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Overview

This thesis is written to provide an overview on various topics I worked on extensively during my
doctoral studies and it comprises different areas of theoretical and experimental inorganic molec-

ular chemistry. The thesis is split into three main parts, which are illustrated by Figure ﬂ:

-

A. theoretical studies of
low-valent tetrel chemistry

. the first NHC-stabilized
iminosilenylidene

- further calculations on
iminosilenylidenes

+ siladicarbenes and siladiimides

CAAC-stabilized heavier ditetrelynes
\ and ditetrelenylidenes

J/

B. theoretical studies of heavier tetrel
transition metal complexes

» digermyne cobalt complexes

+ group 10 tetrylidyne complexes

C. mass spectrometric studies of
sensitive organometallic compounds

group 6 germylidyne complexes

N

Figure 1: [llustration of the main topics studied in this work.

Part A deals with theoretical studies carried out on low-valent silicon and germanium main group
compounds. Innovative achievements by synthetically-working colleagues in our group were com-
prehensively studied by computational methods. Their structural features and experimental prop-
erties but mainly the electronic structure were investigated and rationalized. Herein, special atten-
tion is provided to the influence of N-heterocyclic carbene (NHC) and cyclic alkyl amino carbene
(CAAC) ligands on the electronic structure.

Part B features a similarly straightforward computational analysis of heavier tetrel transition metal
compounds. Herein, the peculiar properties of the heavier tetrel atoms Si to Pb contribute to an
unprecedented reactivity of the resulting complexes, which differs from that of similar carbon ana-

logues.
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Standing on its own, Part C is meant to cover efforts in mass spectrometry applied on transition
metal germylidyne complexes. After a brief introduction into mass spectrometry, the process lead-
ing to an inert measurement without significant sample decomposition is summarized.

In the end, Part D is providing a summary of the herein presented results and outlines further work

that goes beyond the scope of this thesis.

Some chapters of this work have already been published in scientific journals. According to the
guidelines of the doctoral regulations of the Mathematisch-Naturwissenschaftlichen Fakultit Bonn
the contents of the respective publications are summarized, my own contributions are highlighted
and the full manuscript and the relevant parts of the supporting information are provided in the

appendix in part E.



Part A.

Computational Studies on Low-Valent

Silicon and Germanium Compounds






1. Introduction to Computational

Chemistry

Computational chemistry or quantum chemistry is a branch of theoretical chemistry, in which
properties of atoms or molecules are calculated using mathematical expressions. In its beginnings
in the first half of the 20" century, quantum chemistry was usually confined to atoms or molecules
with only a few atoms. However, the tremendous progress in computer sciences led to a close
interweaving with quantum chemistry and greatly contributes to the accuracy and atom number
range of modern computational methods.

Nowadays, calculations are possible for every state of matter and there is a plethora of different
quantum chemical methods available to calculate desired properties, each coming with its own
accuracy-to-cost ratio, where computational cost usually refers to the most valuable resource we
have — time.

On the one hand, quantum chemical calculations can support experimental results. They can un-
derline experimentally obtained molecular properties and rationalize what cannot or hardly be
accessed by the experiment, such as transition states, short-lived intermediates or higher-energy
isomers. On the other hand, the great predictive power enables the exploration of the chemical

space and can guide the experimental chemist to unprecedented molecules.

In the following, a brief overview over the most prevalent concepts of quantum chemistry is given
to guide the reader into the computational domain. The basic equations derived from the fun-
damental laws of physics will be presented, however, a detailed mathematical derivation will be

omitted here, as this is readily available in established text books. ! !
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1.1. Fundamental Concepts

The Schrodinger Equation

The key task of quantum chemistry is to solve the Schrodinger equation of the system, derived by

E. Schrédinger in 1926, not considering relativistic effects,

(1)U (r 1) —w%(: )

(1.1)
with the time-dependent Hamilton operator H (r, ) and wave function ¥(r, t) of the system. For

time-independent problems, however, the equation is simplified to its time-independent form,
H(r)U(r) = E(r)¥(r) (1.2)

with E(r) being the energy of the system dependent on the spatial position of the considered par-

