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Abstract. Over the last few decades, allenes have evolved from objects of curiosity to central elements

of organic synthesis. Among them, N-allenamides, allenes featuring an electron-withdrawing group
on the nitrogen, stand out for their great stability and versatility. Their unique reactivity has made
them valuable platforms for numerous chemical transformations. Their interest is reinforced by
their ability to efficiently lead to multisubstituted enamides, motifs present in many bioactive natural
products but notoriously challenging to synthesize with high regio- and stereocontrol. Driven by our
deep interest in the reactivity of activated N-allenamides, particularly those with fluorinated units, we
present here new transformations leading to the construction of heterocyclic fluorinated structures
and complex enamides, two motifs with significant relevance in medicinal chemistry.
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1. Introduction

N-Allenamides, featuring an electron-withdrawing
group (EWG) on the nitrogen atom, have gained sig-
nificant attention among organic chemists over the
past decade, surpassing their allenamine counter-
parts. This increased interest stems from their en-
hanced stability and retained distinctive reactivity.
The delocalization of the nitrogen’s lone pair into
the allenic system imparts these compounds with
dual reactivity, as depicted in their resonance struc-
tures (Figure 1). As a consequence, a range of highly
regio- and stereoselective functionalizations at the
-, -, and y-positions of the allene moiety has been
developed. These transformations enable the con-
struction of complex and valuable N-heterocycles,
often yielding either proximal or distal adducts with
precise control. The extensive focus that has been
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dedicated to N-allenamides is clearly reflected in the
substantial number of publications and comprehen-
sive reviews that have emerged over the years, high-
lighting their diverse and powerful reactivity as versa-
tile synthetic building blocks (for selected reviews on
N-allenamide, see [1-5]). Over the past three years,
our research group has initiated a dedicated pro-
gram focused on exploring the reactivity of activated
N-allenamides. Our initial approach involved the
use of ynamides as precursors to access these valu-
able intermediates. We then shifted our attention to
investigating their reactivity, with particular empha-
sis on the construction of heterocyclic frameworks
which are key structural motifs commonly found in
natural products.

2. Results and discussions

N-Allenamides, a subclass of allenes, have emerged
as essential motifs in a myriad of transformations.
Despite their growing prominence as unique and
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Figure 1. N-allenamide structure and reactivity profile.

versatile building blocks in organic synthesis, exist-
ing methods for their preparation often suffer from
limited substrate scope and restricted structural di-
versity. Inspired by the addition of diazo compounds
to alkynes [6-10], we envisioned that a coupling
reaction between terminal ynamides and a read-
ily available diazomethane surrogate, trimethylsilyl-
diazomethane (Me3SiCHN,, 2 M in diethyl ether),
in the presence of tetra-n-butylammonium fluoride
(TBAF) could offer a straightforward route to termi-
nal N-allenamides. We were pleased to find that
the desired coupling products were obtained in good
yields, and the reaction exhibited broad functional
group tolerance, such as fluorinated substituents
(Scheme 1) [11].

Fluorine-containing building blocks have become
essential in the development of new drug candi-
dates [12-14]. Despite major advances in fluorine
chemistry, fluorine-substituted N-allenamides re-
main scarce [15]. Building on this, we sought to
explore the synthesis of fluorinated N-allenamides
using fluorinated diazoalkanes. Addition of triflu-
orodiazoethane to terminal ynamides under cop-
per catalysis in acetonitrile led to the formation of
the desired N-allenamides in very good yields. The
pentafluoroethyl group, another highly fluorinated
motif, also proved compatible with this transfor-
mation, cleanly delivering the corresponding N-
allenamides. Encouraged by these results, we turned
our attention to more challenging fluorinated sub-
stituents, notably the difluoromethyl group (CF;H).
Recognized as a metabolically stable bioisostere of
hydroxyl and thiol groups, the CF,H moiety has
gained prominence in pharmaceutical, agrochemi-
cal, and materials science [16,17]; for recent reviews

on difluoromethylation reactions see [18-20]. When
CF,HCHN, was reacted with electron-deficient
alkynes, we successfully obtained CF,H-substituted
N-allenamides from terminal ynamides under sim-
ilar conditions. Remarkably, the reaction displays
broad functional group tolerance, accommodating
oxazolidinones, halogens (e.g., chlorine), protected
aldehydes, and even unsaturated side chains that
offer further opportunities for downstream function-
alization (Scheme 1).

