
Angewandte Chemie International Edition 

How to cite: Angew. Chem. Int. Ed. 2026 , e1788393 
doi.org/10.1002/anie.1788393 

RESEARCH ARTICLE

Isolation and Reactivity of a Square-Planar Trisamido Silane 

David M. J. Krengel1 Xiaobai Wang1 Christopher Golz2 Regine Herbst-Irmer1 Oliver P. E. Townrow3 

Malte Fischer1 

1 Institut Für Anorganische Chemie, Georg-August-Universität Göttingen, Tammannstraße 4, Göttingen, Germany 2 Institut Für Organische und 
Biomolekulare Chemie, Georg-August-Universität Göttingen, Tammannstraße 2, Göttingen, Germany 3 Institute of Nanotechnology, Karlsruher Institut für 
Technologie, Hermann-von-Helmholtz-Platz 1, Eggenstein-Leopoldshafen, Germany 

Correspondence: Oliver P. E. Townrow ( oliver.townrow@kit.edu) Malt e Fischer ( malte.fischer@uni-goettingen.de) 

Received: 15 December 2025 Revised: 6 March 2026 Accepted: 26 March 2026 

Keywords: aromaticity–rearomaticity switch | element–ligand cooperativity | main-group chemistry | silicon | structural constraint 

ABSTRACT 

Square-planar coordination at tetravalent silicon is highly disfavored, rendering structurally authenticated Si( + IV) complexes of 
this type exceedingly rare. Herein, we report the synthesis and isolation of a square-planar silicon( + IV) hydride supported by an 
unsymmetric, trianionic N , N , N -pincer ligand with a dearomatised backbone. Single-crystal X-ray diffraction confirms a strictly 
planar, four-coordinate silicon centre, with spectroscopic data and quantum-chemical calculations providing complementary 
support for this bonding motif. Reactivity studies demonstrate element–ligand cooperative substrate activation driven by ligand 
rearomatisation, thereby paralleling constant-oxidation-state transformations in late transition metal systems and challenging the 
prevailing reliance on low-valent p-block species for bond activation. 
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 Introduction 

ilicon, the second most abundant element in Earth’s crust,
ccurs nearly exclusively as tetrahedral Si( + IV) in silicates and
elated materials [ 1 ]. While this oxidation state defines the
onventional chemistry of silicon, the discovery of low-valent
pecies, ranging from silylenes [ 2–6 ] to heavier silicon-based
lkene and alkyne analogues [ 7–9 ], silylium ylidenes [ 10–13 ] and
ilylones [ 14–16 ], has unveiled striking reactivity patterns and
nspired catalytic applications [ 17–20 ]. Consequently, modern
olecular silicon chemistry has almost been entirely devoted
o low oxidation state species, whereas Si( + IV) has remained
onfined to its classical role as a fully oxidized precursor. 

eyond oxidation state, however, the reactivity of an element is
rofoundly influenced by the nature and topology of its coordi-
ation environment and the concept of structural / geometric
onstraint has recently emerged as a powerful design element
n memory of Prof. Herbert W. Roesky 
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in main-group chemistry, altering the behaviour of main-group
elements [ 21–24 ]. While this strategy has flourished in Group 13
[ 25–31 ] and especially Group 15 [ 32–45 ] chemistry in recent years,
it remains far less explored for Group 14 elements [ 46–54 ]. 

For silicon, deviations from the canonical tetrahedral geometry
have long been predicted and, in isolated cases, observed. Planar-
tetracoordinate silicon (ptSi) motifs in lower oxidation states
have been detected in the gas phase ( I ) [ 55 ], embedded in
polysilanes (e.g. II ) [ 56, 57 ], or ligated by transition metals
( III ; Scheme 1, A ) [ 58 ]. Only in 2021 did Greb and co-workers
isolate a square-planar Si( + IV) compound ( IV ), an intrinsically
stable crystalline species that challenges traditional boundaries
of silicon chemistry (Scheme 1, A ) [ 59 ]. The compound employs
a highly symmetric calix[4]pyrrolato ligand, which has proven
exceptionally effective in stabilising and exploiting structurally
and geometrically constrained p-block complexes [ 23 ]. The same
group recently employed another highly symmetric, macrocyclic
cense, which permits use, distribution and reproduction in any medium, provided the original 
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SCHEME 1 (A): Reported compounds I - III with planar-tetracoordinated silicon in lower oxidation states as well as the first ptSi( + IV) compound 
IV and the masked ptSi( + IV) complex V [Tp’ = k3 - N , N , N -hydridotris(3,5-dimethylpyrazolyl)borate]; (B): Element–ligand cooperativity in constant 
oxidation state transition metal catalysis; (C): Planarisation from tetrahedral Si( + IV) to square-planar geometry and its impact on the frontier molecular 
orbital energies of HOMO and LUMO; (D): This work. 
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nd tetra-amido-based ligand to isolate the bis(pyridine) Si( + IV)
dduct V , which can be regarded as a masked source of ptSi( + IV)
nd is found to catalyse the 1,4-hydroboration of pyridines
Scheme 1, A ) [ 54 ]. 

