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The a-hydroxy-3-valerolactam, 3-hydroxypiperidine, and piperidine-3-carboxamide topologies are
resident in several natural products and pharmaceuticals, including anticonvulsant and antithrombotic
agents. A modular and stereocontrolled strategy that merges these privileged scaffolds into one motif
could facilitate the discovery of more small molecules with medicinal value. Here, we demonstrate that
bridged valerolactam-butyrolactones can be skeletally remodelled to highly decorated 3-hydroxy-2-
piperidinone carboxamides by catalytic and site-selective deconstructive aminolysis with primary and
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and concomitant trapping with the amine. The scaffold hopping proceeds with exclusive acyl C-O bond
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rsc.li/rsc-advances bonds of y-lactones.

Introduction Bu wOH
=
The 3-hydroxy-2-piperidinone topology is resident in natural rj ° -0

products and pharmaceuticals, including anticonvulsant A, HO™ (5

natural alkaloids B and C, as well as (+)-awajanomycin (Fig. 1).! B, )t( 'I" I(k: IXd Cl 0PN Me

Additionally, polysubstituted saturated piperidines bearing the A (anti- convulsant)(na ural alkaloids) *) Awa'gnom cin

B-hydroxypiperidine substructure constitute the core of several _(cytétoxic)y I

natural products and pharmaceuticals, including deoxocassine, ~  ~~ 7] HOw ~ OH """"""""""

spectaline, azimic acid, and afegostat.>* These B-hydroxypiper- Ej\/ :

idines also serve as cyclic choline analogs.* Meanwhile, the Me” >N R Ho\fj/\OH

piperidine-3-carboxamide scaffold is prevalent in antith- Deoxocassin: . N

rombotic agents® and is known to induce senescence-like Spectaline, R = C11H;;C§CH3 Afeg|-<|)stat

phenotypic changes in human melanoma A375 cells® (see D Azimic acid, R = C4HgCO,H (Gaucher disease)

and E, Fig. 1). T T o T / N\
We surmised that a strategy that merges these pharmaceu- R o = N

tically pertinent topologies into one motif (Fig. 1, bottom) B NH; P o - | H

would likely expand the 3D-chemical space for the discovery of H Nk Eh)k ” N

more small molecules with medicinal value. Although the Nipecotamide R . E (anti-melanomay)

literature is replete with several approaches to 3-hydroxy-2- D (anti-thrombosis) |

piperidinones,” B-hydroxypiperidines,® and piperidine-3-car-
boxamides,>® we are not aware of any report on the stereo-
controlled and the catalytic construction of the 3-hydroxy-2-
piperidinone carboxamide scaffold.

developed
underdeveloped

Department of Chemistry, Central Washington University, Ellensburg, WA 98926, USA.

E-mail: Timothy. beng@cwu.edu Fig. 1 Examples of bioactive 3-hydroxy-2-piperidinones, B-hydrox-
1 Electronic supplementary information (ESI) available. Experimental procedures  ypiperidines, and piperidine-3-carboxamides.
and spectroscopic data. See DOI: https://doi.org/10.1039/d5ra02161h

16028 | RSC Adv, 2025, 15, 16028-16034 © 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra02161h&domain=pdf&date_stamp=2025-05-14
http://orcid.org/0000-0002-4364-5664
https://doi.org/10.1039/d5ra02161h
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02161h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015020

Open Access Article. Published on 14 May 2025. Downloaded on 12/5/2025 8:47:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

As part of a program aimed at leveraging the synthetic
versatility of lactam acids of type 1 (Fig. 2A),° our group has
identified catalytic and stereocontrolled sp® C-H lactonization
as a means to access conformationally restricted bicyclic
lactam-lactones (see 2).°* Organic synthesis strategies that seek
to achieve flexible peripheral editing of heterocycles as well as
skeletal editing are becoming increasingly popular in medicinal
chemistry programs. Within this context and with 2 in hand, we
next sought to explore its amenability to skeletal diversification
by means of catalytic deconstructive functionalization, in view
of assembling highly decorated 3-hydroxy-2-piperidinone car-
boxamides. We hypothesized that 2 could undergo site-selective
and stereocontrolled ring-opening with amine nucleophiles
under transition metal catalysis.

