (compared to the N-aryl
aldimine congeners) that it undergoes satisfactory annulation
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Proposed mechanism for the formation of 3c1.
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with 1c. In these cases, it was even more critical to maintain an
anhydrous medium. The use of molecular sieves was
advantageous.

There is no compromise in the E/Z stereoselectivity of the
alkene even when trisubstituted alkenes are employed (3c17–
3c22). The synthesis of metathesis-suitable bis-allylic 2-oxopi-
peridine 3c17 sets the stage for the construction of N-fused
bicyclic amines such as indolizidines. Halogenated styrenes are
well tolerated (see 3c10, 3c13, and 3c14), which bodes well for
late-stage diversication as the halogen group may be utilized
as a functional handle for cross-coupling purposes. The incor-
poration of a uorinated moiety into organic molecules gener-
ally increases the solubility, lipophilicity and metabolic stability
of the parent molecules, thus, explaining why �25% of existing
preclinical drugs and 40% of agrochemicals contain at least one
uorine atom.17 Specically, the CF3 group enjoys a privileged
role because its incorporation oen enhances efficacy by
promoting electrostatic interactions with targets, improving
cellular membrane permeability, and increasing robustness
toward oxidative metabolism of the drug.18 It is therefore
noteworthy that uorinated products 3c9, 3c10, and 3c16 are
obtainable in satisfactory yields.

In the synthesis of potential drug candidates, scalability is
oen a signicant factor as it serves to provide sufficient
amounts for clinical tests. A potentially benecial aspect of this
methodology is therefore the scalable nature of the reactions
given that products such as 3c13 have been prepared in gram
scale, with little to no compromise in efficiency and diaster-
eoselectivity. Of note, anhydride 1b still does not react with 2
under these identied reaction conditions, presumably due to
steric congestion.

This 1,3-azadiene-anhydride reaction is thought to proceed
via either of two possible paths: (a) intermolecular imine acyl-
ation followed by intramolecular Mannich reaction and/or (b)
intermolecular Mannich reaction followed by intramolecular
© 2022 The Author(s). Published by the Royal Society of Chemistry
acylation or anhydride aminolysis. In the current scenario, we
propose that thermally-assisted tautomerization of anhydride
1c affords enol 1c0 (Fig. 3), which undergoes Mannich-type
addition with 1,3-azadiene 2a to afford formal hydroalkylation
product 8. Subsequent intramolecular aminolysis of the anhy-
dride by the pendant secondary amine gives rise to lactam 3c1.
The iminolysis pathway (see 9 and 10) has not been completely
ruled out at this point.

One of the key steps in drug discovery is to ‘grow’ fragment
hits from potentially any position. Accordingly, we have
explored the amenability of 3c to fragment growth. Enamines
represent a fundamental cornerstone of the organic synthetic
toolbox, owing to their exceptional nucleophilicity. However,
the unique reactivity of enamines is oen accompanied by
a high propensity to undergo hydrolysis, leading to consider-
able difficulties in the handling of these versatile synthons.
These challenges notwithstanding, our studies have revealed
that stock precursor 3c undergoes productive lactam-selective
Vilsmeier–Haack functionalization to furnish the activated
enamines depicted in Scheme 2. The dehydropiperidines were
obtained in satisfactory yields (see 4a‒p).

These studies have revealed that solvent-controlled hal-
olactonization of 3c furnishes lactam–lactones such as 5/6
(Scheme 3). When dichloromethane is employed as the reaction
medium, 6-endo cyclization proceeds cleanly to furnish [6-6]-
bicycles of type 5, which harbor ve contiguous stereocenters.
Conversely, the use of N,N-dimethylformamide (DMF) leads to
predominant 5-exo cyclization and furnishes [6-5]-bicycles of
type 6. The construction of these sp3-rich bicyclic lactam–

lactones is noteworthy since medicinal chemists are becoming
increasingly keen on escaping atland in view of exploring 3D-
structural space.

We have found that fused bicyclic lactam–halolactones of
type 5 undergo cascade deconstructive epoxy-amidation and
epoxy-esterication to afford epoxylactam carboxamides
(Scheme 4, see 7a–c) or epoxylactam esters such as 7d–f. This
modular three-step sequence (starting from 1c and 2) proceeds
with the installation of ve contiguous stereocenters.