n theory, the square-planar geometry of Si( + IV) represents a
igh-energy transition state along the inversion pathway [ 60–62 ],
et the isolated ptSi( + IV) complex IV exhibits unique photo-
hemical and cooperative reactivity reminiscent of transition-
etal systems [ 59 ]. 

igand-to-element charge transfer and element–ligand coopera-
ivity (ELC) are central to this behaviour, echoing Milstein’s sem-
nal transition-metal related paradigm of ligand-assisted bond
ctivation and catalysis without a formal change in oxidation state
 VI and VII in Scheme 1, B ) [ 63–65 ]. Within this framework, the
bility of the supporting ligand to switch between aromatic and
on-aromatic states serves as a powerful driving force for these
hallenging transformations. 

his cooperative concept has also emerged recently as a
ool in other areas of the main-group where redox-cycling
s unfavourable, allowing precious metal chemistry such as
ydrogenation catalysis with magnesium and calcium com-
lexes [ 66–68 ]. Harnessing ELC at Si( + IV) centres could bridge
ransition-metal and main-group reactivity, opening the door to
edox-neutral, metal-free bond activation and catalysis based on
his sustainable element. 

omputational analyses reveal that formal planarisation of a
etrahedral Si( + IV) centre to a square-planar geometry markedly
owers the energy of the lowest unoccupied molecular orbital
LUMO), a silicon-centred pz -type orbital. Concurrently, the
of 12
predominantly ligand-centred highest occupied molecular orbital
(HOMO) is raised in energy, resulting in a narrowed HOMO–
LUMO energy gap, an electronic signature reminiscent of low-
valent p-block and d-block species (Scheme 1, C ) [ 62, 69, 70 ].
These features underscore the unique potential of ptSi( + IV) com-
pounds for redox-neutral bond activation and other applications
in catalysis, photochemistry, and materials science [ 71–76 ]. 

Here, we report a square-planar Si( + IV) compound, a crys-
talline tris(amino)silane of the type (NNN)Si(H) that combines
an unsymmetric pincer-type scaffold with the distinct elec-
tronic structure of ptSi( + IV), establishing a robust platform
for exploring element–ligand cooperativity in silicon chemistry
(Scheme 1, D ). As a proof-of-principle demonstration, we present
its ability to activate an alkyne via rearomatisation of its ligand
backbone. 

2 Results and Discussion 

Our investigation began with the preparation of the tridentate
quinoline-based ligand precursor L1 , which bears a secondary
amine functionality and an imine side arm, following a slightly
modified literature procedure (Scheme 2 ) [ 76 ]. Notably, Hwang
and co-workers recently employed this ligand to promote O2 
activation using geometrically constrained Group 15 compounds
[ 77 ]. L1 was obtained as a yellow crystalline solid, and its
structure was confirmed by single-crystal X-ray diffraction (SC-
XRD; Figure S66 ), unequivocally confirming the E -configuration
of the imine double bond. In addition, 15 N NMR spectroscopic
measurements were performed to facilitate future comparisons
(vide infra) [ 78 ]. 
Angewandte Chemie International Edition, 2026
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SCHEME 2 Preparation and selected analytical data of the reported compounds. (i) Synthesis of Si1 from ligand precursor L1 via a one-pot 
deprotonation with lithium diisopropylamide (LDA), trichlorosilane (HSiCl3 ) addition and Lewis-acid assisted (use of tris(pentafluorophenylborane) 
reaction sequence. (ii) Reaction of Si1 with two equivalents of selected N -heterocyclic carbenes (NHCs) to yield the NHC-stabilised silanes Si2a , b . (iii) 
Synthesis of the square-planar silane Si3 via dehydrohalogenation with potassium hexamethyldisilazide (KN(SiMe3 )2 ). (iv) Alternative preparation of 
Si2b via NHC addition to Si3 . (v) Element–ligand cooperative activation of 1-fluoro-4-ethynylbenzene with Si3 to yield the activation product Si4 . 
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ith L1 in hand, a one-pot protocol for the synthesis of the
orresponding chlorosilane Si1 was developed. Deprotonation
ith lithium diisopropylamide (LDA), followed by the addition
f an excess of trichlorosilane (HSiCl3 ), with the latter reagent
imultaneously reducing the imine side arm to the corresponding
minosilane and introducing the ‘HSiCl’ moiety into the N , N , N
ocket of the in situ generated dianionic ligand environment
 79 ]. This transformation was only successful in the presence
f catalytic amounts (5 mol%) of tris(pentafluorophenyl)borane
B(C6 F5 )3 ) as a Lewis acid additive [ 78 ]. After work-up, Si1 was
solated as an orange solid in 70% yield (Scheme 2 ). 