A N

ticles. The Hamilton operator can be divided into the kinetic (7") and potential (') contributions

of the electrons e and the nuclei N:

Heoe = Ho + Ty (1.3)
He = Te + ‘A/Ne + ‘A/;e + VNN (14)

Here, T, corresponds to the kinetic energy operator of the electrons, V ne to the attractive nucleus-
electron potential, Vee to the electron-electron potential, and VNN to the repulsion between the
nuclei N. Unfortunately, being a many-body-problem, where the particles influence each other’s
movements, no analytical solution exists for a system with more than two particles. It is thus nec-
essary to introduce approximations that allow to calculate the multiple-particle system without
compromising the accuracy too much.

One of those is the Born-Oppenheimer approximation,¥ where nuclei of atoms are assumed to be
infinitely heavier than the electrons, which is reasonable to do as the masses of the protons and
electrons differ by three orders of magnitude (m,,/m. ~ 1800). This allows to separate the move-
ment of the electrons from the movement of the nuclei which are considered to stand still (TN
~ 0, Vyn ~ const.). The total Schrodinger equation can now be separated into an equation for
the nuclei and for the electrons, where the latter is only parametrically dependent on the nuclear

coordinates. The resulting electronic Schrodinger equation is given as

~

HVY, = E\V, (1.5)

with the electronic Hamilton operator H:

A

He - Te + VNe + ‘7ee - ;Le + ‘7ee (16)
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where the kinetic energy and its Couloumb attraction to the nuclei can be combined into the one-

electron operator h.. The respective operators are hereby given as

R Y1,
T.=— Z 5Vi (1.7)
) M N Z,
e = — ; z@: m (1.8)
A N N 1
Vee = Z Z m (1.9)
1 J>

where Z, IR and r are the nuclear charge, and positions of the nuclei and electrons, respectively.

At this point, different computational methods exist that include various approximations in or-
der to derive the electronic energy F. of a given system (Figure @). Each level of approximation
reduces the general accuracy of the method and their generality, but increases the possible system

size and lowers the computational cost.

Force Semi- Density Wave
Field empirical Functional Function
Methods Methods Theory Theory
speed accuracy

Figure 1.1: [llustrative overview of the main quantum chemical methods and their accuracy-to-cost
regime.

Force-field methods, for example, treat whole atoms as classical particles and bypass the Schrédinger
equation, as the electronic energy is written as a parametric function of the nuclear coordinates.
The hereby necessary parameters are derived by fitting to experimental results or from high-level
theoretical data. This level of empiricism limits the methods to those systems that are suitable for
the employed fitting parameters, but allows to calculate large molecular structures like proteins at
a reasonable amount of time.

Semi-empirical methods aim to solve the Schrédinger equation, but simplify the system (e.g. by
considering only valence electrons) or mathematical terms (e.g. by neglecting unimportant inte-
grals) to decrease the computational time. These approximations can be caught by careful param-
eter fitting and thus semi-empirical methods provide a reasonable accuracy/cost ratio for larger
systems.

At the verge of empirical and ab-initio methods, density functional theory (DFT) employs func-

tionals to access the electronic energy via the electron density p. These functionals can contain
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fitting parameters, but do not necessarily have to. Their efficient accuracy/cost ratio made them
prevalent for electronic structure calculations in the recent decades and they are applicable for a
wide range of molecular properties.

Finally, wave function theory (WFT) uses the complete Schrédinger equation by determining the
wave function W of the system. As it typically does not employ empirical parameters, WFT meth-
ods offer a high generality. Also, WFT is systematically improvable leading to an exact solution
in principle within the Born-Oppenheimer formalism, but this also comes with a large computa-

tional cost and thus a heavily limited system size.