One of the limitations of the anhydride-imine reaction
described herein is the futility of imines derived from enoliz-
able aldehydes such as p-nitrohydrocinnamaldehyde given that
their enamine tautomers readily undergo acylation reactions
with the anhydride component. For similar reasons, the aza-
diene component cannot possess any unprotected primary
amine functionality. Using the current approach, both limita-
tions can be side-stepped through catalytic hydrogenation of
both the alkenyl and nitro motifs resident in lactam esters such
as 3c3 and 3c11 (Scheme 5, see 11a,b). The unveiling of the
aniline functionality allows for the late-stage synthesis of
versatile 1,3-azadienes, which undergo another anhydride-
imine reaction with phenylsuccinic anhydride (12) followed by
bromolactonization to arrive at sp3-rich architectures such as
13.

Denitrative couplings have recently emerged for the selective
formation of C–C and C–X bonds.19 This blossoming strategy of
employing nitroaromatics as aryl precursors in cross-couplings
is quite attractive. The transformation is however plagued by
RSC Adv., 2022, 12, 309–318 | 311
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Scheme 1 Chemoselective and diastereoselective hexannulation of
1,3-azadienes with anhydride 1c.
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several challenges, notably the difficulty of oxidative addition of
Ar–NO2 to a metal center. If the scope of this reaction is
expanded to include substrates with epimerizable stereo-
centers, remote basic amines, heteroaromatics, and haloge-
nated aromatics, this would undeniably popularize its use in
312 | RSC Adv., 2022, 12, 309–318
late-stage functionalization. Within this context, we have
found that 2-oxopiperidine 3c11 undergoes productive catalytic
denitrative alkenylation with styrenes and acrylamides to afford
the highly conjugated polyenes depicted in Scheme 6. An
electron-decient vinyl thiazole derivative also couples satis-
factorily (see 14d).

Transition metal-catalyzed cross-coupling reactions, espe-
cially those employing traceless activating groups have revolu-
tionized almost all areas of chemical synthesis.20 However,
efforts toward improving cost, versatility, and operational
simplicity of these methods continually necessitate the devel-
opment of simple protocols that rely on feedstock organic,
native functionality such as vinyl chlorides as requisite handles
for uniting complex fragments.21 Alkynes are frequently used as
building blocks in organic synthesis and as catalysts in asym-
metric catalysis owing to their rich reactivity proles.22 Since the
seminal work of Sonogashira and co-workers,23 Sonogashira-
type cross-couplings have become one of the most reliable
methods for the construction of internal alkynes with differ-
ential substitution.24 We were therefore pleased to nd that
vinyl chlorides of type 4 undergo efficient alkynylation with
triisopropylsilylacetylene, in the presence of catalytic amounts
of PdCl2(PhCN)2 and CuI (Scheme 7). In this protocol, 2,6-
lupetidine serves as the base and 1,4-dioxane serves as the
solvent. The ability to install a triisopropylsilyl motif bodes well
for further diversication since its robust yet removable
nature25 allows it to be employed as a terminal acetylene
surrogate. Efforts to extend this alkynylation protocol to other
alkyne coupling partners are underway.

Conclusions

In summary, the modular construction of functionalized 2-
oxopiperidines bearing at least three contiguous stereocenters
has been accomplished. The approach hinges on the chemo-
selective and stereocontrolled annulation of 3-methylglutaric
anhydride with 1,3-azadienes. The scalable nature of the reac-
tions offers the opportunity for post-modication by incorpo-
ration of motifs with either known pharmaceutical value or that
permit subsequent conversion (halogens, carboxylic acids,
esters, alkenes, nitroarenes, aldehydes, and alkynes) to medic-
inally relevant entities. The criteria of efficiency, versatility, and
pot-atom-step economy are of paramount importance in
modern day synthetic chemistry and these studies have met
these benchmarks. The amenability of these functionalized 2-
oxopiperidines to C–C bond forming transformations such as
denitrative and Sonagashira cross-couplings bodes well for
future late-stage assembly of complex bioactive piperidines. We
anticipate that the aforementioned merits will endear this
methodology to both the synthesis and medicinal chemistry
communities.