Building on our efficient access to a new class of
push—pull allenes, we turned our attention to hy-
droaminations, an atom-economical reaction for
constructing diverse heterocyclic scaffolds, which
serve as valuable platforms for further functional-
ization. While significant progress has been made
in hydroaminations targeting the proximal C=C
bond [21,22] and, to a lesser extent, the distal C=C
bond [23,24], additions to the central C=C bond
remain comparatively rare. To address this gap, we
employed our ynamide/diazo coupling method to
synthesize N-allenamides bearing an ester sub-
stituent. Although these intermediates were highly
unstable, they proved amenable to hydroamination,
yielding a variety of amido-captodative enamines.
Notably, the activated N-allenamides underwent
regio- and stereoselective addition with a range of
secondary amines. A counterintuitive anti-Michael
addition provides a unique E-configured enamine.
Numerous amides as well as distinct amines could
be adapted (Scheme 2). Density functional theory
(DFT) calculations further supported the regio- and
stereoselectivity of the reaction [25].

Eight-membered heterocycles are conspicu-
ous structural motifs found in numerous natural



Dorian Schutz and Laurence Miesch

791

EWG @ =TS Cul (20 mol%), TBAF, 0 °C EWG
! [
N + No P HIRF
A
' N> @® =R Cul (20 mol%), Et;N, 0 °C L
Terminal
0 O o) 0 o)
EWG = &o 3o o\( o\(
EWG EWG  Ts, 66% { i {/
7 P i o N. N. N. N. N.
N N.. Ms, 89 % N N N N N
[ 2 Ns, 88 % Ph
89% 43% 80% 82% 60%
Ts , Ts Ts 'lrs Ts Ts
vN\ - gN\ Me/N\ \/\/N\ /\/N\ CI\/\/N\
'/’ ", N
72% A ’ 62% 70% 83% 84% 61%

Perfluorinated

18 Q 18
0] N< N<
ok et
<\_$‘ 0 o'\~

QUL k. ok
N. N. N
N v/ L SN

CF,CF,
60% 64% 74%
84% 76%
Difluorinated Trifluorinated
O Ts
(0] O |
llEWG AN @\/TS d < @\/TS IIEWG %CF SN
o'\~ crH N._ - 5 N o'\~ s
82% 65% 70% 95%
O
M
Ts Ts Ts Ts ¥ g0 Ts
HF,C N N NP CFH N N N N
2 X A A 2 v ~~ O\’/\/ N NN AN
<’O
73% 67% 70% 90% 90%

Scheme 1. Synthesis of terminal and fluorinated N-allenamides.

products and/or bioactive molecules. However,
their synthesis remains challenging due to unfa-
vorable enthalpic and entropic barriers associated
with the transition states required for medium-size
ring formation [26-28]. Among these, benzo[b][1,5]-
dioxocines stand out as particularly valuable eight-
membered heterocycles. Notable examples in-
clude penicillide [29] and a derivative discovered
by Bayer [30], both exhibiting significant biological
activity. These compounds act as cholesteryl ester
transfer protein (CETP) inhibitors and have emerged
as promising candidates for the treatment of dyslipi-
demia (Figure 2) [31]. Reported Conia-ene reactions
of ene-ynamides remain scarce [32,33]. As part of our

ongoing research on ynamide reactivity, we became
interested in exploring the behavior of ynamides
tethered to propargylic ethers under basic condi-
tions [34]. Given that propargylic ethers are known
to isomerize in the presence of a base, we hypoth-
esized an enolate addition to the in-situ formed N-
allenamide ether. Among the bases evaluated, a solu-
tion of benzyltrimethyl-ammonium hydroxide (Tri-
ton B) in methanol emerged as the optimal choice to
perform this transformation. Experimental observa-
tions were supported by DFT calculations, indicat-
ing a regioselective O-alkylation, where the enolate
adds to the proximal position of the N-allenamide.
This transformation furnishes eight-membered rings
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Scheme 2. One-pot hydroamination of activated N-allenamides.