Hartree-Fock Theory

The electronic energy £ can be obtained as expectation value of the electronic Hamilton operator
over the normalized wave function (the index e is omitted from now on as only the electronic parts
are considered):

(V| H|W)

E= "y (110

Two conditions for the wave function have to be fulfilled: The Pauli principle’® demands that two
electrons must not coincide in their quantum numbers, and the antisymmetry of the wave function
must lead to a sign change when two electrons are interchanged. It was found that building the
wave function from normalized Slater determinants ® (SD) consisting of N single electron wave
functions called molecular orbitals (MOs) ¢ fulfils these requirements.[é] Within Hartree-Fock the-
ory it is assumed that the total (exact) wave function can be described using only one ground state

Slater determinant $g:

5i(1) 6(1) - on()
e 16 6@ o)
R Y= Qo= S (1.11)

¢1(1) @2(1) - on(1)

These molecular orbitals are orthonormal and it holds:

0 f i
(pilo;) = > Z 7&‘7, (1.12)
1 for 1=

As the exact wave function is not known, an approximate one, W’ has to be constructed. For this,
the variational principle states that the corresponding energy E’ must be above or equal to the exact

energy I obtained with the exact wave function V:

(V'|H|W') = E' > E = (U|H|) (1.13)
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This allows a procedure where the trial wave function (or its molecular orbitals ¢;) are optimized
iteratively to approach the exact result. Lagrange multipliers \ are used to also ensure the condition

of the orthonormality of the MOs and lead to the set of Hartree-Fock equations:
N
figi = Z Aij @5, (1.14)
J

wherein the Fock operator f; is an effective one-electron operator that includes the kinetic electron

energy and the attraction to all nuclei (within h;), and the repulsion to all other electrons:
N
fi=hi+ Z(Jij — Kij) (1.15)
J

The Coulomb operator jij corresponds to the classical repulsion between two electrons, regardless
of their spin, whereas the exchange term K ij is a non-classical, energy-lowering contribution to
the electron-electron repulsion only between electrons with the same spin.

By employing a unitary transformation of the MOs to the special set of canonical molecular orbitals,
which is a process that does not change the total wave function, the Lagrange multipliers can be

converted into a diagonal form, i.e. A;; = 0 for7 # jand \;; = ¢;.
N
fidi = Z&j%’ (1.16)
J

It was found that the €; can be interpreted in terms of molecular orbital energies, being the expec-

tation value of the Fock operator over the MO space:
(Gil filos) = ealdild) = & (1.17)

Summed up over all MOs ¢;, the Hartree-Fock equations form a set of pseudo-eigenvalue equa-
tions (pseudo because the one-electron Fock operator ﬁ depends on all the other orbitals j via the
Coulomb and exchange operators jl-j and f(ij), and iterative methods are necessary to obtain the
so-called self-consistent field (SCF) orbitals.

It is important to note that the total energy of the system is not just the sum of all occupied MO or-

bital energies, as this would count the electron-electron repulsion twice and needs to be corrected:

N
E = Zéi — %Z(JZ] — KZ) + Vnn; E # Zé‘i (118)
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The canonical MOs ¢; of the wave function are unknown, but can be expanded in a set of known

functions in terms of a linear combination:? &

basis

$i =Y CaiXa (1.19)

The basis functions ) are conveniently called atomic orbitals, although it should be kept in mind
that they do not represent the solutions to the atomic HF equations. For a complete set of basis
functions Y, a complete basis set is reached and the linear combination of atomic orbitals (LCAO)
ansatz becomes exact.

If equation is now applied to the Hartree-Fock equations from equation , this leads to

basis basis
Fi) 7 Caixa =i Y CaiXan (1.20)
o a
or, in matrix notation,
FC = SCe (1.21)

where F', C and S correspond to the Fock matrix, the LCAO coefficient matrix and the overlap

(%:19) the eigenvalues of the Fock

matrix, respectively. In these so-called Roothaan-Hall equations,
matrix are calculated. However, due to the pseudo-eigenvalue nature of the Fock matrix, the co-
efficients C are guessed in the first place and then optimized self-consistently in an iterative way.
Due to the two electron integrals that involve integration over four basis functions, the formal
scaling of HF methods is O(basis)* (O is a prefactor).

