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An isolable, crystalline complex
of square-planar silicon(lV)

Fabian Ebner! and Lutz Greb'2*

SUMMARY

The structure and reactivity of silicon(IV), the second most abundant
element in our Earth’s crust, is determined by its invariant tetrahe-
dral coordination geometry. Silicon(IV) with a square-planar config-
uration (ptSi'"Y) represents a transition state. Quantum theory
supported the feasibility of stabilizing ptSi'Y by structural
constraint, but its isolation has not been achieved yet. Here, we pre-
sent the synthesis and full characterization of the first square-planar
coordinated silicon(lV). The planarity provokes an extremely low-
lying unoccupied molecular orbital that induces unusual silicon
redox chemistry and CH-agostic interactions. The small separation
of the frontier molecular orbitals enables visible-light ligand-
element charge transfer and bond-activation reactivity. Previously,
such characteristics have been reserved for d-block metals or low-
valent p-block elements. Planarization transfers them, for the first
time, to a p-block element in the normal valence state.

INTRODUCTION

Silicon is the second most abundant element in the Earth’s crust, constituting 28 wt
% as tetrahedral silicon(IV)." During past decades, groundbreaking low-valent states
46 silylium ylidenes,7'10 disilenes, "
disilynes,'? trisilaallene,'® or silylones,'*"® have been isolated (Figure 1A)."® The

of silicon, such as silylium ions,?> silylenes,

modified electronic structure in those compounds compared with normal-valent sil-
icon(IV) evolved into a linchpin for unique reactivities and catalytic applications."*™
Naturally, these achievements channeled the primary interest of modern silicon
chemistry on low-valent states while pushing conventional silicon(lV) into a niche
of being precursor with classical behavior only. However, it is not only the valence
or oxidation state that changes the reactivity and properties of an element, but like-

wise the type and the spatial arrangement of its ligands.?

Structural constraint of group 13 and 15 p-block elements for reactivity enhance-
ment is burgeoning in recent years®>° but remain less explored for group 14. For
silicon in unnatural oxidation states, planar-tetracoordinated states (ptSi) have

been observed in the gas phase (I, Figure 1B),*" in polysilanes (Il),****

orin trapezoid
complexes with transition metals (11).>* However, the isolation of planar-tetracoordi-
nated silicon in the intrinsically more stable, natural oxidation state IV(ptSi’V) has not
been achieved.®*>® Indeed, the square-planar configuration of silicon(lV) consti-
tutes a high-energy transition state during silicon inversion.*” Judged by the
computed electronic structure of ptSi", fundamental changes can be expected
upon planarization.’”* The ptSi'" has a silicon-centered p,-type lowest unoccupied
molecular orbital (LUMO) of much lower energy than the tetrahedral state and a
ligand-centered highest occupied molecular orbital (HOMO) raised in energy (Fig-

ure 1C).>”*" However, further computational studies supported the feasibility of
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The bigger picture
Tetrahedral silicon(IV) compounds
are the building blocks of our
Earth’s crust. Here, we describe
the first species of silicon(IV) with a
square-planar configuration. The
structural deformation has
substantial consequences for the
compounds’ physicochemical
properties and imparts features
usually associated with transition
metals. Upon planarization, the
frontier molecular orbital gap
shrinks by more than 50% and
enables ligand-element charge
transfer, CH-bond agostic
interactions, and spontaneous
reactivity with inert bonds. Small
frontier molecular orbital gaps are
critical for bond-activation
reactivity, catalysis, and
photochemistry with transition
metals. Traditional approaches to
mimic these characteristics with
the more abundant p-block
elements rely on unusual valence
or oxidation states. With the
realization of square-planar
silicon(IV), these peculiarities start
reaching p-block elements in their
natural oxidation states.
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stabilizing ptSi"into a ground state by appropriate substituents.***?

Ifincorporated
into extended 2D-structures, unique electronic properties were attributed to in sil-
ico-designed ptSi"-materials that await experimental realization.*’**~*¢ More
recent computational studies on molecular complexes of ptSi" even proposed car-
benoid character to the square-planar silicon(IV).*” Ultimately, itis the small HOMO-
LUMO gap that renders d-block metals or p-block elements in the low-valence states
as suitable for bond activation.*® Hence, planarization might project those beneficial
features to silicon—while staying in the normal oxidation state. This assumption is

verified in this work using the macrocyclic calix[4]pyrrolato ligand.*?>°

RESULTS AND DISCUSSION

Synthesis and characterization of the planar-tetracoordinated silicon complex
The reaction of the tetra lithium salt of meso-octaethyl-calix[4]pyrrole with SiCly in
dimethoxyethane and subsequent salt metathesis with PPh,Cl provided the meso-
octaethyl-calix[4]pyrrolato chlorido silicate [PPhy][1] in an overall isolated yield of
36% up to 600 mg (Figure 2A). A 295i-NMR chemical shift of —129 ppm in CD,Cl,
and single-crystal X-ray diffraction analysis (SCXRD, Figure S24) verified the struc-
ture of the first anionic SiN4Cl motif, showing structural parameters similar to the
hydridosilicate reported |orevious|y.40 The reaction of [PPhy][1] with sodium
tetrakis(pentafluorophenyl)borate in CH,Cl, afforded a macrocyclic, tetrameric so-
dium salt of the chlorido silicate [Nal4[1]4 by salt metathesis (see Figure S25 for
SCXRD). Stirring a solution of [Nal4[1]; in n-hexane induced the transformation
into a new, clean reaction product 2, isolated in 78% yield. The 29Gi-NMR chemical
shift of 2 (—55.6 ppm) indicates a tetracoordinated silicon center. The occurrence of
only one peak for the pyrrole ring protons in the "H NMR spectrum, and a 2-fold set
of signals for the ethyl group, illustrates a highly symmetric species in line with effec-
tive D4 symmetry on the NMR time scale. Upon storing a solution of 2 in CH,Cl; for
7 days at —40°C, block-shaped orange crystals developed (Figure 2B). SCXRD anal-
ysis revealed a tetracoordinated silicon with typical Si-N bond lengths (178.7(1) to
179.7(1) pm) and an almost ideal square-planar coordination geometry (N1-Si—
N3 = 178.2(1)°, N2-Si-N4 = 176.1(1)°, N1-Si-N2 = 90.2°, Figures 2C and 2D).

The location of all protons in the difference Fourier map and structure solution by
Hirshfeld atom refinement®' (R; = 2.03; wR, = 4.36) disclosed another structural pe-
culiarity: two of the four inward-oriented methylene groups tilt toward the silicon
center, reflected by varying CH"'Si distances, e.g., Si-H21b (273.3(8) pm) versus
Si-H29b (240.3(8) pm) (Figure 2D). In the solid-state crystal packing, neither intermo-
lecular contacts can be made responsible for this distortion nor does it occur in the
isoelectronic aluminate.®” Hence, an attractive intramolecular CH'Si interaction
was suspected as the cause. 'H coupled "*C-NMR spectroscopy shows a coupling
constant for the inward-oriented methylene groups ("Jc_y = 123 Hz, Figure S13)
that s effectively reduced by 32 Hz (averaged over the 8 protons, absolute reduction
4 Hz) compared with the outward CH,-groups or the protonated, free ligand ('Jc_ =
127 Hz, Figure S14). A further spectroscopic indication for an interaction is provided
by FTIR-vibrational spectroscopy, revealing a shoulder in the C-H vibrational band
for 2, red-shifted by 57 cm™", which is absent in the protonated, free ligand or the
chlorido silicate 17 (Figure S32). Such observations, although weak in this case,
are characteristic for C-H agostic interactions in transition metal complexes®*>*
but unusual as the source of structural deformation in p-block element chemistry.
E-H o-bond donor-acceptor interactions in the p-block were only observed for com-

binations of more hydridic bonds with the most Lewis acidic boranes,”"*
2,57

silylium

ions,”°” anagostic,” or structurally enforced.>®
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A Low Oxidation or Valence States of Silicon

Figure 1. Molecular silicon complexes
(A) Selection of previously isolated low-oxidation or low-valent states of silicon.
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(B) Reported compounds with planar-tetracoordinated silicon in low-oxidation states (M = W, Mo).

(C) Planarization of normal-valent silicon(lV), the effected changes of the frontier molecular orbital energy, and the representation of HOMO and LUMO

in ptSi".

