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Alkali metal ketenyls, [M(RCCO)], were found to exhibit diverging
reactivities towards ammonia depending on the substitution
pattern. Ketenyl anions with strong electron-withdrawing groups
(R = CN or tosyl) react with NH3z to form p-ketoamides, while the
phosphinoyl substituted systems (R = Ph,P(E), E = S, Se) activate all
three N—H bonds, resulting in a trianionic triamide. This triamide
exhibits a dimeric structure with the six potassium cations forming
a unique planar triangular {K¢}** cluster.

Ammonia (NH3;) is a fundamental building block in the chemical
industry and serves as a key precursor for the synthesis of a wide
range of nitrogen-containing compounds.' ™ The development of
systems capable of efficiently activating ammonia and facilitat-
ing nitrogen transfer to other substrates offers promising oppor-
tunities for atom-economical pathways to valuable N-containing
molecules.” Despite significant advances in transition-metal-
mediated N—H functionalization of various amines, the activation
of ammonia remains a formidable challenge owing to its high
bond dissociation energy (homolytic BDE ~ 107 kcal mol™") and
strong tendency to form thermodynamically stable Lewis acid-base
adducts.®” Usually, coordination of ammonia to a metal centre
decreases the N—H bond dissociation energy, thereby facilitating
subsequent hydrogen atom abstraction and deprotonation
reactions.?® Nonetheless, oxidative addition of ammonia to metal
centres has been accomplished only in a few cases."*'"

In recent years, main-group systems have emerged as attractive
alternatives to transition-metal-based catalysts due to the generally
higher natural abundance and the lower toxicity of p-block ele-
ments, as well as their reduced tendency to form unreactive
Werner-type complexes with ammonia.”> In 2007, Bertrand
and Schoeller et al. reported the first example of a transition
metal-free ammonia splitting at the carbene carbon centre in
alkyl(amino)carbenes (A, Fig. 1a)."® Since then, numerous
ambiphilic main-group compounds incorporating group 13 to
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15 elements have demonstrated similar reactivity, such as various
carbene-like species,'*™'® geometrically constrained phosphorus
systems (e.¢. B)," and Lewis acidic species that enable NH;
activation through cooperative addition across an element-ligand
bond (C, Fig. 1a).>**!

Except for singlet carbenes, carbon compounds usually do not
readily undergo N—H activation through simultaneous formation
of new C—N and C—H bonds. Strong carbon bases such as
Grignard or organolithium reagents usually lead to ammonia
deprotonation to form the corresponding metal amides MNH,,
whereas electrophiles - if active - result in ammonium salt
formation or - under basic conditions - in alkyl/aryl amine
formation. Addition reactions of ammonia to C—C multiple bonds
are typically not facile without a potent catalyst.” Like carbenes,
ketenes are ambiphilic carbon species (Fig. 1b). They possess a
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Fig. 1 (a) Selected examples for the activation of ammonia by main group
compounds; (b) reaction of neutral ketenes with ammonia and (c) diver-
ging reactivity of ketenyl anions with ammonia reported in this work.
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polarized C—=C bond, which facilitates the direct addition of N—H
bonds from various amines. Moreover, the direct addition of
ammonia to ketenes is feasible, typically resulting in the formation
of the corresponding amides, which provide access to a variety of
follow-up products, including nitriles or carboxylic acids.”*™>*
Computational studies by Tidwell and Nguyen showed that the
amination takes place via initial attack of ammonia at the C=0
bond of the ketene to give an enol amide. This step was shown to
require two molecules of NH; to stabilize a six-membered cyclic
transition state.”>>°

Recently, our group established a novel synthetic route to
ketenyl anions, [RC—=C—O0]~ through an exchange of PPh; at
the ylidic carbon centre of o-metalated ylides with carbon
monoxide.?” Using this approach, phosphinoyl,**° tosyl,*® and
cyano-substituted®' ™ ketenyl anions have been prepared.****
Structural and computational analyses revealed that these
anions exhibit an intermediate electronic structure between
the ketene form, R-C®=—C—O0 and the ynolate form, R-C=C-
0°. The isolated ketenyl anions served as versatile precursors to
neutral ketenes and a broad range of other carbonyl containing
compounds, including heterocycles.*'*> The reactivity of ketenyl
anions towards ammonia was so far only investigated for the
cyano-substituted ketenyl anion 1°N, which resulted in the
formation of B-ketoamide 2°N through the reaction of 2 equiv.
of the ketenyl anion with NH; (Scheme 1).>' This transformation
presumably proceeds via initial generation of cyanoketene
through deprotonation of ammonia, followed by nucleophilic
attack of a second equivalent of 1°N and subsequent reaction
with another equivalent of ammonia.