Experimental

All experiments involving air and moisture sensitive reagents
were carried out under an inert atmosphere of nitrogen and
using freshly distilled solvents. Column chromatography was
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Construction of fully substituted dehydropiperidines.
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performed on silica gel (230–400 mesh). Thin-layer chroma-
tography (TLC) was performed using Silicycle SiliaplateTM glass
backed plates (250 mm thickness, 60 Å porosity, F-254 indicator)
and visualized using UV (254 nm) or KMnO4 stain. Unless
otherwise indicated, 1H, 13C, and DEPT-135 NMR, and NOESY
spectra were acquired using CDCl3 solvent at room tempera-
ture. Chemical shis are quoted in parts per million (ppm).
HRMS-EI+ data were obtained using either electronspray ioni-
zation (ESI) or electron impact (EI) techniques. High-resolution
ESI was obtained on an LTQ-FT (ion trap; analyzed using
Excalibur). High resolution EI was obtained on an Autospec
(magnetic sector; analyzed using MassLynx). Brine solutions are
saturated solutions of aqueous sodium chloride. Representative
GC-MS traces are provided.
General procedure A

Reaction of 1,3-azadienes with anhydride 1c. A 20 mL screw-
cap vial was ame-dried, evacuated and ushed with nitrogen. A
© 2022 The Author(s). Published by the Royal Society of Chemistry
solution of the 1,3-azadiene (5.0 mL, 0.10 M in freshly distilled
2-MeTHF) was added to the vial at room temperature followed
by anhydride 1c (5 mmol, 1.0 equiv.). The contents were placed
in a pre-heated oil bath thermostatted to 80 �C. Aer complete
consumption of the 1,3-azadiene (as judged by TLC and NMR),
the mixture/suspension was cooled to room temperature and
washed several times with petroleum ether, then concentrated
under reduced pressure to afford the lactam acid.

Methyl esterication of the lactam acid. To a stirring
suspension of the acid (1 mmol), dissolved in DMF (5 mL), and
K2CO3 (3 equiv.) was added methyl iodide (2 equiv.) under
a nitrogen atmosphere. The reaction mixture was stirred for
12 h (TLC monitoring). Aer complete conversion, it was
diluted with water and extracted with EtOAc (2 � 10 mL). The
combined organic extracts were washed with brine, dried over
Na2SO4 and concentrated in vacuo to give the desired ester,
which was puried by ash chromatography on silica.

General procedure B

Vilsmeier–Haack functionalization. To a solution of DMF
(4 mmol, 4 equiv.) in CH2Cl2 (5 mL) at 0 �C was added dropwise,
phosphorus oxychloride (2 mmol, 2 equiv.). The resulting pale
yellow mixture was reuxed for 60 min. A solution of the lactam
ester (1.0 mmol, 1 equiv.) in CH2Cl2 (5 mL) was added slowly
under reux. Aer complete addition of the lactam, the mixture
was cooled to room temperature and stirred for the indicated
time period (TLC and GC-MS monitoring was used to follow the
extent of the reaction). Upon completion, the mixture was
poured into a ask containing crushed ice. Aer stirring at
room temperature for 60 min, the layers were separated (the
majority of the product stays in the DCM layer). Powdered
K2CO3 was added slowly to the aqueous layer and the ask was
swirled aer each addition (Caution: it bubbles vigorously). The
addition/swirling was continued until persistent cloudiness was
observed. The neutralized/slightly basic mixture was extracted
two times with CH2Cl2. The combined organic layers (three in
total, one before and two aer addition of K2CO3) were washed
with brine and dried over Na2SO4 for 30 min. The mixture was
ltered and concentrated under reduced pressure to give the
desired product as an oily salt, which was immediately sub-
jected to ash chromatography on silica pretreated with 1%
Et3N.

General procedure C

6-endo-Halolactonization of 3. The lactam-bearing alkenoic
acid (0.5 mmol, 1 equiv.) was charged (in air) in an oven-dried
10 mL screw-cap vial equipped with a stir bar and DCM (2
mL) was added. Then, NBS (98 mg, 0.55 mmol, 1.1 equiv.) were
added. The reaction mixture was stirred at room temperature
until TLC and GC-MS showed full conversion. Then, the reac-
tion mixture was diluted with DCM (10 mL) and quenched with
10% aqueous sodium sulte (5 mL). The layers were separated
and the aqueous layer was extracted once with DCM. The
combined organic extracts were washed with brine, dried over
MgSO4 and concentrated in vacuo to give the desired lactam–

lactone, which was puried by ash chromatography on silica.
RSC Adv., 2022, 12, 309–318 | 313
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Scheme 3 Halolactonization of lactam-tethered g-alkenoic acids.