Following the Aufbau principle, which states that electrons occupy the lowest-lying molecular or-
bitals for a ground state system, a set of %N occupied and basis — %N virtual MOs are obtained.

The latter are orthogonal to the occupied MOs but have no direct physical meaning.

Basis Sets

Equation demands a complete basis set in order to provide an exact transformation of atomic
orbitals y to molecular orbitals ¢. However, such a complete basis is computationally demanding
and the basis set is often truncated, thus the quality of the approximation correlates to the size of
the basis set.

Generally, a basis set consists of several basis functions, that are a specific type of mathematical
functions suitable to describe the electron distribution of an atom. Two types of basis functions
are nowadays well-established: Slater-type orbitals (STOs) and Gaussian-type orbitals (GTOs).

Slater-type orbitals are defined by the quantum numbers n, [ and m as

XEEQ o (r,0,0) = NYi (0, o)™ te " (1.22)
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in a polar coordinate system. The Y} ,,, are the spherical harmonic functions, normalized by the nor-
malization constant [V, whereas the exponential part is described by the orbital coefficient (. STOs
are physically more accurate as the radial decay fits to the analytically derived orbitals for hydrogen-
like atoms, ensuring a rapid convergence with only a few basis functions used. However, the cusp
at the nuclear position prohibits an analytic solution of three- and four-center two-electron inte-
grals, making STOs computationally demanding. The nowadays wider employed alternative is the
use of GTOs of the form

XETQ (1,0, ) = NYi,, (0, p)r2" 2 le=o (1.23)

These functions are generally worse in describing the near-nucleus behaviour. Therefore, more
so-called primititve GTOs, combined to contracted GTOs by linear combination, are necessary to
obtain a slope similar to STOs. However, GTOs have the decisive advantage that their integrals
are easy to calculate.

Over the years, various basis sets were developed and each provides its own accuracy and may be

(11,12 Seminal contributions include the minimal basis sets of the

) [13-15]
)

optimized for a specific property.
STO-nG type (with nbeing the number of primitive GTOs used for fitting to represent a STO
the Pople-style k-ImG119 or k-ImnGY basis sets, the correlation consistent basis sets by T. H.
Dunning that are suitable for high-end wave function methods,2! and the Karlsruhe basis sets by

the group of R. Ahlrichs."2224 The second generation of the latter!2%!

are almost exclusively used in
this thesis and belong to the class of split-valence basis sets, meaning that the chemically relevant
valence orbital region is treated by the double (def2-SVP, split-valence), triple (def2-TZVP, triple-
() or quadruple (def2-QZVP, quadruple-() amount of basis functions. The basis sets are further
enhanced by polarization functions ("P”) and can additionally be combined with diffuse ("D”) func-
tions, leading, for example, to the large quadruple-( def2-QZVPPD basis set. Herein, polarization
functions are higher-angular momentum functions that are used to treat a directionally polarized
electron distribution, whereas the diffuse functions improve the long-range behaviour of the basis
set, which becomes important for anions or generally systems with loosely bound electrons (e.g.
excited states).

Apart from the basis set incompleteness error (BSIE), that occurs when an incomplete basis is used, an-
other basis set related problem can be the basis set superposition error (BSSE). Herein, basis functions
centered on one atom or molecule compensate the incomplete basis at another part of the system,
which leads to an artifical lowering of the energy, and it is especially problematic when weak non-
covalent interactions are described. The BSSE can in principle be decreased when the basis set is
enlarged, however, this is often not computationally feasible, and thus correction schemes can be
employed to estimate the error as an alternative. 2

A further feature related to basis sets are effective core potentials (ECPs).22% The lower half of the

periodic table comprises elements with many core electrons, that cannot be neglected, as well as

an increasing influence of relativistic effects. In order to avoid computationally demanding rela-
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tivistic full-electron calculations, the core electrons are instead modelled by a fitted function, thus
only valence electrons are treated explicitly. By this, the computational time can often be decreased

without a considerable loss of accuracy.?