The UV-vis spectrum of 2 in CH,Cl, (69.5 pM) showed strong absorption bands at
301 and 360 nm, with a pronounced shoulder reaching into the visible range (Fig-
ure 3A). This observation contrasts with the non-chromophoric nature of every other
tetracoordinated silane, e.g.,
ure 3B),”” and even with that of tris(N-pyrrolyl)borane,®’ but indicates an unusually
small HOMO-LUMO gap.

the literature known tetra(N-pyrrolyl)silane 3 (Fig-

Redox chemistry and bond activation with 2

Cyclic voltammetry revealed an irreversible reduction peak for 2 at a potential of —
1.83 V versus Fc/Fc*,
radical anion 2"~

which was assigned to the formation of the silicon-centered
(Figure S36). This reduction potential is exceptionally mild for sili-
con(lV), but in the range of electron-deficient boranes such as B(C¢Fs)3.°*” Indeed,
tetracoordinated silicon radical anions remain elusive as they are presumed to be
powerful electron donors, even stronger than alkali metals.®® A chemical reduction
of 2 was attempted with decamethylcobaltocene (1.9 V versus Fc/Fc*) as a
reducing agent to support the electroanalytical results. Performed in C,D, a rapid
reaction to a mixture of unidentified products indicated a redox process to happen.
Performed in CD,Cl; as the solvent, conversion to the chlorido silicate [CoCp*,][1]
was observed (Figure S16). This finding supports the formation of a silicon-centered
radical anion that abstracts a chlorine atom from the solvent (see Figure S39 for the
computed spin density of 2°7). Hence, planarization enables silicon-based radical
chemistry under mildly reducing conditions.

To probe the potentially small HOMO-LUMO gap of the planar silane in bond activation,
a solution of 2 in CD,Cl, was subjected to phenylacetylene at room temperature. A rapid
and quantitative silicon-ligand cooperative 1,2-addition of 2 to the carbon-carbon triple
bond was verified by the occurrence of characteristic 'H- and 2’Si-NMR spectroscopic
patterns and mass spectrometry (Figures 3C and S19-S23). This interpretation was
corroborated computationally for the model octamethyl-calix[4]pyrrolato silane by favor-
able thermodynamics (AG = —117 kJ mol™") and a low reaction barrier (AG* = 61 kJ
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Figure 2. Synthesis and molecular structure of 2

(A) Synthesis of 2.

(B) Microscopic photograph of crystals of 2.

(C) Top-view of molecular structure of 2 as obtained by SCXRD/Hirshfeld atom refinement.

(D) Side-view of the molecular structure of 2, showing hydrogen-silicon distances. Hydrogen atoms are refined freely and anisotropically, depicted at
fixed positions, other atoms as thermal displacement ellipsoids of 50% probability. Selected bond distances (pm) and angles (°): N1-Si 178.84(5), N2-Si
179.26(5), N3-Si 179.90(4), N4-Si 178.81(4), H21b-Si 273.3(8), H29b-Si 240.3(8), H27b-Si 258.5(8), H35b-Si 296.3(8), N1-Si-N3 178.19(2), N2-Si-N4
176.08(2), N1-Si-N2 90.15(2), N2-Si-N3 89.28(2), N3-Si-N4 90.43(2), N4-Si-N1 90.26(2).

mol~") (see Figure S46). It represents an unprecedented, spontaneous carbosilylation of
an alkyne with high synthetic potential, and the first example of silicon-element ligand co-
operativity in its classical sense.**

Quantum chemical analysis of the electronic structure and spectroscopic
features of 2

All experimental and spectroscopic results point to a unique electronic structure of
2, which was thus analyzed by computational methods. Structure optimization of 2
validates the square-planar silicon (N-Si-N = 177°) as the energetic minimum. The
LUMO in 2 has a strongly localized p,-character at silicon with an energy lower by
2.4 eV than the tetrahedral 3 (Figure 3B). This low-lying LUMO explains the experi-
mentally observed uptake of an electron in the redox studies. Indeed, the computed
electron affinity for 2 (165 kJ mol™") is substantially higher than for tetrahedral 3 (6 kJ
mol™"). The HOMO of 2 is located at the ligand’s 7t-system, and its energy is higher in
comparison with 3 by 0.9 V. The reduced HOMO-LUMO gap rationalizes the
light absorption in the visible range, and the time-dependent density functional
theory (TDDFT) computed UV-vis spectrum is in line with the experimental one (Fig-
ure 3A). Inspection of the natural transition orbitals assigns the band at 360 nm to a
1(C=Cpyrrote) = Silp,) charge transfer (HOMO/LUMO) and the more intense band at
301 nm as N(LP) — Si(p,) charge transfer (HOMO-4/LUMO) (Figures 3B and S45).
Those transitions are absent in the UV-vis spectrum of tetrahedral 3, which shows
ligand-based m— 7* excitation as the lowest energy transition (190 nm). Such a
ligand-element charge transfer is very unusual for light p-block elements and under-
scores the -donor stabilization in the square-planar silicon state.?”*? This effect is
also corroborated by natural bond orbital (NBO) analysis, which finds substantial m-
delocalization of the nitrogen atom lone pair into the Si(p,) acceptor orbital, amount-
ing to roughly 10% of the total Si-N bond interaction energy (Table Sé).

2154 Chem 7, 2151-2159, August 12, 2021
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Figure 3. Experimental and computed properties of 2

(A) Experimental UV-vis spectrum of 2 (purple curve) in CH,Cl, (69.5 uM), calculated (CAM-B3LYP/def2-TZVPP, shifted by +22 nm) curves of 2 (black
curve), and 3 (blue curve).

(B) Energies and isodensity plots of the frontier molecular Kohn-Sham orbitals of 2 and 3.

(C) Reactivity of 2 observed with phenylacetylene.

Last, the agostic or o-donor type interaction of the endo-methylene C-H bonds with the
square-planar silicon in 2 was considered computationally. Although the experimentally
observed methylene group tilting was not found in the DFT-computed global minimum
structure, the red-shifted IR bands for the endo-methylene C-H bonds were reproduced
in the computed IR frequencies (Figure S38). Moreover, quantum theory of atoms in mol-
ecules (QTAIM) on the experimental SCXRD-HAR structure’s electron density revealed a
bond critical point between the inwards tilted H29b and the silicon center (p(r) =0.02 a.u.,
Figure S42), in line with weak but traceable interactions also found for d®-metals.>*
Further, NBO analysis disclosed significant ey — Si(p,) second-order perturbation
energies (38 kJ mol~") and systematically depleted NBOs of the inward oy bond in
comparison with the other methylene CH-bond (Figure S40; Table S5). Ultimately,
DLPNO-CCSD(T)/def2-QZVPP computations yielded an interaction enthalpy of —14 kJ
mol~! between ethane and the hypothetical octaprotio-calix[4]pyrrolato silane 4 (Fig-
ure S43; Table S7). The very low lying, silicon-centered LUMO in 2 provides a strong
driving force for this orbital-controlled interaction, potentially supported by London
dispersive attraction.®”

Conclusion

The first square-planar silicon(lV) species 2 is isolated and characterized. The com-
pound undergoes unprecedented silicon redox chemistry, light-induced ligand-
element charge transfer, and bond activation in element-ligand cooperative fashion.
Hence, the structural-, spectroscopic-, and reactivity features of 2 confirm a LUMO
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substantially lowered in energy and a HOMO-LUMO gap reduced by 50%, provoked
by forcing a Si(IV)-tetrahedron into a planar structure. Small HOMO-LUMO gaps are
the basis for the peculiar reactivity of d-block metals, low-valent p-block com-
pounds, or frustrated Lewis pairs.*® This work establishes a fourth pillar to reach
this goal. It endows the second most abundant element with new potential for catal-
ysis, photochemistry, and materials science, while staying in the oxidation state that
seemed exhaustively understood.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Lutz Greb (greb@uni-heidelberg.de).

Materials availability
All unique/stable reagents generated in this study are available from the lead con-
tact with a completed materials transfer agreement.

Data and code availability

Crystallographic data have been deposited in the Cambridge Crystallographic Data
Center (CCDC) under accession numbers CCDC: 2042938, 2042939, 2042940, and
2042941. These data can be obtained free of charge from the CCDC at http://www.
ccdc.cam.ac.uk/data_request/cif.