Scheme 4 Deconstructive epoxy-amidation and epoxy-esterification
of 5.
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General procedure D

5-exo-Bromolactonization of 3c. The lactam-bearing alke-
noic acid (0.5 mmol, 1 equiv.) was charged (in air) in an oven-
dried 10 mL screw-cap vial equipped with a stir bar and DMF
(2 mL) was added. Then, NBS (98 mg, 0.55 mmol, 1.1 equiv.)
were added. The reaction mixture was stirred at room temper-
ature until TLC and GC-MS showed full conversion. Then, the
reaction mixture was diluted with EtOAc (10 mL) and quenched
with 10% aqueous sodium sulte (5 mL). The layers were
separated and the aqueous layer was extracted once with EtOAc.
314 | RSC Adv., 2022, 12, 309–318
The combined organic extracts were washed with brine, dried
over MgSO4 and concentrated in vacuo to give the desired lac-
tam–lactone, which was puried by ash chromatography on
silica.

General procedure E

Deconstructive epoxy-amidation and epoxy-esterication. To
an oven-dried 5 mL screw-cap vial equipped with a stir bar
dissolved lactam-bromolactone 5 (0.25 mmol, 1 equiv.) in DMF
(2 mL). Cs2CO3 (0.75 mmol, 3 equiv.) and the corresponding
nucleophile (0.50 mmol, 2 equiv.) were added. The reaction
mixture was stirred at room temperature until TLC and GC-MS
showed full conversion (�18 h). Then, the reaction mixture was
diluted with EtOAc (10 mL) and washed successively with water
and brine. The organic layer was dried over Na2SO4, ltered, and
concentrated under reduced pressure to give the desired
product, which was puried by ash chromatography on silica.

General procedure F

Catalytic hydrogenation. EtOAc (10 mL) was added to a ask
containing 10% Pd/C (100 mg) at room temperature. The ask
was degassed and placed under an inert atmosphere of
nitrogen. A solution of the unsaturated lactam in EtOAc (10 mL)
was added. Aer complete addition, the nitrogen line was cut
off and then replaced with a balloon of hydrogen. Aer
complete consumption of the unsaturated lactam (based on LC-
MS and TLC monitoring), the mixture was ltered through
a plug of Celite and concentrated under reduced pressure.

General procedure G

Denitrative alkenylation. To an oven-dried tube equipped
with a magnetic stirring bar were added sequentially nitroarene
3c11 (0.5 mmol) in 2-MeTHF (5.0 mL), the styrene derivative
(0.75 mmol, 1.5 equiv.), Pd(acac)2 (7.5 mg, 5 mol%), Brettphos
(53.5 mg, 20 mol%), and Rb2CO3 (0.3 mmol, 3 equiv.) under N2

atmosphere. The reaction mixture was stirred and heated at
100 �C for 18 h (TLC and GC-MS monitoring). The reaction
mixture was cooled to room temperature, and then it was
passed through a short pad of silica gel with EtOAc. The solu-
tion was concentrated in vacuo and immediately subjected to
ash chromatography on silica pretreated with 1% Et3N.

General procedure H

Pd-catalyzed alkynylation.3 To an oven dried Schlenk tube
equipped with a stir bar was added the a-chloro enamine (0.25
mmol), dissolved in dioxane (1 mL), followed by 2,6-lupetidine
(0.17 mL, 1.25 mmol, 5 equiv.), CuI (5 mg, 0.025 mmol,
10 mol%) PdCl2(PhCN)2 (4.75 mg, 0.0125 mmol, 5 mol%) and
the desired alkyne (0.50 mmol, 2 equiv.), under nitrogen
atmosphere. The reaction was stirred at room temperature until
complete consumption of the enamine (GC-MS and TLC
monitoring; typically 0.5–2 h).

Synthesis of ester 3c1. Prepared in 1.0 mmol scale using
general procedure A. Purication: ash chromatography on
silica eluting with hexane/EtOAc (70 : 30). Oily substance. Yield
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Post-modification of 4-nitrostyrenyl lactams.