i1 was comprehensively characterized by multinuclear NMR,
nfrared (IR), UV/Vis spectroscopy and liquid injection field des-
rption ionization (LIFDI) mass spectrometry [ 78 ]. Particularly
iagnostic information was obtained from multinuclear and 2D
MR spectroscopy. In solution, Si1 shows hindered rotation of
he flanking aryl groups on the NMR time scale, as evidenced by
he detection of one doublet and one heptet signal in the 1 H NMR
pectrum for each of the methyl and methine hydrogen atoms
f the diisopropylphenyl (Dipp = 2,6-i Pr2 -C6 H3 ) substituents,
espectively. The diastereotopic methylene group gives rise to two
haracteristic doublet signals at δ1 H = 4.05 and 4.42 ppm, each
ith a diagnostic 2 JH,H coupling constant of 20.0 Hz. The 29 Si reso-
ance appears at δ29 Si = − 91.6 ppm with a 1 JSi,H coupling constant
f 299.4 Hz. This chemical shift is consistent with other chlorosi-
anes such as [{PhC(Nt Bu)2 }Si(H)Cl2 ] [ 80 ] ( δ29 Si = − 96.8 ppm) or
ngewandte Chemie International Edition, 2026
[{Dipp NC(H) ═ C(H)–C(H) ═ NDipp }Si(H)Cl2 ] ( δ29 Si = − 97.4 ppm)
[ 81 ], supporting the assignment of a five-coordinate silicon centre
in Si1 . The corresponding 1 H NMR resonance of the Si–H moiety
is observed as a sharp singlet at δ1 H = 5.89 ppm, shifted
upfield relative to [{PhC(Nt Bu)2 }Si(H)Cl2 ] ( δ1 H = 6.70 ppm)
[ 80 ] and [{Dipp NC(H) = C(H)–C(H) = NDipp }Si(H)Cl2 ] ( δ1 H =
6.46 ppm) [ 81 ], and intermediate between values reported for
the diamino(chloro)silanes [{Nt BuCH}2 Si(H)Cl] ( δ1 H(SiH) =
6.35 ppm; ( δ29 Si = − 38.4 ppm) [ 82 ] and [{(N(SiMe3 )2 )2 -ferrocene-
1,1’-diyl}Si(H)Cl] (( δ1 H(SiH) = 5.72 ppm; δ29 Si = − 31.8 ppm)
[ 83 ] with four-coordinate silicon centres. In the solid-state IR
spectrum of compound Si1 , the characteristic Si–H stretching
band, typically observed between 2100 and 2250 cm− 1 [ 84 ],
appears at 2133 cm− 1 . It is worth mentioning that although crystals
could be obtained through multiple crystallisation strategies, they
invariably afforded diffraction data of insufficient quality for
rigorous structural refinement; nonetheless the connectivity of
the molecular framework could principally be confirmed. 

Subsequent attempts to generate the corresponding silane
with a reduced quinoline backbone focused on dehydrohalo-
genation of the chloride ligand bound to silicon and the
adjacent methylene unit of the backbone. Treatment of Si1
with the N -heterocyclic carbene (NHC) Ii Pr2 Me2 (Ii Pr2 Me2 =
1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene) resulted in an
unprecedented and highly selective manner, in a 1:2 stoichio-
metric transformation, affording Ii Pr2 Me2 ∙HCl as byproduct
3 of 12
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FIGURE 1 Molecular structure of Si2b in the crystal. Anisotropic 
displacement parameters are drawn at the 50% probability level (hydrogen 
atoms, except for H1 and H10, and disorder have been omitted for clarity). 
Selected bond lengths (Å) and angles (deg): Si1–C35 1.967(2), Si1–N1 
1.7528(18), Si1–N2 1.9001(18), Si1–N3 1.8763(18), N2–C8 1.395(3), C7–C8 
1.397(3), C8–C9 1.394(3), C6–C7 1.402(3), C5–C6 1.389(3), C4–C5 1.406(3), 
C4–C9 1.391(3), C3–C4 1.456(3), C2–C3 1.359(3), C1–C2 1.426(3), N1–C1 
1.414(3), N1–C9 1.382(3), C1–C10 1.362(3), N3–C10 1.395(3), N2–Si1–N3 
162.46(8), N1–Si1–N2 82.77(8), N1–Si1–N3 82.34(8), N1–Si1–C35 115.06(9), 
N2–Si1–C35 96.21(8), N3–Si1–C35 98.47(8). 
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nd the NHC-stabilised silane Si2b with the targeted reduced
uinoline backbone and NHC-ligation (Scheme 2 ) [ 85 ]. Notably,
he reaction of chlorosilanes with NHCs is an established route to
ilylenes via dehydrohalogenation at the silicon centre, driven by
midazolium-salt formation [ 86, 87 ]. In the present case, however,
t is the protic exocyclic hydrogen atom that is removed, rather
han the predominantly hydridic silicon-bound hydrogen atom. 