To probe the generality of this reaction, we extended our
studies to other ketenyl anions. Treatment of the tosyl-
substituted ketenyl anion 1™° with ammonia resulted in the
formation of the analogous B-ketoamide 2™°° in 44% isolated
yield. NMR spectroscopy revealed that 2™ exists as an enol
tautomer, as evidenced by two distinct sets of tosyl resonances
along with a characteristic CH signal at 4.47 ppm in the '"H NMR
spectrum. Additionally, the **C NMR spectrum shows a peak at
85.2 ppm for the enolic carbon atom. This similarity aligns with
our earlier observations that cyano- and tosyl-substituted deri-
vatives often display comparable behavior due to their related
electronic properties.®

We next turned our attention to the reactivity of the
thiophosphinoyl-substituted potassium ketenyl 1°S. Exposure
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Scheme 1 Synthesis of 2°N and 2T°* from the corresponding ketenyl

anions 1N and 1%, respectively (Ts = tosyl, 18-c-6 = 18-crown-6, 12-c-4 =
12-crown-4).
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of a THF solution of 1*® to NH; gas in a J. Young NMR tube
resulted in the selective formation of a new species as indicated
by the appearance of a new peak at § = 22.21 ppm in the *'P{'H}
NMR spectrum. The reaction progressed slowly at ambient
temperature, reaching complete conversion only after 48 h.
Crystallization by vapor diffusion of hexane into the THF
solution afforded off-white crystals in 85% isolated yield.
Single-crystal X-ray diffraction analysis revealed the new com-
pound to be potassium salt 3" with a trianionic triamide.
Analogously, the reaction of the selenium compound 1°%¢ with
NH; afforded 3¢ as an off-white crystalline solid in 83% yield.

Compounds 3" and 3"%¢ are formed by activation of all three
N—H bonds of ammonia through formal addition across the
C—C bond of three ketenyl anions. In the solid-state, both
compounds form a dimeric structure with the potassium
cations being sandwiched in between two triamide molecules
(Fig. 2a). The six cations arrange to a planar, triangular {K¢}°*
cluster, with three cations forming the edges, while the remain-
ing ones are positioned along each side. Thus, the triangular
array can formally be viewed as subdivided into four smaller
triangles. Overall, the complex possesses pseudo-C; symmetry
with the symmetry axis passing through the two central nitrogen
atoms of the triamide and the centre of the K triangle.

It is interesting to note that both neutral and ionic potas-
sium clusters have been extensively studied through computa-
tional methods.?”*® However, the isolation of small potassium
clusters such as K,, K3, and K, has previously only been
accomplished in krypton matrices at 15 K and characterized

Fig. 2 Representation of 3™ (a) from the front, (b) from the side (THF
molecules are omitted), and (c) as a single unit (THF molecules and potassium
ions are omitted). Ellipsoids are drawn at the 50% probability level. All H atoms
except H1, H3, and H5 are omitted for clarity. Important bond lengths [A] and
angles []: C1-C2 1.369(6), C3-C4 1.380(6), C5-C6 1.378(6), C2-0O1 1.270(5),
C4-02 1277(6), C6-03 1277(5), N1-C2 1438(6), N1-C4 1431(6),
N1-C6 1.437(6) P1-C1 1.748(5), P2-C3 1.742(5), P3-C5 1.750(5), P1-C1-C2
121.0(3), P2-C3-C4 123.2(4), P3-C5-C6 1229(4), C2-N1-C4 119.1(3),
C4-N1-C6 119.3(3), C6—-N1-C2 119.6(4) (for a single unit).