As depicted in Fig. 2B, a major challenge associated with the
transition metal (TM)-catalyzed ring-opening of conformation-
ally restricted lactones such as 2 is the possibility of formation
of two constitutionally isomeric products due to competing acyl
C-O bond cleavage (pathway A) and alkyl C-O bond cleavage
(pathway B). Some reports exist on the alkyl C-O bond

A: Our prior report on the construction of bridged lactam-lactone 2
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Fig. 2 (A) Our prior efforts to prepare lactam-lactone 2, (B and C) our
designed plan for accessing 3-hydroxy-2-piperidinone carboxamides
from 2, (D) existing report on Pd-catalyzed ring-opening of methy-
lene-B-lactones.
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activation of 4-membered ring lactones.' However, TM-
catalyzed ring opening of esters,'” especially lactones, at the
acyl C-O bond, is still at the incipient stages. Another challenge
that needs to be addressed is that of diastereoselectivity
(Fig. 2C). One of the most important aspects for the reaction to
proceed in high diastereoselectivity is for the OH-bearing ster-
eocenter in the opened chain to retain the same configuration
as the original stereocenter in the lactone (stereoretentive ring-
opening aminolysis, see 7) or for the OH-bearing stereocenter to
have the opposite configuration (stereoinvertive ring-opening
aminolysis, see 8). Inspired by the only existing report on the
transition metal-catalyzed deconstructive functionalization of
a strained B-lactone with amines (Fig. 2D)," we herein describe
efforts toward the elicitation of our ideals. We find that the ring-
opening with amines proceeds with exclusive site-selective acyl
C-O bond activation and complete stereoretention at the OH-
bearing stereocenter.

Results and discussion

As articulated previously, the development of practical and
stereocontrolled synthesis strategies for the construction of the
carboxamide motif is a responsibility entrusted on the organic
synthesis community given that it is commonly found in
peptides, natural products, pharmaceuticals, and active ingre-
dients in crop protection.™ The sustainable construction of the
amide scaffold has been highlighted by the American Chemical
Society (ACS) Green Chemistry Institute as one of the top
impactful areas.” Within this context, the catalytic ring-
opening aminolysis of a cyclic ester is a highly desirable trans-
formation given that it obviates the need for stoichiometric
activation and side-steps the undesirable ester hydrolysis step.
We commenced these studies by benchmarking our optimiza-
tion efforts toward the synthesis of a-hydroxy-d-valerolactam-
carboxamides with the reaction conditions described in Table
1. In the event, using acid 2a as a model substrate, 2-methyl-
tetrahydrofuran (2-MeTHF) emerged as the solvent of choice
(entries 1-9). Of note, ethyl acetate, itself an ester, performs
satisfactorily as a solvent in this reaction (entry 9). Pd(TFA), and
PPh; emerged as the most effective catalyst system (entries 10-
21). No background ring-opening aminolysis is observed in the
absence of Pd(TFA), (entry 10) or in the absence of the phos-
phine ligand (entry 11). Therefore, these results support the
notion that palladium catalysis is indeed operative in the
lactone acyl C-O bond-cleavage process. Increasing the
Pd(TFA), loading to 5 mol% only leads to a marginal increase in
the yield of 7a (entry 18). However, lowering the loading to
1 mol% has a deleterious effect on the efficiency of the trans-
formation (entry 19). Other catalytic aminolysis conditions that
were developed primarily for methyl-bearing noncyclic esters
have been surveyed and none of them promoted ring-opening
aminolysis of 2a to 7a (entries 22-24). Base-mediated ami-
nolysis of 2a with isopropylamine using conventional bases
such as Cs,CO; (entry 25), K,CO3, and CsF led to complete
epimerization at the OH-bearing stereocenter. These results
further highlight the merit of our newly developed protocol
from both the standpoints of regioselectivity and
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Table 1 Optimization of the deconstructive amination of bridged
lactam-lactone 2a

Isopropylamine (2 equiv)
Pd(TFA), (2 mol%)
PPh3 (20 mol%)
2-MeTHF (0.1 M)