i2b was isolated as a red solid in 86% yield. LIFDI-MS analysis
upported its formation via clean detection of the M+ signal
Figure S32 ). Definitive evidence for reduction of the quinoline
ackbone arises from the disappearance of the CH2 group in both
he 1 H and 13 C{1 H} NMR spectra, along with the appearance of
he remaining hydrogen atom at the former imine α-position.
his proton resonates at δ1 H = 6.08 ppm as a doublet (4 JH,H =
.5 Hz), coupling to the Si–H hydrogen atom, as confirmed
y 1 H/1 H COSY NMR spectroscopy. The Si–H signal appears
s a multiplet at δ1 H = 7.12 ppm, significantly downfield
elative to the starting material Si1 . The multiplet pattern
esults from the aforementioned coupling as well as through-
pace interaction with one of the methine hydrogen atoms of
he isopropyl substituents on the coordinated NHC, the latter
iving rise to a diagnostic doublet of heptet signal. The 29 Si
MR resonance of Si2b is only slightly shifted compared to
i1 , appearing at δ29 Si = − 105.3 ppm as a doublet (1 JSi,H =
71.9 Hz), consistent with retention of five-coordinate silicon
nd preservation of the + IV oxidation state. Likewise, the Si–
 stretching band is shifted to lower wavenumbers (2061 cm− 1 ).
he 13 C{1 H} resonance of the carbene carbon is observed at
13 C{1 H} = 154.2 ppm, essentially identical to that reported for
he NHC-stabilised dichlorosilane [{IMe4 }Si(Cl2 )H2 ] ( δ13 C{1 H} =
54.1 ppm; IMe4 = 1,3,4,5-tetramethylimidazol-2-ylidene) [ 88 ].
otably, 1 H/15 N HMBC NMR spectroscopy allows assignment
f all nitrogen atoms in both Si1 (three) and Si2b (five) to
heir respective resonances, revealing characteristic changes in
he 15 N NMR chemical shifts of the quinoline moiety: in Si1 ,
15 N = − 312.1 (NAryl,Alkyl ), − 266.7 (NAryl2 ), − 152.5 (NQuin ) ppm,
hereas in Si2b , δ15 N = − 284.0 (NQuin ), − 273.2 (NAryl2 ), − 265.8
NAryl,NCH ), − 191.4 (NNHC ), − 183.4 (NNHC ) ppm (Scheme 2 ). These
bservations provide unambiguous proof of the non-aromatic
ature of the quinoline backbone in Si2b . 

dditionally, crystals of Si2b suitable for SC-XRD were obtained
rom a saturated toluene solution at − 30◦C and the molecular
tructure is shown in Figure 1 . 

i2b crystallises in the monoclinic space group P 21 / n with four
olecules per unit cell. The five-coordinate silicon centre adopts
 distorted square-pyramidal coordination environment, as indi-
ated by the τ5 geometry index of τ5 = 0.31. It is bound to a freely
efined hydrogen atom, the three nitrogen donors of the pincer-
igand scaffold and the NHC carbon atom [ 89 ]. The Si1 ─C35 bond
ength of 1.967(2) Å falls within the range reported for structurally
uthenticated, NHC-stabilised five-coordinate silicon centres in
he + IV oxidation state [ 85 ]. All three silicon-bound nitrogen
toms are planarised, as reflected in the sums of valence angles
round these atoms (N1: 360.0◦, N2: 356.8◦, N3: 358.8◦) and their
i ─N bond lengths agree with the single-bond covalent radii of
ilicon and nitrogen ( Σcov,r (Si–N) = 1.87 Å [ 90, 91 ]). Notably, the
i1–N1 distance is significantly shortened (1.7528(18) Å). Within
he quinolide heterocycle, the C ─C bond lengths across the C6 H4
of 12
ring support substantial π-delocalisation, whereas the C1 ─C2
(1.426(3) Å), C2 ─C3 (1.359(3) Å) and C3 ─C4 (1.456(3) Å) distances
in the C5 NH2 moiety are more differentiated and consistent
with a localised carbon–carbon double bond between C2 and
C3 ( Σcov,r (C ═ C) = 1.34 Å [ 90, 91 ]). The exocyclic C1 ─C10 bond
lengths of 1.362(3) Å, also characteristic of a respective double
bond, further supports the non-aromatic nature of the ligand. 

To further demonstrate the scope of this NHC-induced transfor-
mation, the reaction of Si1 with IMe4 afforded a second derivative,
Si2a . As its spectroscopic features are essentially identical to those
of Si2b , a detailed discussion is omitted at this point [ 78 ]. 