This journal is © The Royal Society of Chemistry 2026
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by Raman spectroscopy.®® For neutral K¢ clusters, two energe-
tically feasible geometries have been theoretically predicted, a
triangular planar, D3,-symmetric structure similar to the planar
triangle in dimeric 3 and a pentagonal pyramidal (Cs,) struc-
ture. For the planar K¢ structure, K- --K distances of 4.29 and
4.60 A were calculated, which are considerably longer than
those observed in 3", The average K- - -K distance in the outer
triangle of the {Kq}*" cluster amounts to approx. 3.675 A, and
those in the inner triangle to approx. 4.384 A. While covalent
bonding has been discussed in neutral clusters, we assume that
the six cationic potassium ions in 3 are assembled into a
unique triangular structure due to the symmetry of the tria-
mide. The potassium ions in 3% and 375 are coordinated by
the oxygen and sulfur or selenium atoms of the triamide as well
as by six additional THF solvent molecules. The C1—C2 bond
length in 3" of 1.369(6) A indicates an elongated C—=C double
bond, whereas the C2—01 distance of 1.270(5) A lies between
that typical C—=0 double and single bonds,*® consistent with
predominant enolate character as depicted in Scheme 2.2 The
average C-N-C angle (~119.0°) is consistent with trigonal
planar geometry around the nitrogen centres.

In THF solution, both trianions exhibit highly symmetric 'H
and “C{'H} NMR patterns, with a characteristic doublet at
approx. 4.00 ppm with a large */;p coupling constant (e.g.
25.7 Hz for 3™) in the "H NMR spectrum, corresponding to the
enolate proton. The *C{"H} NMR spectrum shows two doublets
at approx. 63 ppm for the C1 carbon atom and at 173 ppm for the
carbonyl carbon. The coupling constants for the C1 and C2
carbon atoms are considerably smaller than those of the parent
ketenyl anions 1 due to the reduced bond orders in the PCC
linkage (see Table 1). Interestingly, while both compounds
feature singlets in the *'P{'H} NMR spectrum, the selenium
compound 3% exhibits two slightly different “Jps. coupling
constants and two different signals at —236.3 and —236.6 ppm
in the ”/Se NMR spectrum. Since this observation cannot be
explained by a monomeric structure of 3™ in solution, we
hypothesized that the two different "’Se signals arise from
different coordination modes in the dimers. Indeed, diffusion-
ordered NMR spectroscopy (DOSY) experiments confirmed the
preservation of the dimeric structure of 3 in solution (see the SI,
Fig. S15). Additionally, at elevated temperatures, the two sele-
nium resonances coalesce into a single signal, indicating rapid
interconversion between the two isomers in solution. Upon
cooling back to room temperature, the signal splitting is restored,
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Scheme 2 Synthesis of 3™ and 375 from the corresponding ketenyl
anions, 1P and 1P5¢, respectively.
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Table 1 NMR spectroscopic and crystallographic data of 3PS and 375 and

comparison with corresponding ketenyl anions. NMR shifts are given in
ppm, coupling constants in Hz, and bond lengths in A

(P) (o] Yro d(c2) Toc C1-C2
1" 22.5 2.4 175.0 142.7 40.7 1.240(8)
3PS 32.4 63.8 110.9 173.2 9.1 1.369(6)
175 6.2 2.5 164.0 143.9 39.0 1.220(1)
3Pse 19.1 63.1 102.4 173.3 9.2 1.379(6)

demonstrating that this process is reversible. We propose that
the two isomers originate from different arrangements of the
two triamides relative to the {K¢} triangle. These arrangements
result in a C;, symmetric isomer, as observed in the solid-state,
and another isomer with D;-symmetry (see Fig. S14 for visual
representations).

Mechanistically, the formation of 3 is proposed to proceed
through an initial proton transfer from ammonia to the ketenyl
anion, resulting in the generation of the corresponding proto-
nated ketene and potassium amide (KNH,). The potassium
amide subsequently attacks at the carbonyl carbon of the proto-
nated ketene, affording a potassium enolate intermediate. Owing
to its enhanced nucleophilicity relative to free ammonia, this
intermediate undergoes further reactions with two additional
equivalents of the ketenyl anion to yield the final trianionic
products 3. The second and third activation steps proceed
significantly faster than the initial proton transfer. This conclu-
sion is supported by the observation of a single resonance
corresponding to the final product in the *'P{"H} NMR spectrum,
with no intermediates detectable under the reaction conditions.