Synthesis and analytical data of 2

Rigerously donor free sodium tetrakis(pentafluorophenyl)borate (68.4 mg, 28.5 pmol,
1.10 equiv) was added to a solution of [PPhy][1] (66.0 mg, 70.2 pmol, 1.00 equiv) in
4 ml CH,Cl, at ambient temperature, and stirred for further 12 h, during which it tumed
yellow. The solvent was removed under reduced pressure, the residue suspended in
10 ml n-hexane, stirred for 2 h, and filtered. The solvent of the filtrate was removed,
and the residue was dissolved in 10 ml n-hexane, stirred for 24 h and, filtered. The clear
yellow solution was stirred for another 24 h to drive the elimination of NaCl to complete-
ness. The yellow solution was filtered again, and the solvent was removed. After drying in
vacuo, the neutral silane 2 was obtained as a yellow solid 78% yield (30.9 mg, 54.7 umol).
Orange crystals of 2 were obtained by storing a concentrated solution of 2 in CH,Cl, for
7 days at -40°C. Slow decomposition in CD,Cl, and C¢D, was observed over 4 days at
room temperature. Remark: the first step in this reaction is the cation exchange from
PPh,*toNa™. The SCXRD of this intermediate [Na]4[1]4 was obtained by storing a concen-
trated solution of [PPh,][1] and NaBArF,oin DCM for 5 days at room temperature without
further workup (CCDC: 2042940). THNMR (CD,Cly, 400 MHz, 295 K) olppm]: 5.89 (s, 8H),
2.04(q, *Jun = 7.4 Hz, 8H, CHy gy, 1.93(q, *Jums = 7.4 Hz, 8H, CH2 gy, 1.09 (¢, 2y =
7.4 Hz, 12H, CHs ggy), 0.66 (¢, *Jun = 7.4 Hz, 12H, CH3 gihy). "*C{"HINMR (CD,Cl,, 100
MHz, 295 K) é[ppm]: 143.9 (C1), 106.5 (C2), 45.9 (CH; gy, 42.4 (C3), 24.8 (CH; gy, 9.4
(CHs gthyi) 9-3 (CH3 Eny)- 295i HMBC NMR (CD,Cl,, 400 MHz, 295 K): —55.6 ppm.

Mass spectrometry
[ESI]: C36HagN4Si*OH™: calc. 581.3675 exp. 581.3761. [MALDI, DFTB-Matrix]:
C36H4gN4Si*H30™: calc. 583.383 exp. 583.397.

IR spectroscopy V[cm ]

3,112(w), 2,963 (s), 2,931 (s), 2,872 (s), 2,815 (w), 1,344 (w), 1,514 (m), 1,455 (s), 1,378
(m), 1,364 (m), 1,322 (w), 1,297 (w), 1,278 (w), 1,234 (s), 1,132(s), 1,087 (s), 973 (s), 953
(m), 926 (w), 857 (w), 736 (s), 713 (m), 681 (w).
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Crystal data for [2]

C3¢HagN4Si, M = 564.87, monoclinic, P24/n (no. 14), a = 10.3052(4), b = 19.3263(7),
c=14.9876(7) A, o =90, B =94.396(2), y =90,V =2,976.2(2) A®,Z=4,D.=1.261g
cm™3, w(Mo-Ka) =0.112 mm™", 26, = 61°, T = 100 K, orange blocks, Bruker APEX-|
CCD; 9,086 independent measured reflections (Rins = 0.0505), R4(obs) = 0.0380,
wRy(all) = 0.1046, 406 parameters. NoSphereA2-solution: Ri(obs) = 0.0203,
wR(all) 0.0436, 802 parameters. CCDC: 2042941(ShelXl solution)/2042939
(HAR/NoSpherA2-solution).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.chempr.
2021.05.002.
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Figure S 1: *H NMR (ACN-ds, 600 MHz, 295 K) spectrum of [Li(dme)][1].
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Figure S 2: 13C NMR (ACN-ds, 150 MHz, 295 K) spectrum of [Li(dme)][1].
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Figure S 3: 2°Si HMBC NMR (ACN-ds, 600 MHz, 295 K) spectrum of [Li(dme)][1].
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Figure S 4: 7Li NMR (ACN-ds, 155 MHz, 295 K) spectrum of [Li(dme)][1].
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Figure S 5: 'H NMR (DCM-dz, 400 MHz, 295 K) spectrum of [PPh4][1]. Gray asterisks mark residues of

n-pentane.
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Figure S 6: 13C NMR (DCM-d2, 100 MHz, 295 K) spectrum of [PPha4][1]. Gray asterisks mark residues of

n-pentane.
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Figure S 7: 2°Si HMBC NMR (DCM-dz, 400 MHz, 295 K) spectrum of [PPhg][1]. Cross peak at d2¢si = -
23 ppm belongs to H grease.
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Figure S 8: 3P NMR (DCM-dz, 161 MHz, 295 K) spectrum of [PPha][1].



5.89

5.32
05
04
03
02
95
94
93
91
1

doctirrrrrrr-0c000o
8\ |
" T
*
*
J *
L.
T T T T T T T T T T T T 1
1 10 9 8 7 5 a 3 2 1 0 ppm

800~ 7

Figure S 9: 'TH NMR (DCM-d2, 400 MHz, 295 K) spectrum of 2. Gray asterisks mark residues of n-
pentane.
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Figure S 10: 13C NMR (DCM-d2z, 100 MHz, 295 K) spectrum of 2.
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Figure S 11: 2°Si HMBC NMR (DCM-d2, 400 MHz, 295 K) spectrum of 2. Cross peak at d2¢si = -23 ppm
belongs to H grease.
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Figure S 12: 13C DEPT135 'H coupled NMR spectrum (DCM-dz, 150 MHz, 295 K) of 2.
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Figure S 13: Section of relevant peak splitting of the 3C DEPT135 'H coupled NMR spectrum (DCM-dz,
150 MHz, 295 K) of 2 shown in Figure S 12. Green color marks the endo-methylene group signals, blue
color marks the exo-methylene group signals. Difference in coupling constant between exo- and endo-
methylene groups is 4 Hz.
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Figure S 14: '3C 'H coupled NMR spectrum (DCM-d2, 150 MHz, 295 K) of free octaethyl-calix[4]pyrrole
ligand.
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Figure S 15: 'H NMR stack (DCM-d2, 200 MHz, 295 K) of reduction progress after dddition of a) 0.1 eq,
b) 0.2 eq, c) 0.6 eq and d) 1.0 eq of CoCp2" to 2. Formation of [1]- as the major product was indicated
by the signals at & = 5.7 ppm.
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Figure S 16: IH NMR spectrum (DCM-d2, 600 MHz, 295 K) of 2 and a slight excess of
decamethylcobaltocene in DCM-dz at room temperature showing the selective formation of the
chlorido silicate [CoCp2*][1].
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Figure S 17: 2°Si HMBC (DCM-d2, 600 MHz, 295 K) spectrum of [CoCp2*][1] formed by the reduction
of 2 with decamethylcobaltocene in DCM-do.
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Figure S 19: 'H NMR (DCM-d2, 600 MHz, 295 K) spectrum of the phenylacetylene activation product by

the planar silane 2. Gray asterisks mark some excess of substrate.
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Figure S 20: Zoomed in area of the 'H NMR (DCM-d2, 600 MHz, 295 K) spectrum of the phenylacetylene
activation product by the planar silane 2 showing the characteristic aromatic area and characteristic
proton signals indicated by colors. Gray asterisks mark some excess of substrate.
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Figure S 21: 2°Si HMBC NMR (DCM-dz, 600 MHz, 295 K) spectrum of the activation product of
phenylacetylene by the planar silane 2. The 2%Si shift of the activated species is & = -126.0 ppm. A)
Spectrum was measured with cnstl3 = 3 Hz; B) Spectrum was measured with cnstl3 = 7 Hz. Gray
asterisks mark some excess of substrate.
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Figure S 23: 33C NMR (DCM-d2, 150 MHz, 295 K) spectrum of the isolated phenylacetylene activation
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Single crystal X-ray diffraction

Suitable crystals for single-crystal structure determination were taken directly from the mother liquor,
covered with perfluorinated polyether oil and fixed on a cryo loop. Full shells of intensity data were
collected at low temperature with a Bruker D8 Venture diffractometer, dual source (Mo-or Cu-Kaq
radiation, microfocus X-ray tube, Photon Ill detector). Data were processed with the standard Bruker
(SAINT, APEX3) software package.! 2 Multiscan absorption correction was applied using the SADABS
program.3 4 The structures were solved by intrinsic phasing® ¢ and refined using the SHELXTL software
package (Version 2018/3).7-1° Graphical handling of the structural data during solution and refinement
was performed with OLEX2.11

For the ShelXL SCRXD structure refinement of 2, all hydrogen atoms were found in the residual density
map and refined isotropically without restraints. All non-hydrogen atoms were given anisotropic
displacement parameters.