featuring two embedded enols and a hemiaminal
core. Importantly, the structure tolerates modifica-
tions at the terminal tether of the ynamide as well as
both substituents on the nitrogen atom, demonstrat-
ing the versatility of this method in generating di-
verse, highly functionalized substructures. This ap-
proach offers a sustainable and green route to access
shelf-stable eight-membered O-heterocycles, signif-
icantly expanding the accessible chemical space for
this underexplored class of compounds (Scheme 3).
The computed energy profiles show that the pathway
involving the formation of an N-allenamide inter-
mediate can be considered as the preferential one,
essentially due to the lower activation energy and
more favorable initial deprotonation step [35].

In light of our previous findings, we investi-
gated whether trifluoromethylated N-allenamides
could be leveraged to generate ene-ynamides

with a particular emphasis on incorporating gem-
difluoroalkene and monofluoroalkene motifs.
These fluorinated alkenes are especially appealing:
gem-difluoroalkenes act as carbonyl mimics, and
monofluoroalkenes serve as bioisosteres of peptide
and enol bonds [36]. For example, the pyrrolidone
derivative seletracetam demonstrates a lack of psy-
chomimetic effects, offering significant advantages
over many conventional antiepileptic drugs [37]. In-
vivo studies have shown that a difluoromethylated
GABA aminotransferase inhibitor is highly effective
in suppressing dopamine release following acute
exposure to cocaine or nicotine [38]. The presence
of a fluoroalkene transformed the opioid peptide
Leu-enkephalin into an in-vivo probe with suffi-
cient plasma and microsomal stability to provide
an orally active peptide probe with central nervous
system distribution (Figure 3) [39]. We found that a
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base-promoted 0-elimination of a fluorine atom
from the CF3-substituted N-allenamides efficiently
afforded gem-difluorinated ene-ynamides. Both
potassium fert-butoxide (t-BuOK) and sodium hy-
dride (NaH) proved to be effective bases for this
transformation. The reaction proceeded smoothly
and exhibited a broad functional group toler-
ance, accommodating a variety of functionalized
side chains and electron-withdrawing groups,
thus highlighting the versatility of this strategy
(Scheme 4) [40]. Given the polarity of the ynamides
and the high electrophilicity of the o-carbon of
the gem-difluoroalkene moiety, it was possible to
tune the reactivity of these peculiar building blocks
by adding nucleophiles on the ynamide moiety or
on the difluoroalkenyl part. Alcoholates were di-
rectly added to the starting N-allenamides. Inter-
estingly, this reaction yielded a mixture of Z- and
E-monofluorinated ene-ynamides, with the alkoxy
group at the carbon atom 6 to the nitrogen. The
overall yield was good, and the two stereoisomers
could be successfully separated, affording both Z-
and E-configured ene-ynamides (Scheme 5). Sub-
sequent selective syn-hydroacylation and hydro-
chlorination promoted by ZrCly occurred exclusively
at the ynamide moiety, enabling the synthesis of tai-
lored mono- or difluorinated dienes depending on
the starting material (Scheme 6) [40].

Despite their attractive properties, only a lim-
ited number of protocols have been developed
for the synthesis of fluoropyrroles. Currently, flu-
orinated pyrroles are predominantly obtained
through the functionalization of pre-existing pyr-
role frameworks [41-43]. Building on our previ-
ous results, we envisioned that gem-difluorinated
ene-ynamides [40] could serve as suitable precur-
sors for the synthesis of fluorinated pyrroles via hy-
droamination followed by an intramolecular cycliza-
tion. To explore this possibility, we investigated the

OH

(o]