Notably, ketenyl anions 1°* and 1" exhibit no reactivity
towards ammonia in the presence of 18-crown-6 or [2,2,2]-
cryptand, even upon heating to 70 °C. This highlights the crucial
role of cation-anion interactions in facilitating ammonia activa-
tion. Encapsulation of potassium by these macrocyclic ligands
presumably suppresses beneficial cooperative effects (e.g
through coordination of NH; to potassium) and impedes the
formation of the {K¢}*" framework. To further probe the influence
of the counter-cation, the corresponding lithium salts of 17 and
17%¢ (without additional co-ligands) were examined. Analogously,
these species exhibited no reactivity toward ammonia, likely due
to their pronounced ynolate character, which disfavours initial
proton abstraction from ammonia.>®

Initially we hypothesized that the divergent reactivity of
ketenyl anions 1°N and 17, leading to the o-ketoamides 2
instead of 3, arises from their lower basicity due to the stronger
electron-withdrawing ability of the tosyl and cyano group. We
assumed that, in contrast to the triamide formation, the reac-
tion to 2 is initiated by nucleophilic attack of ammonia at the
ketenyl C2 carbon atom. However, attempts to optimize the
structure of the putative NH; adduct resulted in spontaneous
ammonia elimination suggesting that the ketenyl anion cannot
act as an electrophile and that the selectivity is instead gov-
erned by steric effects. We therefore propose that both reac-
tions are initiated by deprotonation of NH;. While the resulting
ketene readily reacts with another equivalent of the ketenyl
anions 1N or 17, it preferentially reacts with the less

Chem. Commun., 2026, 62, 4293-4297 | 4295
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Scheme 3 Reaction of 3 with an excess amount of H,O to form
diamide.

nucleophilic NH,  rather than with the sterically more
demanding ketenyl anions 1" and 1*°¢, leading to triamide 3
instead of 2 (Fig. S1 and Scheme 3).

To investigate whether the neutral triamides can be gener-
ated from 3, the thiophosphinoyl compound 3" was reacted
with various electrophiles. Due to its high negative charge, 3%°
demonstrates pronounced reactivity. However, reactions with
Mel and TMSCI proceeded unselectively, resulting in complex
reaction mixtures. In contrast, treatment of 3 with excess
water afforded diamide 4%, which precipitated directly from
the reaction mixture as a colourless crystalline solid in 74%
yield (Scheme 3). 475 is characterized by a doublet at 3.83 ppm
with a *Jyp coupling constant of 25.0 Hz for the CH, protons and
a broad singlet at 9.79 ppm for the N—H proton in the "H NMR
spectrum. The molecular structure of 4" was unambiguously
confirmed by single-crystal XRD analysis, which revealed a
C1-C2 bond length of 1.509(2) A, significantly longer than that
in 3", and a C2—01 bond length of 1.216(2) A, notably shorter
than that in 3" (Fig. 3).

In conclusion, we reported that ketenyl anions exhibit
diverging reactivity toward ammonia depending on the nature
of the ketenyl substituent. Ketenyl anions bearing a strongly
anion-stabilizing substituent, such as a cyano or tosyl group,
undergo cleavage of a single N—H bond of ammonia through
reaction with two equivalents of the ketenyl anion to yield -
ketoamides. In contrast, the more basic phosphinoyl-
substituted ketenyl anions react with ammonia via cleavage of

Fig. 3 Crystal structure of 4. Ellipsoids are drawn at the 50% probability
level. All H atoms except at C1 and C3 are omitted for clarity. For crystal-
lographic details, see the SI. Important bond lengths [A] and angles [°]: P1-
Cl 1.826(2), C1-C2 1.509(2), C2-01 1.216(2), P1-S1 1961(1), P2-
C31.828(2), C3-C4 1.512(2), C4-02 1.211(2), P2-S2 1.950(1), P1-C1-C2
112.8(1), P2-C3-C4 115.4(1).
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all three N—H bonds, affording the trianionic triamide com-
plexes 3 through reaction with 3 equivalents of the anion. The
triamides form dimers both in solution and in the solid-state,
with six potassium cations assembling to a planar triangle.
Besides the substitution pattern, the choice of alkali metal
and co-ligands proved crucial for the selective reaction of
ketenyl anions with ammonia, suggesting a broader potential
to access structurally diverse amides from these anions.

P. D. prepared and characterized 3" and 4%, conducted the
XRD analyses, and wrote the first draft of the manuscript. M. J. and
S. M. prepared and characterized 3" and 2™, respectively. K.-S. F.
helped with the XRD refinement of 3. V. H. G. supervised the
project and finalized the manuscript.
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