The structure solution of 2 was further improved by Hirshfeld atom refinement,'2 12 as implemented by
the NoSphereA2 module in Olex2 version 1.3 alpha.* The method provides aspherical atomic electron
densities created from the crystal-field embedded quantum-chemically derived electron density using
the Hirshfeld partitioning. In the present case, the quantum chemically derived electron density was
obtained at the PBEO/def2-TZVPP level of theory from ORCA. Coordinates of all atoms, including
hydrogen atoms, were refined freely and anistropically. Hence, also for the hydrogen atoms, aspherical
displacement parameters were obtained.

Crystallographic data for the structures reported in this article are deposited within the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC 2042938-2042941 and can be
obtained free of charge. For compound 2, both the ShelXL refinement solution (CCDC 2042941) and
the NoSphereA2 refinement solution (2scxrp-Har, CCDC 2042939) were deposited. Crystal data and
structure are summarized in the tables under the crystallographic figure.

Additional proof for the correct determination of the hydrogen atom positions via SCXRD/NoSpherA2
HAR method was obtained by DFT-theoretical reoptimization of the H-atom positions with PBEh-3c (see
computational section for further details), starting from the 2scxro-nar refined structure. A shifting of max
2 pm was observed for the protons, as shown in table S1, which compares C-H bond lengths for the
methylene groups.

Table S 1: Comparison of C-H bond lengths [pm] of 2 obtained by SCXRD and subsequent HAR with
NoSpherA2 (PBEO/def2-TZVPP) and the “ab initio” results computed by PBEh-3c starting from the
conventionally refined SCXRD structure.

110.9 109.70 -1.2
109.8 109.30 -0.5
110.0 109.40 -0.6
110.1 109.40 -0.7
1121 109.80 -2.3
108.1 109.20 11
110.2 109.30 -0.9

111.3 109.30 -2.0



Figures of molecular structures

Figure S 24: Molecular structure of [1][PPhs]. Hydrogen atoms are omitted for clarity. Displacement
ellipsoids are drawn with a probability of 50 %. Selected bond distances (pm): Si(1)-N(1) 187.0(3), Si(1)-
N(2) 186.6(3), Si(1)-N(3) 185.5(3), Si(1)-N(4) 185.0(3), Si(1)-CI(01) 206.82(13). Selected bond angles
(deg): N(1)-Si(1)-N(3) 157.23(13), N(2)-Si(1)-N(4) 161.52(13).

Ci2

Figure S 25: Molecular structure of [1]4[Nals. Hydrogen atoms are omitted for clarity. Displacement
ellipsoids are drawn with a probability of 50 %. Two cell units are shown. For structural parameter see
Figure S 26.
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Figure S 26: Part of the molecular structure of [1]4[Na]s. Hydrogen atoms are omitted for clarity.
Displacement ellipsoids are drawn with a probability of 50 %. Selected bond distances (pm): Si(1)-N(1)
186.15(13), Si(1)-N(2) 183.89(13), Si(1)-N(3) 186.53(13), Si(1)-N(4) 184.85(14), Si(1)-Cl(1) 213.47(6),
Na(2)-Cl(1) 309.18(10), Si(10)-N(101) 185.72(13), Si(10)-N(102) 185.95(13), Si(10)-N(103) 182.73(13),
Si(10)-N(104) 183.12(13), Si(10)-CI(10) 213.5(2), Na(1)-ClI(10) 335.0(4). Selected bond angles (deg):
N(1)-Si(1)-N(3) 163.40(6), N(2)-Si(1)-N(4) 162.38(7), N(101)-Si(1)-N(103) 163.58(6), N(102)-Si(1)-
N(104) 162.13(6).

" o

<

Figure S 27: Molecular structure of 2 (HAR). Displacement ellipsoids are drawn with a probability of 50
%. Selected bond distances (pm): Si(1)-N(1) 178.84(5), Si(1)-N(2) 179.26(5), Si(1)-N(3) 179.90(4),
Si(1)-N(4) 178.81(4), C(29)-H(29a) 108.1, C(29)-H(29b) 112.1, C(21)-H(21a) 111.2, C(21)-H(21b)
110.2, C(27)-H(27a) 109.8, C(27)-H(27b) 111.0, C(35)-H(35a) 110.1, C(35)-H(35b) 109.9. Selected
bond angles (deg): N(1)-Si(1)-N(3) 178.19(2), N(2)-Si(1)-N(4) 176.08(2), N(1)-Si(1)-N(2) 90.15(2), N(2)-
Si(1)-N(3) 89.28(2), N(3)-Si(1)-N(4) 90.43(2), N(4)-Si(1)-N(1) 90.26(2).



Figure S 28: Top-down view of molecular structure of 2. Hydrogen atoms are omitted for clarity.
Displacement ellipsoids are drawn with a probability of 50 %. For structural parameter see Figure S 27.



Table S 2: Crystallographic data

Compound

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

al®

B/

y/°

Volume/A3

Z

pca|cg/cm3

p/mm-t

F(000)

Crystal size/mm?3
Radiation

20 range for data

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameter
Goodness-of-fit on F2
Final R indexes [I>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole / e
CCDC Database number

[PPh4][1]

mo_fe744 Om
CeoHssCIN4PSI

939.69

100.0

triclinic

P-1

12.0514(9)

13.9832(10)

16.6437(13)

78.997(3)

73.403(3)

69.275(3)

2501.3(3)

2

1.248

0.177

1004.0

0.135x 0.116 x 0.102
MoKa (A = 0.71073)

3.72 t0 53.996
-15<h<15,-17<k<17, -
75362

10910 [Rint = 0.1784,
10910/0/612

1.017

R1 =0.0650, wR2 = 0.1338
R1=0.1321, wR2 = 0.1679
0.52/-0.64

2042938

[Na]a[1]a

mo_fe754 01
C73HosClaNgNazSi2

1331.55

100.0

triclinic

P-1

14.099(2)

15.651(2)

16.334(3)

77.122(6)

84.014(6)

76.639(6)

3413.1(9)

2

1.296

0.271

1420.0

0.12 x 0.103 x 0.095

MoKa (A =0.71073)

3.816 to 57.998
-19<h=<19,-21<k=<21,-22
201842

18139 [Rint = 0.0464, Rsigma =
18139/0/828

1.039

R1=0.04446, wR2 =0.1131
R1=0.0528, wR2> = 0.1195
1.00/-0.76

2042940

2 (refined with ShelXL)
mo_fe736_0m

C36HasN4Si

564.87

100.0

monoclinic

P2i/n

10.3052(4)

19.3263(7)

14.9876(7)

90

94.396(2)

90

2976.2(2)

4

1.261

0.112

1224.0

0.191 x 0.189 x 0.184
MoKa (A = 0.71073)

4.636 to 61.09
-14<h<14,-27<k<27,-21<1
113758

9086 [Rint = 0.0505, Rsigma =
9086/0/406

1.051

R1=0.0380, wR2 = 0.0979
R1=0.0459, wR2 = 0.1046
0.42/-0.29

2042941

2 (refined with NoSphereA2)
mo_fe736_0m_NoSpherA2
C36HagN4Si

564.895

100.0

monoclinic

P2i/n

10.3052(4)

19.3263(7)

14.9876(7)

90

94.396(2)

90

2976.2(2)

4

1.261

0.112

1224.7

0.191 x 0.189 x 0.184

Mo Ka (A =0.71073)
4.64t061.1
-14<h<14,-27<k=<27,-21<|
113758

9082 [Rint = 0.0505, Rsigma =
9082/0/802

1.089

R1=0.0203, wR2 = 0.0399
R1=0.0280, wR2 = 0.0436
0.24/-0.16

2042939



ATR-IR spectra
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Figure S 29: IR spectrum of 2.
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Figure S 30: IR spectrum of [PPh4][1].
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Figure S 31: IR spectrum of free meso-Octaethylcalix[4]pyrrole ligand as reference.
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Figure S 32: Comparison of the IR spectra of [PPh4][1] and 2. The shoulder at 2815 cm indicates the

agostic interaction in the planar silane 2.
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Figure S 33: Zoom of Figure S 32 from 3500 — 2500 cm-! showing the band at 2815 cm! assigned to
the agostic interactions in the planar silane 2.