0
H
HaNT Y2 ”/\([)I/N\z)]\” ng

F

Fluorosubstituted
Leu-enkephalin

O

use of silver catalysts to promote the regioselective
addition of primary amines to ene-ynamides. In
contrast to alcoholates, primary amines selectively
add to the ynamide moiety of the molecule gener-
ated in situ. Upon silver-mediated activation of the
gem-difluoroalkenyl group, a 5-endo-trig cycliza-
tion followed by (-fluoride elimination occurred,
furnishing the desired fluorinated pyrrole scaffold
(Scheme 7). This transformation exhibits high modu-
larity, allowing straightforward access to a wide range
of highly functionalized 2-amido-5-fluoropyrroles.
Good vyields were obtained for this operationally
simple process involving a one-pot four-step se-
quence (Scheme 8). An intramolecular version of
this process led to the synthesis of tricyclic oxazoles
from monofluorinated ene-ynamides embedding a
primary amine (Scheme 9) [44].

Since the discovery of sulfonamide antibacte-
rials [45], sulfonamides have played a key role
in medicinal chemistry. The cyclic counterparts
of sulfonamide compounds (sultams) display en-
hanced biological activities compared to their acyclic
congeners [46]. Our strategy aimed to exploit the
electron-withdrawing substituent on the nitro-
gen atom in trifluorinated N-allenamides. Specif-
ically, we hypothesized that deprotonation at the
«-position of the sulfonyl group in N-sulfonyl al-
lenamides could trigger an anionic 5-endo-dig cy-
clization, ultimately leading to the formation of cyclic
sulfonamides. Although not found in nature, these
amide surrogates are considered privileged motifs
that have found diverse applications in drug discov-
ery such as in sultiame, an anticonvulsant agent [47],
§-2474, a non-steroidal anti-inflammatory drug [48],
and an antidiabetes agent developed by Boehringer
Ingelheim (Figure 4) [49]. Upon treatment with TBAF
and acetic acid, CF3-substituted N-allenamides were
transformed into <y-sultams bearing an ene-gem-
difluorinated tether, whereas TBAF alone provided
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the corresponding trifluorinated ethyl sultams. The
developed method demonstrated broad functional
group tolerance and a wide substrate scope, afford-
ing sultams featuring a gem-difluorinated ene moiety
(Scheme 10). Moreover, DFT calculations supported
a reaction pathway involving a 5-endo-dig cycliza-
tion on the ene-ynamide intermediate generated in
situ [50].

We next considered a chemoselective, metal-free
approach for the 1,2- and 2,3-semireduction of CF3-

substituted N-allenamides. The enamide moiety
in these compounds was efficiently and regioselec-
tively reduced using a combination of triethylsilane
(Et3SiH) and boron trifluoride etherate (BF3-OEt,),
affording the desired products with good stereose-
lectivity. Subsequent 1,8-diazabicyclo[5.4.0]Jundec-
7-ene (DBU)-mediated isomerization of the
resulting allyl amide proceeded cleanly, fur-
nishing the E-configured enamide exclusively
(Scheme 11) [51].
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Among diverse organic azide compounds, vinyl
azides represent a remarkable synthetic scaffold with
their ability to act as an electrophile, an enamine-
type nucleophile or a radical acceptor [52]. Given the
unsaturated nature of N-allenamides, we envisioned
that these compounds could be the perfect can-
didates to obtain vinyl azides via hydroazidations.
We initiated our study by exploiting the reactivity
of activated N-allenamides to achieve direct hydro-
functionalization at the central sp-hybridized car-
bon. Employing a combination of trimethylsilyl azide
(TMSN3) and TBAE we achieved a smooth hydroazi-
dation of both trifluorinated and ester-substituted
N-allenamides. This transformation yielded vinyl
azides with complete regio- and stereoselectivity
(Scheme 12). In contrast, when trifluorinated N-
allenamides were activated with trifluoroacetic acid
(TFA) in the presence of TMSN3, hydroazidation oc-
curred selectively at the distal double bond. This

CeH
C l,\l /\/E<06 5
S=0o
\
(0] N/go
\\\“K@\
OH Br

Antidiabetes agent
Boehringer Ingelheim

enabled the site-specific installation of an azido
group at the y-position. While vinyl azides have
found extensive utility in organic synthesis, allyl
azides have often been overlooked due to their ex-
posure to the Winstein rearrangement, typically lead-
ing to a mixture of isomers through allylic azide equi-
librium [53]. In our system, the proximity of a het-
eroatom appears to suppress this equilibrium, en-
abling the exclusive formation of allyl azides featur-
ing a conjugated system. Furthermore, treatment of
these allyl azides with DBU induced a sigmatropic
shift of the azido group, followed by double-bond iso-
merization. This process afforded vinyl azides with
the azido moiety at the «-site with complete regio-
and stereocontrol (Scheme 13) [54].