Given this transformation, we next asked ourselves whether a
non-base-stabilised analogue of Si2a , b could be accessed synthet-
ically by direct reaction with an appropriate dehydrohalogenation
reagent. To our delight, treatment of Si1 with potassium hex-
amethyldisilazide (KN(SiMe3 )2 ) in a 1:1 ratio effected a clean
transformation accompanied by salt formation of KCl and for-
mation of HN(SiMe3 )2 as by-product. This procedure afforded
a singly silicon-containing product, Si3 , which was isolated in
57% yield as a yellow solid (Scheme 2 ). Slow evaporation of a
THF/ n -hexane solution of Si3 furnished single crystals suitable
for SC-XRD analysis but the crystals exhibit intrinsic disorder
throughout the molecule. In contrast, slow evaporation of a satu-
rated diethyl ether solution at -30◦C yielded a second polymorph
distinct from that obtained from THF/ n -hexane and other solvent
Angewandte Chemie International Edition, 2026
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SCHEME 3 (A): Molecular structure of Si3 in the crystal. Only 
the non-disordered molecule is shown. Anisotropic displacement param- 
eters are drawn at the 50% probability level (hydrogen atoms, except 
for H1 and H22 have been omitted for clarity) Selected bond lengths 
(Å) and angles (deg): Si1–N1 1.797(4), Si1–N2 1.747(5), Si1–N3 1.784(4), 
Si1–H1 1.38(4), N1–C13 1.401(6), C13–C14 1.396(7), C13–C18 1.390(7), 
C17–C18 1.401(7), C16–C17 1.392(8), C15–C16 1.399(7), C14–C15 1.395(7), 
C15–C19 1.456(8), C19–C20 1.349(8), C20–C21 1.443(8), N2–C21 1.381(6), 
N2–C14 1.354(6), C21–C22 1.363(8), N3–C22 1.396(7), N1–Si1–N3 168.6(2), 
H1–Si1–N2 177.3(19); (B): Laplacian of the electron density ( ∇2 ρ( rb )) 
(PBE0/def2-TZVP) map around the core of Si3 from QTAIM analysis. 
(C): Selected Kohn-Sham DFT Molecular Orbitals (HOMO and LUMO + 1; 
PBE0/def2-TZVP) of Si3 . 
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ombinations. Subsequent crystallographic analysis revealed one
nd a half crystallographically independent molecules in the
symmetric unit in which one displays disorder about a two-
old axis, whereas the second is fully ordered. The molecular
tructure of the ordered molecule is shown in Scheme 3, A , and
nly its structural parameters are discussed herein. The struc-
ural analysis unambiguously confirms a four-coordinate silicon
entre. The hydride ligand was located in the difference Fourier
ap and freely refined. The coordination geometry at silicon is
quare planar, as supported by the τ4 and τ4’ geometry indices
f 0.10 and 0.07, respectively [ 92, 93 ]. Accordingly, Si3 represents
nly the second molecular, crystalline Si(IV) species reported to
dopt a square-planar geometry. This finding demonstrates that
etravalent silicon can access such a coordination environment
ven in the absence of a highly symmetric tetraanionic four-
onor ligand framework, and notably when one of the ligands is
erely a hydride. The Si ─N bond lengths (Si1–N1 1.797(4) Å, Si1–
2 1.747(5) Å and Si1–N3 1.784(4) Å; Σcov,r (Si–N) = 1.87 Å [ 90,
1 ]) fall within a narrow range ( Δ < 0.05 Å), indicative of nearly
quivalent nitrogen donor interactions within the trisamido
rianionic ligand scaffold. Consistent with this interpretation,
ll three nitrogen atoms adopt trigonal planar coordination
nvironments, supporting their assignment as sp2 -hybridised
mido donors. Structural analysis of the C5 NH2 backbone is in
ood agreement with that of the NHC-stabilised congener Si2b ,
urther corroborating the electronic description of the ligand
ramework. The C19–C20 (1.349(8) Å) and exocyclic C21–C22
1.363(8) Å) bond lengths are clearly consistent with localised
 ═ C double bonds, whereas the adjacent C15–C19 (1.456(8) Å)
nd C20–C21 (1.443(8) Å) distances are significantly elongated
nd characteristic of single bonds. This pronounced bond length
lternation unambiguously demonstrates that the π-electron
ensity is not uniformly delocalised across the ligand backbone,
hereby supporting a non-aromatic description of this moiety. 

urther clear evidence for the non-aromatic nature of the ligand
erives from the 15 N NMR data: the three nitrogen resonances
f the pincer scaffold differ by only a maximum of Δδ15 N =
6.5 ppm (Scheme 2 ), reflecting the nearly identical SC-XRD bond
etrics at all three nitrogen atoms, aligning well with Si2b , which
lso features the dearomatised backbone. Since dimerisation has
een observed for structurally similar silicon( + IV) complexes
upported by tridentate N , N , N ligands in solution [ 94 ], external
alibration curve diffusion-ordered 1 H NMR spectroscopy (ECC-
 H-DOSY) with adamantane as internal standard was employed
o establish the aggregation state of Si3 in solution. The diffusion
oefficient obtained from ECC-1 H-DOSY analysis unambiguously
onfirms that Si3 is monomeric in solution (Figure S44 ; Table
1 ) [ 95, 96 ]. The 29 Si NMR spectrum of Si3 exhibits a diagnostic
oublet-of-doublets resonance at δ29 Si = − 42.2 ppm. When
ompared to the five-coordinate silicon precursor Si1 ( δ29 Si =
 91.6 ppm) and five-coordinate base-stabilised analogue Si2b
 δ29 Si = − 105.3 ppm), the pronounced downfield shift is char-
cteristic of a tetracoordinate silicon atom and is also shifted to
ower field relative to IV ( δ29 Si = -55.6 ppm) [ 59 ]. The correspond-
ng 1 JSi,H coupling constant of 370.9 Hz is at least 71 Hz larger
han those observed for the five-coordinate silanes discussed
bove and ranks among the highest 1 JSi,H coupling constants
eported for four-coordinate silicon species [ 97 ]. Furthermore, it
s significantly larger than that observed for a trisamido silane
eaturing a tetrahedral silicon centre (1 JSi,H = 251.7 Hz) [ 98 ],
ngewandte Chemie International Edition, 2026 5 of 12
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nderscoring the pronounced effect of planarisation at the silicon
entre in Si3 . A second Si,H coupling arises due to coupling
o the exocyclic hydrogen atom with respect to the quinolide
igand. Accordingly, the resonance collapses to a singlet upon 1 H
ecoupling. The 1 H NMR chemical shift of the Si–H hydrogen
tom at δ1 H = 5.90 ppm is only marginally different from
hat of the precursor Si1 ( δ1 H = 5.89 ppm) but, consistent
ith expectations, is shifted markedly upfield relative to the
HC-ligated derivatives Si2a , b [ 78 ]. The UV/vis spectrum of Si3
n toluene shows strong absorption bands at 431 and 328 nm,
 behaviour that contrasts with the typical non-chromophoric
ature of tetracoordinated silanes in tetrahedral coordination
nvironment, owing to the changes in band gap and are consistent
ith the deep yellow colour. 