Scheme 6 Pd-catalyzed alkenylation of lactam-tethered nitro-
styrenes with electronically diverse alkenes.
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¼ 263.6 mg, 80%, 95 : 5 dr. 1H NMR (400 MHz, CDCl3) d 7.37–
7.23 (m, 5H), 6.52 (d, J ¼ 15.9 Hz, 1H), 6.17 (dd, J¼ 16.0, 5.6 Hz,
1H), 4.85 (dd, J ¼ 5.6, 2.7 Hz, 1H), 3.74 (s, 3H), 2.74 (dd, J ¼ 4.3,
2.7 Hz, 1H), 2.55–2.31 (m, 3H), 1.47 (s, 9H), 1.07 (d, J ¼ 6.3 Hz,
3H). 13C NMR (101 MHz, CDCl3) d 172.0, 170.7, 135.9, 131.8,
131.0, 128.8, 128.1, 126.4, 58.1, 57.6, 51.7, 50.0, 39.2, 28.5, 25.1,
18.3. HRMS-EI+ (m/z): calc. for C20H27NO3, 329.1991, found
329.1996. FTIR (KBr): 2976.0, 2927.2, 1721.7, 1650.1, 1492.0,
1438.4, 1362.2, 1320.5, 1290.1, 1206.3, 1180.3, 1146.7, 1132.3,
995.8, 918.8, 700.1.

Note: All other allylic lactams depicted in Scheme 1 were
prepared as described above. Spectroscopic data can be found
in the ESI.†

Synthesis of enamine 4a. Prepared in 0.5 mmol scale using
general procedure B. Purication: Flash chromatography on
silica (pretreated with Et3N), eluting with hexane/EtOAc
(85 : 15). Oily substance. Yield ¼ 168.3 mg, 93%. 1H NMR (400
© 2022 The Author(s). Published by the Royal Society of Chemistry
MHz, CDCl3) d 9.74 (s, 1H), 7.39–7.20 (m, 5H), 6.62 (d, J ¼
15.9 Hz, 1H), 5.92 (dd, J ¼ 15.9, 8.5 Hz, 1H), 4.54 (t, J ¼ 9.0 Hz,
1H), 4.35 (hept, J ¼ 6.9 Hz, 1H), 3.65 (s, 3H), 3.35 (qd, J ¼ 6.9,
4.6 Hz, 1H), 2.74 (dd, J ¼ 9.6, 4.7 Hz, 1H), 1.39 (dd, J ¼ 16.2,
6.9 Hz, 6H), 1.00 (d, J ¼ 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3)
d 186.4, 171.3, 151.1, 135.9, 133.5, 128.7, 128.3, 128.1, 126.6,
114.6, 59.1, 53.8, 51.9, 50.3, 27.8, 22.2, 21.3, 14.8. HRMS-EI+ (m/
z): calc. for C20H24ClNO3, 361.1445, found 361.1449. FTIR (KBr):
2924.8, 1642.2, 1494.9, 1448.8, 1427.0, 1393.4, 1361.6, 1328.7,
1289.7, 1223.6, 1198.9, 1130.0, 1074.1, 1030.4, 988.5, 966.1,
925.5, 741.6, 693.4.

Note: All other enamines depicted in Scheme 2 were
prepared as described above. Spectroscopic data can be found
in the ESI.†

Synthesis of lactam–lactone 5b. Prepared in 0.50 mmol scale
using general procedure C. Purication: Flash chromatography
on silica eluting with hexane/EtOAc (60 : 40). Oily substance.
Yield ¼ 185.3 mg, 94%. 1H NMR (400 MHz, CDCl3) d 7.48–7.38
(m, 5H), 5.75 (d, J¼ 3.7 Hz, 1H), 4.86 (t, J¼ 3.5 Hz, 1H), 3.96 (dd,
J ¼ 12.1, 3.4 Hz, 1H), 3.21 (ddd, J ¼ 12.1, 2.9, 1.0 Hz, 1H), 2.67–
2.54 (m, 2H), 2.42–2.32 (m, 1H), 1.34 (s, 9H), 1.13 (d, J ¼ 6.7 Hz,
3H). 13C NMR (101 MHz, CDCl3) d 171.2, 170.0, 137.8, 129.3,
129.2, 125.5, 84.9, 60.8, 58.6, 50.5, 43.8, 42.0, 29.2, 23.6, 13.4.
HRMS-EI+ (m/z): calc. for C19H24BrNO3, 393.0940, found
393.0944.