HO.,,

BU 40°c, 18 h

2a conditions A: yield of 7a = 88% 7a, >99:1 dr
Entry Deviation from conditions A %Yield 7a
1 Tetrahydrofuran (THF) as solvent 76
2 2,2,5,5-Tetramethyloxolane (TMO) as solvent 70
3 Acetonitrile (MeCN) as solvent 52
4 N,N-Dimethylformamide (DMF) as solvent 39
5 N,N-Dimethylacetamide (DMA) as solvent 22
6 N,N-Dimethylsulfoxide (DMSO) as solvent 13
7 Dichloromethane (DCM) as solvent 65
8 Dichloroethane (DCE) as solvent 60
9 Ethyl acetate (EtOAc) as solvent 71
10 No Pd(TFA), 0
11 No PPh; 0
12 Pd(OAc), in place of Pd(TFA), 82
13 Pd,(dba), in place of Pd(TFA), 58
14 Pd(PPh), in place of Pd(TFA), 41
15 Pd[(allyl)Ci], in place of Pd(TFA), 67
16 Pd(MeCN),Cl, in place of Pd(TFA), 0
17 Pd(PhCN)2Cl, in place of Pd(TFA)2 0
18 Using 5 mol% Pd(TFA), 90
19 Using 1 mol% Pd(TFA), 70
20 P(OEt), in place of PPh; 0
21 PC;, in place of PPh; 45
22 Conditions B in place of conditions A 0
23 Conditions C in place of conditions A 0
24 Conditions D in place of conditions A 0
25 Conditions E in place of conditions A 34(1:1 dr)

conditions B
Pd(IPr)(allyl)CI (20 mol%)
K3POy4 (3 equiv)

PhMe, 110 °C, 22 h

conditions D
Ni(cod), (10 mol%)
IPr (20 mol%),
PhMe, 110 °C, 22 h

conditions C
Ni(cod), (15 mol%)
SIPr (30 mol%)
Al(OtBu); (1.3 equiv)
PhMe, 80 °C, 22 h

conditions E
Cs,CO3 (50 mol%)
DMF:MeCN (1:3)
23°C,22h

SIPr = 1,3-Bis(2,6-diisopropylphenyl)imidazolidin

diastereoselectivity. The atom efficiency of this transformation
is commendable given that all atoms originating from the
bicyclic lactam-lactone and the amine are incorporated into the
product structure.

The exclusive formation of 7a and the failure to observe side
products of type 6 are a testament to the fact that alkyl C-O
bond activation (see pathway B, Fig. 2) is not operative. Support
for this assertion comes from spectroscopic data (see Fig. 3).
Representative COSY, HSQC, HMBC, NOESY, and IR spectra for
7a and several other compounds depicted in Scheme 1 are
provided in the (ESIt). Decarbonylation was also not observed
in this palladium-catalyzed conversion of conformationally
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6a (not observed)
* No carboxylic acid resonance
on "H NMR spectrum.

e7a (exclusive product) confirmed
by HMBC analysis.
"H NMR spectrum shows that the

« NH proton (Hy) is highly deshielded ¢ OH stretching frequency
6.17 ppm (d, J = 5.2 Hz, 1H) on IR spectrum ~3200 cm™’

-1
consistent with the amide resonance. 2nd does not go below 3000 cm™,

« Unusual doublet observed for Hgy is which is inconsistent with that of
due to coupling across nitrogen to He. the carboxylic acid functionality.

« NOESY shows that H, and H, are  * The IR spectrum of 1, which
on the same side. bears the CO,H functionality

o OH stretching frequency on IR is provic?led in the ESI for
spectrum is ~3200 cm™!, consistent comparison.
with that of alcohol functionality.

Fig. 3 Spectroscopic evidence for the exclusive formation of 7a by
regioselective acyl C-O bond cleavage.

restricted  bridged lactam-lactones into
piperidinone carboxamides.

Using the optimized conditions, the scope of the catalytic
and site-selective ring-opening aminolysis protocol was
explored. We began by surveying various diversely substituted
bridged lactam-lactones using isopropylamine as the nucleo-
phile. In the event, the differentially substituted hydroxypiper-
idinone carboxamides depicted in Scheme 1 were obtained (see
7a-s). The functional group tolerance exhibited by the trans-
formation is impressive given that alkenes, allyl ethers, tertiary
anilines, anisoles, thioethers, and thiophenes are well tolerated
in this transformation. As a testament to the mildness of these
reaction conditions, ring-opening of methylbenzoate-bearing
substrates occurs exclusively on the lactone moiety (see 7j and
7p). Such chemoselectivity is noteworthy and speaks to the
enhanced reactivity of the inherently strained bridged lactam-
lactone scaffold. We envision that this would pave the way for
orthogonal aminolysis given that amide formation at the methyl
ester terminus should be achievable using the well established
Ni-catalyzed conditions.*?*¥ Piperidinone carboxamides bearing
four contiguous stereocenters have been prepared in a stereo-
controlled manner (see 7l/m). Our studies have revealed that
other primary alkyl amines undergo excellent deconstructive
aminolysis without complications arising from epimerization at
the OH-bearing stereocenter (see 7t-7z2). In the field of organic
synthesis, alkynes have become a staple given that they are
often employed as synthons and as catalysts in enantioselective
studies.’* We were therefore pleased to find that the ring-
opening aminolysis with propargyl amine proceeds unevent-
fully leading to products such as 7x/y. An inherently less
nucleophilic primary aryl amine afforded the product in high
yield and diastereoselectivity (see 7z3). When both enantiomers
of a-methyl benzylamine are employed in this transformation,
the optically active 3-hydroxy-2-piperidinone carboxamides are
obtained in high stereochemical fidelity. These results indicate
that epimerization at the methyl-bearing stereocenter did not