o further shed light on the electronic structure of Si3 , it was
nalysed using density functional theory (DFT) at the PBE0/def2-
ZVP level of theory [ 99–103 ]. Inspection of the frontier Kohn–
ham molecular orbitals show that the silicon atom is embedded
n the molecule, bound by both σ and π interactions with
he nitrogen atoms. On the latter point, evidence for extensive
lectron delocalisation across the π manifold of the complex
s observed in the HOMO-1 and HOMO, involving each of
he two cis N–Si–N triads ( cf . Scheme 3, B and Figure S72 ).
atural Bond Orbital (NBO) analysis (Figures S73–S75 ) found
 s0.48 p0.52 silicon NAO contribution to the Si ─H bonding [ 104 ].
BO, however, found the Si ─N bonds difficult to class within
 Lewis structure, which is common with strongly delocalised
nd aromatic systems, describing all Si ─N interactions in the
manifold as dative interactions with large ( > 130 kcal∙mol− 1 )

nteraction energies between the in-plane nitrogen lone pairs and
wo silicon lone-vacant orbitals. It, however, seemed to better
escribe the π manifold, agreeing with the frontier MOs and
inding a 3-centred-4-electron bond between the quinolide N–Si
-bond and the lone pair of the enamido nitrogen atom. All three
i ─N bonds were found to have similar Wiberg Bond Indices
WBI), indicating the same bond order, and Natural Population
nalysis (NPA) assigned the enamido and amido nitrogen atoms
ith effectively the same charge. Thus, this is in favour of a
rianionic ligand structure over the imino-quinoline structure
een in the monoanionic ligand. 

he NPA charge of Si is + 1.50, which is considerably more
lectron-rich than the monomeric, pyramidalised (i Pr NNN)SiH
 94 ] and square planar calix[4]pyrrolato-silane IV [ 59 ], both
eported by Greb and co-workers ( + 1.85 and + 2.32 respectively).
he electron configuration at silicon in Si3 ([Ne]3s0.72 3p1.74 )
lso has markedly increased p-character when compared to the
iterature examples (i Pr NNN)SiH ([Ne]3s0.72 3p1.44 ) [ 94 ], as well as
V ([Ne]3s0.57 3p1.05 ) [ 59 ]. 

he electron delocalisation and planar nature of the system led
s to investigate whether the system is aromatic, and if so, how
romatic the system is. For this, Nuclear-independent chemical
hifts (NICS) were calculated using Banquo atoms situated in the
entre of each ring (NICS0), as well as one Å above the plane
NICS1) (Figure S76 ) [ 105 ]. As they are classical aromatic systems,
he two Dipp moieties in the molecule were able to provide an
nternal reference to further validate our analysis. We found that
he C6 half of the quinolide, in addition to the two 6- π-electron
2 N2 Si rings can be considered as aromatic, whilst the C5 N ring
of 12
is non-aromatic, in agreement with the redox adaptation of the
ligand and the spectroscopically obtained data. 

Topological analysis using quantum theory of atoms in molecules
(QTAIM), calculated using a wavefunction produced at the same
level of theory, was also in favour of three similar Si ─N bonds.
These are described as intermediate interactions, where the
bonds cannot be definitively classed as open shell (covalent)
nor closed shell (ionic) (Scheme 3, B and Figures S77 and S78 )
[ 106, 107 ]. The Si–H can also be described as such, in line with
Bader’s observations that silicon hydrides are some of the simplest
examples of intermediate interactions [ 108 ]. 

Considering the above data, it would be best to describe Si3 as an
electron rich silane, with a trianionic ligand. The silicon, owing
to its low-lying unoccupied p-acceptor orbital, takes part in both
σ and π bonding within the aromatic structure. 