Note: All other lactam–lactones depicted in Scheme 3 were
prepared as described above. Spectroscopic data can be found
in the ESI.†

Synthesis of lactam carboxamide 7a. Prepared in 0.50 mmol
scale using general procedure E, using allylamine (1 mmol, 2
equiv.) as the nucleophile. Purication: Flash chromatography
on silica eluting with hexane/EtOAc (25 : 75). Oily substance.
Yield ¼ 164 mg, 82%. 1H NMR (400 MHz, CDCl3) d 7.12 (d, J ¼
7.7 Hz, 2H), 6.87 (d, J ¼ 7.7 Hz, 2H), 6.00 (dd, J ¼ 5.7, 3.0 Hz,
1H), 5.90–5.80 (m, 1H), 5.26–5.12 (m, 2H), 4.22 (dd, J ¼ 7.0,
3.3 Hz, 1H), 4.02–3.84 (m, 2H), 3.80 (s, 3H), 3.72 (d, J ¼ 2.1 Hz,
1H), 3.00 (dd, J ¼ 7.0, 2.1 Hz, 1H), 2.75 (dd, J ¼ 5.9, 3.3 Hz, 1H),
2.56–2.44 (m, 1H), 2.44–2.28 (m, 2H), 1.55 (s, 9H), 0.97 (d, J ¼
6.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) d 170.7, 160.0, 133.9,
127.9, 126.9, 117.2, 114.2, 66.5, 58.3, 56.9, 55.4, 55.3, 48.8, 42.1,
40.7, 28.7, 27.9, 16.7. HRMS-EI+ (m/z): calc. for C23H32N2O4,
400.2362, found 400.2369. FTIR (KBr): 3384.3, 3009.7, 2933.6,
1647.7, 1607.2, 1577.1, 1512.0, 1454.2, 1427.6, 1359.8, 1299.2,
1250.9, 1176.0, 1151.5, 1119.6, 1031.3, 990.3, 927.8, 825.4,
765.0, 749.7.

Note: All other epoxide-tethered lactam carboxamides and
lactam-ester depicted in Scheme 4 were prepared as described
above. Spectroscopic data can be found in the ESI.†

Synthesis of bromolactone 13. To a round-bottom ask
equipped with a stir bar was added amine 11b (0.5 mmol), trans-
cinnamaldehyde (0.5 mmol, 1 equiv.) benzene (2 mL), and
anhydrousMgSO4 (100mg). The cloudy suspension was allowed
to stir at room temperature. Aer complete consumption of the
amine (based on TLC monitoring), the mixture was ltered and
concentrated under reduced pressure to obtain the 1,3-aza-
diene. A 10 mL screw-cap vial was ame-dried, evacuated and
ushed with nitrogen. A solution of the 1,3-azadiene in toluene
RSC Adv., 2022, 12, 309–318 | 315
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Scheme 7 Catalytic alkynylation of a-chloroenamines.
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(2.5 mL) was added to the vial at room temperature followed by
phenylsuccinic anhydride 12 (88.1 mg, 0.5 mmol, 1 equiv.). The
contents were placed in a pre-heated oil bath thermostatted at
90 �C. Aer complete conversion (as judged by TLC and NMR),
the mixture/suspension was cooled to room temperature and
washed several times with petroleum ether, affording the alke-
noic acid. DCM (2 mL) was added to the acid followed by NBS
(98 mg, 0.6 mmol, 1.1 equiv.). The reaction mixture was stirred
at room temperature until TLC and GC-MS showed full
conversion. Then, the reaction mixture was diluted with DCM
(10 mL) and quenched with 10% aqueous sodium sulte (5 mL).
The layers were separated and the aqueous layer was extracted
once with DCM. The combined organic extracts were washed
with brine, dried over MgSO4 and concentrated in vacuo to give
lactam–lactone 13, which was puried by ash chromatography
on silica, eluting with hexane:EtOAc (1 : 1). Oily substance.
Yield ¼ 286.9 mg, 78%. 1H NMR (400 MHz, CDCl3) d 7.62–7.21
(m, 16H), 7.11–7.07 (m, 3H), 5.54 (s, 1H), 4.80 (dd, J ¼ 10.9,
2.8 Hz, 1H), 4.36 (d, J ¼ 10.8 Hz, 1H), 4.28–4.17 (m, 1H), 3.85–
3.73 (m, 4H), 3.49–3.31 (m, 1H), 3.07–2.97 (m, 1H), 2.80–2.48
(m, 5H), 2.08–1.98 (m, 1H), 1.96–1.82 (m, 1H), 1.20 (d, J ¼
6.8 Hz, 3H). 13C NMR (101 MHz, CDCl3) d 176.1, 172.4, 169.9,
169.8, 169.3, 141.2, 139.7, 136.1, 133.1, 129.9, 129.4, 129.0,
128.9, 128.0, 127.9, 126.2, 125.0, 124.9, 81.7, 68.6, 60.1, 53.0,
52.1, 50.7, 46.5, 44.5, 38.0, 34.3, 34.2, 31.0, 29.3, 26.7, 17.4, 17.4.
HRMS-EI+ (m/z): calc. for C41H39BrN2O6, 734.1991, found
734.1998.