UV-Vis spectra
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Figure S 34: UV-Vis spectrum of 2 in DCM with d = 0.2 cm.
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Figure S 35: Determination of the extinction coefficient of 2 from data of Figure S 34: ¢(360 nm) = 8740
+ 680 L molt cm.



CV measurements
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Figure S 36: CV experiment of 2 (1 mM) in DCM with 0.1 V/s NBusBArF2 (0.1 M).
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Figure S 37: CV experiment of 2 (1 mM) in DCM with 0.1 V/s NBusBArFz (0.1 M).



Supplemental Computational Data

For all quantum chemical calculations, Orca 4.1.2 or 4.2.1'® was employed. Ball and stick
representations were rendered with Chemcraft 1.8 or IBOView.16

Structure optimization

All structures were optimized with the PBEh-3c model'” and confirmed to possess only positive Hessian
matrix eigenvalues. PBEh-3c is a composite electronic structure method based on a hybrid Perdew-
Burke-Ernzerhoff (PBE) exchange-correlation functional combined with polarized valence-double zeta
Gaussian atomic orbital basis sets (def2-mSVP). It treats basis set superposition errors with the
geometrical counterpoise scheme (gCP)!8, and London dispersion interactions with the Becke-Johnson-
damped D3 correction®® 29, PBEh-3c produces results of similar structural accuracy to those obtained
with MP2/def2-TZVPP.2! Comparison of selected computed bond lengths with the SCXRD derived data
of 2 and 3 is presented in Table S 3. Itillustrates the very good performance of the computational model,
with a maximum bond length deviation of 1.7 pm and bond angle deviation of 1° for 2 and 3 (Si(pyrrole)a).

Table S 3: Comparison of PBEh-3c computed metric parameters with SCXRD-HAR derived values of 2
and the literature SCXRD values of 3.22

S sm | wmon 178,85 13
L s o 179.26 07
s s 179.90 02
L s s 178,82 11
L wma | s 14111 17
. ae | amo 136.49 05
C mse 7o 1782 12
C msae s 1761 08
. SCXRD?

Csw e 17250 112
C wma | s 139,30 120
. ae | s 135.70 0.40
Clasme L o 1105 050



Figure S 38 shows the computed PBEh-3c minimum structure of 2, with (unscaled) IR stretching
frequencies of the assigned C-H bonds (major contributions). Although the values are systematically
shifted compared to the experimental data, they show the same trend - the smallest for the “agostic”
C-H-bonds (endo-in).

endo-in: 3063 cm™* (asym) / 3092 cm™ (sym)

endo-out: 3155 cm™ (asym)
/ 3156 cm™ (sym)

O
I..\/
(D=

\)
\ O ) —O
O-

) '> exo: 3128 cm™ (sym)
/ / 3168 cm™ (asym)
O

exo: 3128 cm (sym) /

/3169 cm* (asym)

Figure S 38: Computed PBEh-3c minimum structure of 2 and the computed vibrational frequencies.

Single point computation for electron affinities and frontier molecular energies

The gas phase single point computations for the discussion of frontier molecular orbital energies and
electron affinities were calculated with the hybrid meta exchange-correlation functional PW6B95-
D3(BJ), that was shown to be very reliable for the computation of electron affinities,?® in combination
with the extensive def2-QZVPP basis set.2* SCF settings were tightSCF and integration was performed
at a very fine grid7. The RIJCOSX Fock-matrix formation algorithm was used as implemented in Orca
along with the respective automatically generated auxiliary basis sets (AutoAux)Z®. The RIJCOSX
scheme combines the chain of spheres exchange approximation (COSX)2¢ for the computation of the
exchange matrix with the Split-RI-J algorithm?7 for the calculation of the Coulomb matrix. Enthalpies at
298.15 K were calculated with the total thermal and zero-point energy correction from the PBEh-3c
calculation combined with the electronic single point energies obtained on the PW6B95-D3(BJ)/def2-
QZVPP level of theory.

Table S 4: PBEh-3c derived enthalpy correction and PW6B95-D3(BJ)/def2-QZVPP derived single point
energy, enthalpy and FMO energies.

Thermal + ZPE E [Hartree]
correction from PW6B95- 4 4
PBEh-3c D3(BJ)/def2- S{kSmE) ) L) el

[kJ mol-'] QZVPP
2 2199.9 -1912.4490 5021134.8 | -5018935.0
2_radical_anion 2195.3 -1912.5102 50212956 | -5019100.3
3 842.6 -1129.6732 2965956.9 | -2965114.3
3_radical 836.4 -1129.6729 -2065956.1 | -2965119.8
anion
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Figure S 39: Spin Density Distribution of 2_radical_anion (PBEh-3c, isodensity value 0.005 au.

Hrad_anion -

Hneutral

Electron density evaluation of the agostic interaction by NBO and QTAIM

Natural bond orbitals (NBO) 28 29 or the quantum theory of atoms in molecules (QTAIM) 20 both analyze
the electron density distribution. In recent work, it was shown that the hybrid PBEO functional 3% 32 is
among the best performing functionals for the accurate description of the electron density distribution,
referenced against exact all-electron coupled-cluster singles and doubles densities.®® Hence, the
wavefunction for the gas-phase PBEh-3c optimized structure [2pse-cas] Was recomputed with PBEO/def2-
TZVPP at fine grid6 settings, and analyzed with NBO 7.0 34 and AIMAIl Version 19.10.12.3° Besides, the
wavefunction for the molecular structure obtained by SCXRD + Hirshfeld Atom Refinement, named
[2scxro-HaR], Was computed at PBEO/def2-TZVPP and analyzed accordingly. The NBO results of

relevance for the description of the agostic interaction can be found in Table S 5.




Table S 5: Relevant NBO parameters and metrical data for the gas-phase PBEh-3c optimized structure
[2pBE-Gas] and the SCXRD-HAR derived experimental structure [2scxro-+ar], Obtained from the
PBEO/def2-TZVPP electron density. For the “inward, agostic” methylene protons: coll) number of the
considered CX-HY NBO, col2) H-Si distance, col3) occupation number of the C-H natural bond orbital,
col4) second-order perturbation energy for the ac-n 2> Si(pz)

Coll Col2 Col3 Col4
NBO of (CX)-(HY) |  Si-H dist. [pm] °£CHZ“':‘£O ordz.npdert_.l
[kcal mol™]
C34-H 1.976
C34-H36 263.2 1.953 5.42
C55-H 1.977
C55-H57 283.4 1.962 3.29
C62-H 1.976
C 62- H 64 263.9 1.954 4.73
C83-H 1.976
C83-H85 282.7 1.961 3.35
C34-H 1.976
C34-H36 273.3 1.960 3.53
C55-H 1.978
C55-H57 258.6 1.950 6.73
C62-H 1.976
C 62- H 64 240.3 1.935 9.26
C83-H 1.977
C83-H85 296.3 1.967 1.91

As can be seen in the Table S 5, the shorter the Si-H bond distance (col2), the stronger is the oc.H NBO
depletion (col3), and the more considerable is the second-order perturbation energy (col4). The overall
magnitude of NBO-derived parameters is reminiscent of those found for a-agostic interactions for
titanium or chromium alkyl complexes.3® A representative ac.H = Si(pz) NBO pair is depicted in Figure
S 40.