To gain an additional insight into the effect of
structural/geometric constraint on the electronic structure,
a theoretical silane was modelled using a bidentate pyridine-
imine ligand and a diphenyl amide, thus breaking the ligand
into two components which should have very similar donor and
acceptor properties at the Si − H moiety. Geometric optimisation
at the PBE0/def2-TZVP yielded a tetrahedral silane, even
when a square-planar initial geometry is given, allowing for
direct comparison of square planar and tetrahedral coordination
(Figure S81 ). In comparison with the broken ligand, Si3 was found
to be more electron rich (NPA + 1.50 vs. + 1.84), with an electron
configuration of [Ne]3s0.72 3p1.74 vs. [Ne]3s0.71 3p1.40 , in line with
the literature examples, vide supra. The hydride, by its charge
and bonding metrics, does not change significantly between the
two structures, that is, there is no indication that the hydride will
be more or less reactive. Some differences, owing to though the
incorporation of the silicon into the ligands π system in Si3, are
however seen in both the NBO and QTAIM analysis. In the NBO
analysis, the NAO composition at silicon changes from s0.48 p0.52 
to s0.32 p0.68 , and all three Si ─N bonds are described as 2-centred-2-
electron bonds. In the topological analysis, there is an increased
bond ellipticity in Si3 (0.17), compared to 0.03 for the broken
system, indicating that the π system strays out towards the H
(rather than the Si–H bond having π character), though it must be
noted that aromatic C–H bonds show negligible bond ellipticity. 

Notably, the accessibility of the silicon-centred p-type orbital
(LUMO + 1) ( cf . Scheme 3, C ) was experimentally corroborated by
the clean reaction of Si3 with Ii Pr2 Me2 , which cleanly yielded
the corresponding NHC-stabilised silane Si2b (Scheme 2 ) [ 78 ].
In this context, and given that Si3 was crystallised from a THF-
containing mixture, we considered whether the relatively weak
donor THF might also coordinate to the silicon centre of Si3 .
Addition of a slight excess of THF to Si3 on the NMR scale at
room temperature revealed no evidence for THF coordination
under these conditions (Figure S45 ). To rationalise this behaviour,
the thermodynamics of THF coordination were evaluated compu-
tationally. While the process is enthalpically favourable ( ΔH =
–12.4 kcal mol− 1 ), ΔG becomes positive at temperatures above
–40◦C (Table S17 ). This prediction is in close agreement with
variable-temperature 1 H NMR experiments (Figures S46 and
S47 ), which indicate that THF coordination is only feasible
at temperatures below –40◦C under these conditions. This
Angewandte Chemie International Edition, 2026
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SCHEME 4 Investigations of reversible THF coordination to Si3 
leading to the formation of the THF adduct Si3∙THF . 
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FIGURE 2 Molecular structure of Si4 in the crystal. Anisotropic 
displacement parameters are drawn at the 50% probability level (hydrogen 
atoms, except for H1 and H10, and disorder have been omitted for clarity). 
Selected bond lengths (Å) and angles (deg): Si1–C35 1.9061(15), Si1–N1 
1.9472(12), Si1–N2 1.8544(12), Si1–N3 1.7955(12), C35–C36 1.3500(18), C1–
C10 1.5482(18), N3–C10 1.4719(17), N1–C9 1.3290(16), N1–C1 1.3167(16), 
C1–C2 1.4058(19), C2–C3 1.3920(19), C3–C4 1.4229(18), C4–C9 1.3992(18), 
C4–C5 1.4230(18), C5–C6 1.3761(19), C6–C7 1.4254(19), C7–C8 1.3826(18), 
C8–C9 1.4233(17), N2–C8 1.3870(17), N2–Si1–N3 144.89(5), N2–Si1–C35 
117.95(6), N3–Si1–C35 88.30(6), Σ∠ N1 359.9, Σ∠ N2 359.8, Σ∠ N3 360.0. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.1788393 by K

arlsruher Institut Fur T
echnologie, W

iley O
nline L

ibrary on [18/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reati
nterpretation is further supported by 29 Si NMR spectra recorded
t –60◦C, which exhibit a characteristic upfield shift of approx-
mately 20 ppm relative to Si3 , consistent with THF adduct
ormation (Scheme 4 and Figure S48 ). The same chemical shift
s observed when the NMR data of Si3 are collected in THF-
8 as the solvent (Figures S49–S53 ), indicating formation of the
orresponding adduct Si3∙THF . Upon removal of all volatile
omponents under vacuum and redissolution the remaining
olid in C6 D6 , only signals corresponding to Si3 are observed,
emonstrating the weak and reversible nature of THF binding to
i3 . 