Synthesis of p-extended diene 14a. Prepared in 0.50 mmol
scale using general procedure G, using 4-tert-butylstyrene
(0.75 mmol, 1.5 equiv.) as the alkene coupling partner. Puri-
cation: Flash chromatography on silica eluting with hexane/
EtOAc (75 : 25). Oily substance. Yield ¼ 225.9 mg, 89%. 1H
NMR (400 MHz, CDCl3) d 7.47–7.20 (m, 13H), 7.01 (s, 2H), 6.43
(dd, J ¼ 15.8, 1.1 Hz, 1H), 6.11 (dd, J ¼ 15.8, 7.2 Hz, 1H), 4.78–
316 | RSC Adv., 2022, 12, 309–318
4.71 (m, 1H), 3.75 (s, 3H), 2.90 (t, J ¼ 4.1 Hz, 1H), 2.72 (dd, J ¼
16.9, 5.4 Hz, 1H), 2.66–2.56 (m, 1H), 2.59–2.46 (m, 1H), 1.31 (s,
9H), 1.18 (d, J¼ 6.7 Hz, 3H). 13C NMR (101 MHz, CDCl3) d 171.9,
169.4, 150.9, 141.1, 136.5, 135.9, 134.5, 133.5, 129.0, 128.7,
128.2, 128.0, 127.9, 127.2, 127.1, 126.6, 126.3, 125.6, 63.3, 52.0,
49.4, 38.1, 34.7, 31.3, 26.8, 17.8. HRMS-EI+ (m/z): calc. for
C34H37NO3, 507.2773, found 507.2779.

Note: All other denitrative coupling products depicted in
Scheme 6 were prepared as described above. Spectroscopic data
can be found in the ESI.†

Synthesis of alkynyl enamine 15a. Prepared in 0.25 mmol
scale using general procedure H. Purication: Flash chroma-
tography on silica (pretreated with trimethylamine) eluting with
hexane/EtOAc (90 : 10). Oily substance. Yield ¼ 118.0 mg, 93%.
1H NMR (400 MHz, CDCl3) d 9.84 (s, 1H), 7.36–7.24 (m, 5H), 6.59
(d, J ¼ 15.9 Hz, 1H), 5.93 (dd, J ¼ 15.9, 8.2 Hz, 1H), 4.61 (hept, J
¼ 7.0 Hz, 1H), 4.42 (t, J¼ 8.4 Hz, 1H), 3.64 (s, 3H), 3.27–3.17 (m,
1H), 2.72 (dd, J ¼ 8.7, 5.0 Hz, 1H), 1.36 (dd, J ¼ 9.2, 6.9 Hz, 6H),
1.15–1.05 (m, 2H). 13C NMR (101 MHz, CDCl3) d 187.8, 171.6,
143.5, 136.1, 133.0, 128.8, 128.7, 128.1, 126.5, 121.3, 104.2, 97.0,
55.8, 53.3, 51.6, 49.3, 26.0, 22.7, 20.6, 18.6, 15.3, 11.3. HRMS-EI+

(m/z): calc. for C31H45NO3Si, 507.3169, found 507.3175.
Note: All other alkynyl enamines depicted in Scheme 7 were

prepared as described above. Spectroscopic data can be found
in the ESI.†
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