3-hydroxy-2-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Deconstructive aminolysis of bridged lactam-lactones with other amine nucleophiles
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Isolated yields are reported in all cases. Performed on 1.0 mmol scale using 5 mL 2-MeTHF
Reaction times ranged from 12 to 32 h. Diastereomeric ratios were determined by GC-MS and
H NMR analyses of the crude lactam carboxamide. Relative configurations were established through coupling
constant and NOE analyses. The correct regioisomer (i.e. 7 vs 6) was identified using IR-, 1D-, and 2D-NMR analyses.

Scheme 1 Construction of a-hydroxy-é-valerolactam carboxamides by catalytic deconstructive functionalization of [3-2-1] bicyclic lactam-

lactones with primary and secondary amines.

occur in either case. Ring-opening aminolysis with sterically
challenged secondary amines proceeds satisfactorily (see 7z6-
7z8). When 4-substituted piperidines are employed as the

© 2025 The Author(s). Published by the Royal Society of Chemistry

amine nucleophile, the lactam carboxamides are obtained in
variable diastereoselectivities (see 7z9 and 7z10) as judged by
GC-MS and 'H NMR of the crude reaction mixture. In both

RSC Adv, 2025, 15, 16028-16034 | 16031
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cases, the diastereomeric mixture was inseparable in our hands.
Unsurprisingly, when inherently less nucleophilic tertiary
amines such as N-methylpiperidine and triethylamine were
employed, no ring-opening aminolysis occurred even at
elevated temperatures (80 °C, for 18 h). In these cases, the mass
balance was mostly accounted for by the recovered bridged
lactam-lactone precursor. The addition of fluorine-containing
scaffold to standard organic frameworks tends to enhance
properties such as metabolic stability and dissolution, which
justifies why ~25% of current preclinical medicines harbor one
or more fluorine atoms." For instance, the well-heralded tri-
fluoromethyl (CF;) group facilitates drug metabolism.”® We
were therefore thrilled to see that compounds 7z and 7z3 were
produced in high efficiencies and selectivities. The synthesis of
compounds capable of serving as drug candidates in a scalable
manner is an important objective as it makes it relatively easier
for clinical tests to be performed. Fittingly, we have synthesized
compounds such as 7a and 7z4 in gram-scale quantities (start-
ing with as much as 5 mmol of 2), with little to no compromise
in efficiency and diastereoselectivity. When morpholinone-
bridged lactone 2z11 was engaged in this ring-opening ami-
nolysis protocol, complete epimerization at the OH-bearing
stereocenter was observed as cyclic hemiacetal 7z11 was ob-
tained in 1: 1 dr. The diastereomeric mixture was inseparable in
our hands. These results further exemplify why efforts to extend
reactivity trends from one class of a nitrogen heterocycle to
another can sometimes seem like a wild goose chase.

Conclusions

In summary, the stereocontrolled deconstructive amination of
bridged o-lactam-y-lactones has been accomplished under
palladium catalysis, leading to the synthesis of 3-hydroxy-2-
piperidinone carboxamides. The approach enables a formal a-
hydroxylation of inherently inert lactams in a way that is
modular and amenable to rapid diversity incorporation. The
target compounds are obtained in high yields and diaster-
eoselectivities. Primary and secondary amines are suitable
reactive partners. This skeletal diversification of strained
lactones bridged to lactams proceeds with exclusive acyl C-O
bond scission and stereoretentive ring-opening aminolysis is
implicated. We anticipate that the epimerization-free nature of
the reaction conditions would endear this approach to the
synthesis and medicinal chemistry communities. Detailed
mechanistic studies as well as the development of an enantio-
selective variant of the transformation are underway and the
results will be disclosed in due course.
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