o further investigate the key hypothesis that a Si( + IV) species
upported by a dearomatised ligand can engage in bond activation
ia ELC, while a constant oxidation state at silicon is maintained,
i3 was reacted with a terminal alkyne derivative, 1-fluoro-4-
thynylbenzene. This reaction resulted in the immediate and
uantitative consumption of Si3 , affording the corresponding
ormal 1,2-addition product through the addition of the carbon–
arbon triple bond across the silicon centre and the exocyclic
arbon of the dearomatised quinolide backbone, yielding Si4 in
 regioselective manner (Scheme 2 ). The successful synthesis of
i4 was confirmed by multinuclear NMR spectroscopy, LIFDI-
S, IR spectroscopy, and SC-XRD [ 78 ]. The analytical data are
ully consistent with the herein reported diagnostic features of
igand rearomatisation, including the 15 N NMR shifts, as well as
ther NMR signatures characteristic of a five-coordinate silane
etaining a Si ─H bond (Scheme 2 ) [ 78 ]. The molecular structure of
i4 , depicted in Figure 2 , represents the first structurally authen-
icated follow-up product of a square-planar Si( + IV) compound,
btained via ELC. 

he molecular structure confirms the regioselective carbosi-
ylation of the former alkyne as already evidenced by NMR
pectroscopy, with the sterically less demanding terminus bound
o the silicon centre. The newly formed Si1 ─C35 bond length of
.9061(15) Å is consistent with a typical silicon–carbon single bond
nd the C35 ─C36 bond length of 1.3500(18) Å falls within the typ-
cal range for alkenes ( Σcov,r (Si–C) = 1.91 Å; Σcov,r (C ═ C) = 1.34 Å
 90, 91 ]). In accordance with the element–ligand cooperative acti-
ation of the substrate, the bond metrics confirm rearomatisation
f the quinolide ligand, as evidenced by the homogenised bond
engths across the aromatic framework (Figure 2 ). 

e explored the mechanism of this reaction using DFT and ab
nitio calculations finding that, by making use of the unusual
lectronics at the square-planar silicon atom, the electrophilic
ilicon centre first undergoes nucleophilic attack from the alkyne
ngewandte Chemie International Edition, 2026
( ΔG‡
298 = + 7 kcal∙mol− 1 ), furnishing a zwitterionic trigonal

bipyramidal intermediate B , with a carbocationic substituent
( ΔG298 = + 5 kcal∙mol− 1 ), consistent with more positive natural
(NPA) charge ( − 0.01 to + 0.16) on the internal carbon (Scheme 5 ).
Notably, this is consistent with the observation that the same
reaction, when initiated from the NHC-stabilised derivative Si2b ,
does not proceed. This is followed by a nucleophilic attack on
the carbocation via the exocyclic carbon, which was shown to
be barrierless, yielding the observed product C ( ΔG298 = − 20
kcal∙mol− 1 ), and reinstating the neutral natural charge on the
carbon. During the second process, the quinolide aromatises to
a quinoline, providing a driving force for the reaction. The rearo-
matisation is shown in the IBO analysis, and further supported
by NICS0 and NICS1 analysis on stationary points A , B and C
(Scheme 5 ) [ 109, 110 ]. 

3 Conclusion 

In this study, we report the successful synthesis and compre-
hensive characterisation of a square-planar silicon( + IV) hydride
of the type (NNN)SiH ( Si3 ), accessed through a concise two-
step sequence starting from ligand precursor L1 , its conversion
to the chlorosilane (NNN)Si(H)Cl ( Si1 ), and final base-induced
dehydrohalogenation. SC-XRD analysis, complementary spectro-
scopic data, and DFT calculations unambiguously establish the
distinctive electronic structure of Si3 , which is further marked
by a non-aromatic ligand backbone. The latter was identified as
7 of 12
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SCHEME 5 Proposed mechanism for the activation of 1-fluoro-4-ethynylbenzene by Si3 . Calculated using DFT at the PBE0-D3(BJ)/def2-TZVP 
(PCM = Benzene) level of theory. Selected orbitals are derived from ab initio intrinsic bond orbital (IBO) analysis performed at the PBE(0)/def2-TZVP 
level of theory on 38 points across the potential energy surface. Numbers inside rings show NICS0 (top) and NICS1 (bottom) values, with the colour of 
the ring depicting aromaticity (green) and the absence of (red). Numbers in bold show selected NPA charges. 
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 key driving force together with the square-planar coordina-
ion environment at silicon for the element–ligand-cooperative
ctivation of a terminal alkyne, cleanly affording the corre-
ponding activation product Si4 , whose structure and formation
echanism were elucidated through quantum-chemical analy-
is. Isolation of the NHC-stabilised derivatives of Si3 ( Si2a , b ),
btained either via a 2:1 reaction of the respective NHCs with
i1 under dehydrohalogenation conditions or directly in a 1:1
eaction with Si3 , revealed additional facets of the system’s
eactivity. Notably, these NHC-ligated species do not react with
he selected terminal alkyne, supporting a mechanistic model
n which nucleophilic attack of the alkyne at the silicon centre
onstitutes the initial step. Accordingly, this pathway is sterically
nd electronically blocked in the NHC-coordinated derivatives.
uch reactivity parallels constant-oxidation-state transformations
ypically associated with transition metal chemistry and contrasts
ith dominant paradigms in main-group activation chemistry,
hich often rely on low-valent species for small-molecule acti-
ation. Overall, these findings establish a new structural and
echanistic regime for high-valent silicon, broadening the con-
eptual landscape of element–ligand cooperativity within the
ain-group domain. 
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