Figure S 40: A representative ac.H > Si(pz) NBO pair illustrating the donor-acceptor interaction in the
[2pBE-Gas] structure

The Si-H distance (pure metric parameter) is in good correlation with oc-H NBO occupation number (a
parameter derived from the eigenfunctions of the one-particle density matrix) (Figure S 41). This
observation is only to explain by a through-space orbital interaction. The (negative) hyperconjugative
stabilization factor that occurs in d-block metal B-agostic bonds is absent in this case,3” but alternative
origins for this interaction, such as London dispersion, cannot be ruled out.38 39

1.975

o(C-H) NBO occupation number

235 245 255 265 275 285 295
Si-H distance [pm]

Figure S 41: Correlation of the cC-H NBO occupation number of the “interacting” methylene C-H bonds
with the Si-H distance.

Further support for a C-H = Si interaction was provided by a bond critical point in the QTAIM topological
analysis of the electron density distribution of the PBEO/def2-TZVPP wavefunction for [2scxrp-HAR]
(default settings in AIMALL). The respective molecular graph can be found in Figure S 42. It occurs
between silicon and the closest H64 (see Table S 5). The bond critical point characteristic properties
are in line with those reported for d-block metal agostic interactions.*? 4! For the non-tilted methylene
groups in the DFT-gas-phase optimized structure [2pge.cas], N0 bond critical point was found.



Figure S 42: Molecular graph obtain with AIMAII for the analysis of the PBEO/def2-TZVPP wavefunction
of [2scxrp-HAR].-

Table S 6: Second order perturbation energy between calix[4]pyrrol nitrogen atoms and silicon-centered
acceptor orbitals, as obtained by NBO for the gas-phase PBEh-3c optimized structure [2pge.gas] from
the PBEO/def2-TZVPP electron density. The ligand and the silicon were considered as two individual
fragments and the energies are shown for each Si-N bond. The natural electron configuration at silicon
is s(0.57)p(1.05).

N(“sp2”) (in-plane) | N(“sp2”) (in-plane) | N(“sp2”) (in-plane) | N(“pz") (out-plane)
- Si(3s-orbital) - Si(3px-orbital) - Si(3py-orbital) -> Si(3pz-orbital)

Interaction

Second Order
Perturbation Energy 128 66 44 24
[kcal mol-'] N1

N2 127 43 68 26

N3 131 65 45 28

N4 130 41 68 30




Computational evaluation of the binding enthalpy of ethane to octa-protio calix[4]pyrrolato
silane

To obtain an estimate of the “unrestricted” interaction energy of a hydrocarbon with a planar
calix[4]pyrrolato silane, the model compound octa-protio calix[4]pyrrolato silane 4 and its ethane adduct
were optimized at the highly accurate DLPNO-MP2/def2-TZVPP level of theory. The geometry
optimization confirmed a planar structure of the free silane 4 and tightly bound ethane in the complex
as the global minimum (distance CH-Si = 2.31 A), and provided thermal correction parameters for the
binding enthalpy. The final binding enthalpy was obtained by DLPNO-CCSD(T)/def2-QZVPP level of
theory with the matching auxiliary basis sets and VeryTightSCF/tightPNO settings.24 4245 Single-
determinant dominated wavefunctions in the DLPNO-CCSD(T) computations were secured by
evaluation of the T1 diagnostics (< 0.02).46

Figure S 43:A Lewis Structure and DLPNO-MP2/def2-TZVPP computed structure of model compound
4. B DLPNO-MP2/def2-TZVPP computed structure of the ethane adduct of 4, including the “agostic” Si-
H bond distance.

Table S 7: Computed data for the ethane binding to octa-protio calix[4]pyrrolato silane 4.

Entropy E DLPNO- .
nim | Enthaley | oo ction | cCSD(T)idef2 || BEy |l e
Correction " E [kJ mol] H energy G
AG [kJ mol] [ (PR mors AP [kJ mol'] | [kJ mol]
[kcal/mol-'] [Hartree]
C2He 0 210.1 16.86 -79.6991 -209249.9 | -209039.9 | -209110.4
HCxSi 4 0 896.2 39.15 -1278.3795 | -3356385.5 | -3355489.3 3355653.2
HCxSi_C2He 0 1110.6 45.37 -1358.0855 | -3565653.5 |-3564542.9 3564732.7
AE AH AG
C2He-affinity

Time-dependent density functional theory for computation of UV-Vis spectra for 2 and 3

The electronic transitions for 2 and 3 were computed by time-dependent density functional theory at the
CAM-B3LYP/def2-TZVPP level of theory.#” Obtained stick spectra of the first 20 electronic singlet
transitions were convoluted with gaussian line-shape functions with a line width of 4000 nm. The
computed spectrum and the comparison with the experimental spectrum of 2 and the computed
spectrum of 3 can be found in Figure S 44. To account for the neglected solvation effects, all computed
values were systematically shifted by +22 nm.



209, - - -
i I—— exp. planar Calix[4]pyrrolatosilane 2 in DCM exp. planar Calnd]pyrrolatosian Zin DCM
H —— calc. planar Calix[4]pyrrolatosilane 2 (CAM-B3LYP/TZVPP) - 7 !
‘; ‘.‘ | calc. Tetrapyrrolatosilane 3 (CAM-B3LYP/TZVPP) — calc. planar Calix[4]pyrrolatosilane 2 (CAM-B3LYP/TZVPP)
1.5
2 2
c 'c
S 1.04 =]
g =
s ®
05411
0.0
T T 1 0.0 T 1
200 400 600 800 400 600

Wavelength (nm) Wavelength (nm)

Figure S 44: Comparison of computed (CAM-B3LYP/def2-TZVPP) spectrum of 2 (red) and 3 (blue) and
the experimental spectrum of 2 (black) in DCM.

To improve the qualitative description of the low energy electronic transitions, natural transition orbitals
(NTO) were calculated.*® The NTOs contributing to the four lowest energy transitions with significant
oscillator strength can be found in Figure S 45. In all cases, the depicted pairs of NTOs cover
participation >95%.

‘¢
P Y
« ® 3550m ZTLam ) e
Figure S 45: Isodensity plot (0.06 au) for the involved natural transition orbitals for the electronic
excitation at 400, 355, 279 and 277 nm.

As can be derived from the analysis of the NTOs, the lowest energy transitions at 400 and 355 nm occur
by charge transfer of the anti-bonding and bonding combination of the local HOMOs of the pyrrole rings
into the pz-type orbital at silicon. The stronger transitions at 277 and 279 nm are of charge transfer of
the HOMO-4 orbitals located at the pyrroles, which have a strong contribution of the pyrrole nitrogen
electron lone-pairs, into the pz-type orbital at silicon.



Computation of the three possible reaction pathways of 2 with phenylacetylene

The free energies for the transition states and final products for the two regioisomeric carbosilylation
products (Prod_12 and Prod_21) between the model octamethyl-calix[4]pyrrolato silane and
phenylacetylene, and the CH-activation product (Prod_CH) were obtained by at the PW6B95-
D3(BJ)/def2-QZVPP//PBEh-3c/def2-mSVP level of theory. The corresponding reaction pathways are
depicted in Figure S44. In agreement with the spectroscopic results, Prod_12 is obtained as the kinetic
product, whereas the thermodynamic Prod_21 is not competing due to a high reaction barrier.
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Figure S 46: Reaction pathways of the possible regio-isomeric products for the reaction between
octamethyl-calix[4]pyrrolato silane and phenylacetylene. AG and [AH] values in kJ mol-' obtained at
PW6B95-D3(BJ)/def2-QZVPP//PBEh-3c/def2-mSVP.