N-Allenamides bearing an electron-withdrawing
group on the nitrogen atom have emerged as readily
accessible and versatile nitrogen-containing syn-
thons [1-5]. While their thermal reactivity—driven
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Scheme 13. y-Hydroazidation of activated N-allenamides and base-promoted azide shift.

by electronic bias in the ground state (Sp)—is well
established [55-57], their behavior and reactivity in
the triplet excited state (T;) remain largely unex-
plored. We were puzzled by the fact that the pho-
tochemical reactivity of N-sulfonyl allenamides re-
mained unexplored (Figure 5) [58,59]. We hypothe-
sized that the presence of the sulfonyl group could

be strategically leveraged to control the fate of the
vinyl radical intermediate, potentially unlocking new
reactivity pathways. Our investigations revealed that
the direct addition of H-phosphine oxide to a CF3-
substituted N-sulfonyl allenamide under visible-
light irradiation led to the formation of the corre-
sponding «-phosphorylated (-sulfonyl enamine.
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Scheme 14. Light-induced synthesis of «-phosphorylated (3-sulfonyl enamines.

This transformation proved to be applicable to a
broad range of substrates and demonstrated notable
sustainability (Scheme 14). Remarkably, the reaction
could be performed under natural sunlight over the
course of two days, affording the desired phospho-
rylated enamine in 77% yield. Encouraged by our
findings and the visible-light-induced N-to-C [1,3]-

sulfonyl shift, we questioned whether this transpo-
sition could be extended beyond CF;3-substituted
N-allenamides. When terminal N-allenamides were
employed in the presence of H-phosphine oxides,
a divergent reactivity was observed, leading to the
formation of structurally distinct hydrophospho-
rylated products. In this case, we propose that an
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Scheme 15. Light-induced synthesis of y-phosphorylated (3-sulfonyl enamines.

intermolecular hydrogen atom transfer (HAT) oc-
curs, followed by the addition of a phosphinoyl
radical [P(O)-] to the terminal alkene moiety. This
sequence furnishes <y-phosphorylated {3-sulfonyl
enamines. Notably, for terminal allenamides, func-
tionalized side chains could be used and under-
went a [1,3]-Ts shift, further expanding the structural
diversity accessible through this approach. Addi-

tionally, terminal N-sulfonyl allenamides bearing
various aryl and heteroaryl sulfonyl groups on the
nitrogen atom were also effective substrates for this
N-to-C [1,3]-sulfonyl shift reaction. This simple,
efficient, and atom-economical process exhibits a
broad substrate scope, excellent functional compat-
ibility, and more importantly complete regio- and
stereo-selectivity (Scheme 15) [60]. In conclusion,
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this account highlights our recent efforts toward
the synthesis of activated N-allenamides and, more
importantly, showcases their remarkable versatility
as reactive intermediates. Under basic conditions,
difluorinated ene-ynamides were efficiently gen-
erated. Nucleophilic additions to the difluorinated
alkenyl moiety afforded highly functionalized, tailor-
made dienes, while reactions with primary amines
led to the formation of fluorinated pyrroles. Further-
more, the electron-withdrawing group on the nitro-
gen atom was strategically exploited to access poten-
tially bioactive gem-difluorinated y-sultams. Regio-
and stereoselective reductions, as well as hydroazi-
dations, delivered valuable fluorinated enamides,
allylamides, and vinyl azides. Finally, the discov-
ery of the first N-to-C tosyl shift in N-allenamides
under photocatalyst-free conditions underscores
the untapped potential of these compounds to un-
lock novel reactivity patterns and generate original
phosphorylated structures.
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