Supplemental Experimental Procedures

Methods and Materials

Unless otherwise stated, all manipulations were carried out under a dry argon atmosphere using
standard Schlenk techniques to prevent oxidation and hydrolysis of sensitive compounds. All solvents
were rigorously dried using standard procedures, freshly degassed, and stored over molecular sieve (3
A resp. 4 A) before use. All glassware, syringes, magnetic stirring bars, and needles were thoroughly
dried. The commercially available chemicals were used as received. All air-sensitive compounds were
stored in a glove box (MBraun LABmaster dp, MB-20-G or Sylatech Glovebox) under N2 atmosphere.
The purity and identity of the compounds were confirmed by high-resolution multinuclear NMR
spectroscopy, mass spectrometry, and, if possible, X-ray diffraction analysis. 1H, 7Li, 13C{*H} and 2°Si
NMR spectra were collected with a Bruker DPX 200, Bruker Advance Il 400, or Bruker 2 Advance llI
600 NMR spectrometer and referenced to the solvent in use. Chemical shifts are reported as
dimensionless & values in ppm; coupling constants J are given in hertz (Hz). Electrospray ionization
mass spectra were obtained with a Bruker ApexQe FT-ICR instrument. MALDI mass spectrometry was
performed in a DFTB-Matrix on a Bruker AutoFlex Speed time-of-flight spectrometer. IR-Spectra was
recorded on an Agilent Cary 630 spectrometer equipped with a diamond ATR unit processed with
MicroLab PC and OriginPro 2017G 64Bit. meso-Octaethylcalix[4]pyrrole was prepared from 3-
pentanone, pyrrole, and a catalytic amount of CH3sSOsH in ethanol according to literature and purified
via flash column chromatography.*® 50 Deprotonation of the meso-octaethylcalix[4]pyrrole was
performed in n-hexane, as reported in the literature.5! Donor free Na[BArfF20] was prepared by dissolving
1.00 eq [PhsC][B(CsFs)] in toluene followed by the addition of 1.00 eq 1M NaBHEts toluene solution and
stirring for 12 h. The organic phase was decanted, and the colorless residue was washed extensively
with n-pentane and dried in vacuo. CV measurements were performed with an EmStat3+ Blue from
PalmSens Compact Electrochemical Interfaces and processed with PSTrace 5.7 at 298 K. A glassy
carbon electrode, with a working area of 0.07 cm?2, was used as a working electrode, a platinic wire as
a counter electrode; and a silver wire served as a quasi reference electrode. As internal standard
ferrocene was measured at the very end of each measurement. Recrystallized [N'Bus][BArF20] (0.1 M)
was used as electrolyte. Elemental analysis was attempted, but yielded unsatisfying results due to
extreme moisture and oxygen sensitivity of the compounds.

Synthesis of [Li(dme)][octa-ethylcalix[4]pyrrolato-chloridosilicate] - [Li(dme)][1]

1 [Li(dme)]*

To a solution of 1.00 g meso-octaethyl-calix[4]pyrrole (1.84 mmol, 1.00 eq.) in 20 ml n-hexane, 4.68 ml
1.6 M n-BuLi (7.36 mmol, 4.00 eq.) in hexane was added dropwise at -78 °C and stirred for 20 min. After
the solution reached room temperature (rt) it was refluxed for 12 h at 80 °C. Exhaustive deprotonation
was verified by 'H NMR spectroscopy in toluene-ds. n-Hexane was removed under reduced pressure,
and the deprotonated ligand was dissolved in 15 ml dimethoxyethane (DME). 785 mg SiCls (4.62 mmol,
2.50 eq.) in 2 ml DME was added dropwise at rt, and the red solution was stirred for 10 min. A conversion
to [Li(dme)][1] of 40 % was determined by 'H NMR spectroscopy in acetonitrile-ds, beside free meso-
octaethyl-calix[4]pyrrole and undefined side products. The solvent was removed, and the solid was
washed with 20 ml n-pentane. Due to the instability of [Li({dme)][1] in common solvents except for DME
and acetonitrile (ACN), the solid was not further purified but converted directly into the PPhs salt. *H
NMR (ACN-ds, 600 MHz, 295 K) §[ppm]: 5.75 (d, 33un = 3.3 Hz, 4H, H3), 5.70 (d, 3Jun = 3.3 Hz, 4H, H2),
3.46 (s, 4H, CH2dme), 3.29 (s, 6H, ), 2.14 (q, 3Jun = 7.4 Hz, 4H, CH2Emy), 2.01 (q, 3Jnn = 7.4 Hz, 4H, CH:
etnyl), 1.98 (q, 4H, CHz2Etnyr), 1.95 (q, 4H, CHz2Ethyr), 1.13 (t, 3Jnn = 7.4 Hz, 6H, CH3sEthyr), 0.93 (t, 3Jhn = 7.4
Hz, 6H, CHsEthy), 0.45 (t, 3Jun = 7.4 Hz, 6H, CHaetny), 0.26 (t, 3Jun = 7.4 Hz, 6H, CHazemyr). 3C{*H} NMR
(ACN-ds, 150 MHz, 295 K) §[ppm]: 145.9 (C1/C4), 143.3 (C1/C4), 106.9 (C2), 102.7 (C3), 72.4 (CH:2
dme), 58.8 (CHs dme), 44.7 (C5), 39.1 (CHzethy1), 37.0 (2C, CHzEthyl), 26.0 (CH2 Ethy1), 10.8 (CHs Ethyl), 10.2
(CHsEthy1), 9.7 (CHs Ethyl), 9.3 (CHzEthyl). 2°Si HMBC NMR (ACN-dz, 600 MHz, 295 K) d[ppm]: =129.0.7Li
NMR (155 MHz, ACN-ds) 8[ppm]: —1.88. Mass spectrometry [HR-ESI]: calc. 599.3336 m/z exp.
599.3377 m/z.



Synthesis of [PPh4][Ethylcalix[4]pyrrolato-chloridosilicate] - [PPh4][1]

PPt

[Li(dme)][1] (509 mg, 0.73 mmol, 1.00 eq.) was dissolved in 15 ml acetonitrile and 277 mg PPh4Cl (0.73
mmol, 1.00 eq.) was added, and the suspension was stirred for 1 h at room temperature. The solvent
was removed under reduced pressure, and the solid was dissolved in 5 ml DCM and filtered over a glass
frit. The solid was washed until discoloration with small portions of DCM. The solvent was removed from
the filtrate, and the residue was washed three times with 50 ml n-pentane each. For a better purification,
the suspension was put into a sonic bath for 5 min after every washing step. The n-pentane was removed
by decanting and the solid dried under reduced pressure. The solid was washed three times with 20 ml
toluene until no coloration of the toluene washing phase occurred. Last traces of DME were removed
by dissolving the solid again in 15 ml DCM and precipitation with 60 ml n-pentane. The solvent was
decanted, and the residual volatiles were removed in vacuo. Compound [PPha][1] (0.628 g, 0.67 mmol)
was obtained as a colorless solid in 91 % vyield. Suitable crystals for SCXRD analysis were obtained
from a saturated benzene solution at room temperature. *H NMR (DCM-dz, 400 MHz, 295 K) §[ppm]:
7.86 (m, 4H, PPhs*), 7.67 (m, 8H, PPh4*), 7.57 (m, 8H, PPhs*), 5.75 (d, 3Jun = 3.2 Hz, 4H, H3), 5.67 (d,
3Jun = 3.2 Hz, 4H, H2), 2.10 (q, 3Jnn = 7.4 Hz, 4H, CH2Etnyl), 2.01 (q, 3Jun = 7.4 Hz, 4H, CH2Ethyi), 1.99
(g, 3JnH = 7.4 Hz, 4H, CH2Etyl), 1.88 (q, 3JnH = 7.4 Hz, 4H, CH2Ethyl), 1.12 (t, 3Jnn = 7.4 Hz, 6H, CH3 Ethyl),
0.91 (t, 3Jnn = 7.4 Hz, 6H, CHsEthy), 0.47 (t, 3Jun = 7.4 Hz, 6H, CH3Ethy), 0.22 (t, 3Jnn = 7.4 Hz, 6H, CHs
Ethyl). L2C{*H} NMR (DCM-d2, 100 MHz, 295 K) §[ppm]: 145.8 (C1/C4), 143.0 (C1/C4), 136.1 (d, *Jcp =
3.1 Hz, CH, PPhs*), 134.8 (d, 2Jcp = 10.3 Hz, CH, PPh4*), 131.0 (d, 3Jce = 12.9 Hz, CH, PPhs*), 117.9
(d, YJcp = 89.8 Hz, Cq, PPh4*), 106.0 (C2), 101.9 (C3), 44.3 (C5), 40.6 (CH2 Ethyr), 39.3 (CH2 Ethyr), 36.4
(CHzEethyl), 25.4 (CH2 Ethyl), 10.5 (CH3 Ethy), 10.0 (CH3 Ethyr), 9.3 (CHz Ethy1), 9.0 (CH3 Ethyr). 2°Si HMBC NMR
(DCM-d2, 400 MHz, 295 K) 3[ppm]: —=129.0. 3P NMR (DCM-d2, 161 MHz, 295 K) §[ppm]: 23.22. Mass
spectrometry [HR-ESI: calc. 599.3336 m/z exp. 599.3377 m/z. IR spectroscopy V[cm]: 3099 (w) ,
2958 (m), 2925 (m), 2868 (m), 1507 (w), 1454 (m), 1413 (m), 1374 (m), 1326 (w), 1247 (m), 1076 (s),
1009 (w), 970 (m), 857 (m), 765 (s), 706 (w).

Synthesis of [Ethylcalix[4]pyrrolato-silane] — 2

Freshly prepared donor free sodium tetrakis(pentafluorophenyl)borate (68.4 mg, 28.5 ummol, 1.10 eq.)
was added to a solution of [PPha4][1] (66.0 mg, 70.2 pmmol, 1.00 eq.) in 4 ml DCM at room temperature.
The solution was stirred for 12 h while turning yellow, and the solvent was removed under reduced
pressure. 10 ml n-hexane were added, and the solution was stirred for 2 h and filtered off. The solvent
of the filtrate was removed, and the residue was dissolved in 10 ml n-hexane, stirred for 24 h and filtered.
The clear yellow solution was stirred for another 24 h to drive the elimination of NaCl until completeness.
The yellow solution was filtered again, and the solvent was removed. After drying in vacuo, the neutral
silane 2 was obtained as a yellow solid 78 % vyield (30.9 mg, 54.7 ummol). Orange crystals of 2 were
obtained by storing a concentrated solution of 2 in DCM for 7 days at -40 °C. At room temperature, slow
decomposition in DCM-d2 and CsDe Was observed over 4 days. Remark: The first step in this reaction
is the cation exchange from PPhs* to Na*. The SCXRD of this intermediate [Na]4[1]s was obtained by
storing a concentrated solution of [PPh4][1] and NaBArFzo in DCM for 5 days at room temperature
without further workup. *H NMR (DCM-dz, 400 MHz, 295 K) §[ppm]: 5.89 (s, 8H, H2), 2.04 (q, 3Jun = 7.4
Hz, 8H, CHzEethy), 1.93 (q, 3JnH = 7.4 Hz, 8H, CH2Ethyr), 1.10 (t, 3Jnun = 7.4 Hz, 12H, CHzEthyr), 0.66 (t, 3JnH
= 7.4 Hz, 12H, CHsEty). **C{*H} NMR (DCM-d2z, 100 MHz, 295 K) §[ppm]: 143.9 (C1), 106.5 (C2), 45.9
(CH2 ethy1), 42.4 (C3), 24.8 (CH2 Ethy1), 9.4 (CHzEthyl), 9.3 (CHz ethyl). 2°Si HMBC NMR (DCM-d2, 400 MHz,
295 K): -55.6 ppm. Mass spectrometry: [ESI7]: C3sHasN4Si*OH™ : calc. 581.3675 m/z exp. 581.3761
m/z. [MALDI, DFTB-Matrix] [m/z]: CassHasN4Si*H3O* : calc. 583.383 m/z exp. 583.397 m/z. IR



spectroscopy V[cm1]: 3112 (w), 2963 (s), 2931 (s), 2872 (s), 2815 (w), 1344 (w), 1514 (m), 1455 (s),
1378 (m), 1364 (m), 1322 (w), 1297 (w), 1278 (w), 1234 (s), 1132 (s), 1087 (s), 973 (s), 953 (m), 926
(w), 857 (w), 736 (s), 713 (m), 681 (w).

Synthesis of [Ethylcalix[4]pyrrolato-silane-phenylacetylene] activation product

To a solution of 2 (15.0 mg, 26.5 pmol) in 0.5 ml DCM-dz, phenylacetylene (0.1 mL) was added at room
temperature. Quantitative conversion was observed by *H NMR spectroscopy. Isolation of the activation
product was performed as follows: To a solution of [PPhg4][1] (70.0 mg, 74.5 umol, 1.00 eq.) in 5 ml
dichloromethane Na[BArF20] (57.5 mg, 81.9 pmol, 1.10 eq.) and phenylacetylene (10.0 mg, 96.8 umol,
1.30 eq.) were added and stirred for 16 h. All volatiles were removed in vacuo and the solid was stirred
for 30 min in 5 ml n-hexane. The yellow solution was filtered and the solvent was removed under reduced
pressure. This step was performed twice. The product was dried for 30 min in vacuo. The yellow
phenylacetylene activation product (35.4 mg, 52.5 pumol) was obtained in 70 % yield. *H NMR (DCM-dz,
600 MHz, 295 K) §[ppm]: 8.04 (d, 3Jun = 5.4 Hz, 1H, H2), 7.26 (m, 3H, Hpheny!), 7.19 (M, 2H, 3Jun = 5.4
HZ, 1H, H3), 6.07 (S, 1H, Halkyne), 6.05 (d, 3JHH =3.2 HZ, 1H, prrrole), 6.00 (d, 3JHH =3.2 HZ, 1H, prrrole),
5.96 (m, 2H, prrrole), 5.86 (d, 3Jun=3.4 Hz, 1H, prrrole), 5.78 (d, 3Jun=3.4 Hz, 1H, prrrole), 2.25 (m, 2H,
Hchz), 2.18 (m, 2H, Hch2), 2.07 (m, 2H, Hchz2), 1.92 (m, 4H, Hchz), 1.81 (m, 2H, Hehz2), 1.73 (m, 2H, Hchz),
1.28 (m, 2H, Hcrz), 1.18 (t, 3Jun = 7.3 Hz, 3H, Hcws), 1.15 (t, 3Jwn = 7.3 Hz, 3H, Hcws), 0.78 (t, 33w = 7.3
Hz, 3H, Hchs), 0.73 (t, 3Jun = 7.3 Hz, 3H, Hcha), 0.65 (t, 3Jun = 7.3 Hz, 3H, Hchs), 0.61 (t, 3Jwn = 7.3 Hz,
3H, Hchs), 0.39 (t, 3JnH = 7.3 Hz, 3H, Hchs), 0.35 (t, 3Jun = 7.3 Hz, 3H, Hcha). *C{*H} NMR (DCM-d2, 150
MHz, 295 K) §[ppm]: 184.1 (C4), 158.4 (C2), 152.9 (Cq), 149.6 (Cq), 145.2 (Cq), 143.5 (C5), 143.0 (Cq),
142.8 (Cq), 141.1 (C6), 140.1 (Cq), 136.4 (Cq), 128.8 (2C, Cthenyl), 128.5 (ZC, CthenyI), 127.9 (CthenyI),
127.0 (C3), 111.1 (CH), 109.5 (CH), 108.7 (CH), 105.6 (CH), 105.2 (CH), 105.0 (CH), 95.1 (C1), 55.2
(Cq), 46.0 (Cq), 44.8 (Cy), 42.8 (Cq), 40.7 (CH2), 37.1 (CH2), 34.6 (CH2), 31.3 (CH>), 29.3 (CH2), 26.2
(CH2), 25.8 (CH2), 23.3 (CH2), 9.9 (CH3), 9.8 (CH3), 9.7 (CHs3), 9.6 (CH3), 9.4 (CH3), 9.3 (CHs3), 9.0 (CHs3),
8.0 (CHs). 2°Si HMBC NMR (DCM-d2, 600 MHz, 295 K) §[ppm]: —=126.0 ppm. Mass spectrometry:
[ESI*]: CaaHs4N4Si*H* calc. 667.4195 m/z exp. 667.4141 m/z.

Reduction of 2 with CoCp*,in dichloromethane

To a solution of 2 (10.0 mg, 17.7 ymol, 1.00 eq) in DCM-d2 at room temperature, CoCp2" was added
stepwise (0.1, 0.2, 0.6 and 1.0 egivalents), and the solution turned from yellow to light yellow, indicating
the formation of chlorido silicate [CoCp2*][1] as the major product (Figure S 15). Addition of an excess
of CoCpz" in one portion lead to the clean formation of [1]" without side products (Figure S 16). The
identity of the chlorido silicate [1]" was verified by *H and 2°Si HMBC NMR spectroscopy, ESI-MS and
by comparison with the other salts of [1]-. Due to the rapid reaction, no radical intermediate could be
detected by EPR-spectroscopy. The fate of the chloride atom donor was not inspected.
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