Treatment of Electron Correlation

Even with a complete basis set, the Hartree-Fock energy F'yr does not correspond to the exact
energy obtained by the non-relativistic Schrédinger equation, because the electron-electron in-
teraction is only treated in an average fashion (mean field approximation). Thus, the correlated
electron movement is not described correctly, and the missing electron correlation energy F . is
defined as

Ecorr = Fexact — Enr (1.24)

In order to correct the electron correlation, it is necessary that the overall wave function W contains

more than one Slater determinant:

U = CLQ(I)HF + Z (li(bi (125)
i=1

These additional Slater determinants ®; can be generated by exciting electrons from the ground
state Hartree-Fock determinant ®yg. If all possible determinants are included, the Schrodinger
equation can be solved exactly (within the framework of the Born-Oppenheimer approximation
and the neglection of relativistic effects), given that an infinite basis set is provided. Established
methods that use the Hartree-Fock SD to generate more Slater determinants are the Configura-
tion Interaction (CI)%& 333 and Coupled-Cluster (CC)B4 B3l approaches. Here, the truncation of
possible electron excitations determines the accuracy but also the computational cost. Especially

(3é]

the CCSD(T) method with single, double and perturbative triple excitations®® is nowadays re-

ferred to as the gold standard of computational chemistry, as it is found to achieve an error of

35, 8749 However, this is accompanied with a high

only 4 kJ-mol~! compared to the exact energy.
O(basis)” scaling, making it only affordable for small systems, and current research focuses on in-
troducing well-balanced approximations to reduce the scaling drastically, for example seen by the
domain-based local pair natural orbital coupled cluster (DLPNO-CCSD(T)) method. "

Alternatively, the electron correlation can be assessed by perturbational theory methods. A widely-
used term for correcting the Hartree-Fock energy is obtained by second-order Moller-Plesset (MP2)

theoryzm’ &l

(1.26)

B =33 U0i010000) = (60yl0n00))?

gi+e;i—€,—€
i<j a<b iTE ~€ 5

The MP2 correction scales with O(basis)’, however, because it does not involve an SCF procedure

its actual computational effort is similar to a HF calculation. As it is able to recover 80 to 90 % of
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the electron correlation energy, the MP2 scheme is an efficient way to improve the basic Hartree-
Fock result, being faster but less accurate compared to advanced CI or CC corrections. However,
it should be kept in mind that the MP2 energy is added to the HF reference wave function, thus its
performance also depends on the latter, and poor HF solutions are insufficiently corrected by MP2.
Furthermore, as visible from equation , the MP2 term (incorrectly) converges to infinity for

systems with close-lying occupied and virtual orbital energies.

1.2. Density Functional Theory

In the year 1964, P. Hohenberg and W. Kohn were able to prove that the ground state electronic
energy of a system is completely determined by its electron density p in the form of the functional
E[p].*4) The great advantage of this discovery is that the electron density is shown to be inde-
pendent of the number of electrons N, in contrast to wave function theory where 4N coordinates
have to be considered (three spatial and one for the electron spin). However, until today the exact
functional E/[p| connecting the electron density and the energy of the system is not known and
the resulting density functional approximations (DFAs) cannot be systematically improved as it is
possible for wave funtion theory.#3 #¢

Similar to HF theory, the total energy functional can be separated into functional contributions
from the kinetic energy 7'[p], the nucleus-electron attraction Ey.[p] and the electron-electron re-
pulsion Ee[p], whereas the latter can further be divided into Coloumb .J[p]| and exchange K[p]

parts. The nucleus-electron potential and the Coulomb term can simply be given as

Exelo] = = / ‘Z/*ﬂdr (1.27)

e 1 (r)p(r’)
_ 4 pPr)pr /
Jp] = 5 // P drdr (1.28)

However, the expressions for the kinetic and exchange functionals are less straightforward. As-
suming a uniform electron gas, L. Thomas and E. Fermi could derive a first expression for the

kinetic energy,##9

Trelp] = %(?mg)g /pg(r)dr (1.29)

leading to a term for the total energy functional F1g[p] within the Thomas-Fermi theory:

Ervlp] = Trep] + Enelp] + J[p] (1.30)
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The neglection of the exchange part leads to very poor results, and F. Bloch derived an expression
for the exchange part Kp[p] in 1929,5% which was later adopted by P. Dirac in 1930," resulting

in an improved energy functional expression (Thomas-Fermi-Dirac theory):

Kolp| = —Z (%) / ok (r)dr (131)

Erpp[p] = Tre[p] + Enelp] + J[p] + Koplp] (1.32)

The Thomas-Fermi-Dirac energy functional F1gp[p] yields acceptable results for metallic systems,
but works poorly for atoms and molecules. Assuming a non-uniform electron gas, where deriva-
tives of the electron density are included, improves the model but the overall accuracy is still below

the wave function method level.

An alternative approach was developed by W. Kohn and L. J. Sham with the idea to split the ki-
netic energy functional T'[p] into two parts:®2' The first, T's[p], corresponds to non-interacting
electrons and represents the dominant contribution to 7'[p|. It can be exactly calculated similarly to
the HF approach (c.f. Equation @), but has the disadvantage that orbitals need to be re-introduced,

increasing the complexity again to a 4N problem:

N

Tlp) = Tslp] = > (6l — %Vzlm (1.33)

i=1

The second part T'[p] — Ts[p] corresponds to the remaining kinetic correlation energy and is as-
sumed to be small (= 1 %). It is combined with the missing exchange term into the exchange-

correlation functional Ei.[p|, and the general DFT energy Eppr[p] expression is given by

Eperlp] = Ts[p] + Exe[p] + J[p] + Exc[p] (1.34)
where E, [p] is defined as
Ex[p] = (Tlp] = Ts[p]) + (Eee[p) — J[p]) (1.35)
kinetic c?)rrrelation correlatior::& exchange
energy energy

The great advantage of Kohn-Sham density functional theory (KS-DFT) is that the energy can be
calculated much more accurately than that in the orbital-free Thomas-Fermi-Dirac model, as the
approximate exchange-correlation functionals have a much smaller impact than approximations in
the kinetic energy functional, because both corresponding energies differ by an order of magnitude.
Analogous to HF theory, a set of Kohn-Sham equations is obtained that involves the Kohn-Sham
orbitals ¢;:

A

8¢ = eio (1.36)
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where the one-electron Kohn-Sham operator f¥ is defined similar as in equation but uses

the exchange-correlation potential V,..[p]:

£ = halol + Y (Jislo] = Vielo)) (1.37)

By expanding the Kohn-Sham orbitals ¢; in an atomic basis set

basis

$i =) CaiXa (1.38)

the Kohn-Sham equations in matrix notation are obtained:
F®C = SCe (1.39)

However, a notable difference in DFT is that the integrals involving the V, [p] potential cannot be
solved analytically as V}.[p] depends implicitly on the integration variables, which is why a numer-
ical grid is typically introduced for DFT to evaluate these integrals.

As mentioned before, density functional theory comprises the crucial disadvantage that the un-
known exchange-correlation functional is not systematically improvable. Accordingly, a large
number of DFAs are available nowadays that were either designed by requiring them to fulfil
(known) criteria of the exact density functional, or by adding fitting parameters to experimen-

46,5354 J P. Perdew and K. Schmitz suggested a Jacob’s ladder scheme in 2001,"%% where the

tal data.!
DFAs are grouped according to the complexity of how V, [p] is treated (Figure ). It ranges from
the Hartree hell and leads over several rungs to the heaven of chemical accuracy. Each rung, briefly dis-
cussed in the following, is typically associated with an overall increase of both the accuracy and the
computational cost, but there is no inherent guarantee that higher-rung DFAs generally perform

better than lower-rung ones.

Local (Spin) Density Approximation

For the simplest DFAs, it is assumed that the electron density can locally be treated as a uniform
electron gas. The exchange term FELPA is then given by the Dirac term of equation , whereas
the correlation term can be deduced analytically from the uniform electron gas. If the electron
spin is considered and the spin densities p,, and pg are treated differently, the local (spin) density
approximation (L(S)DA) method is obtained.

It is worthwhile to note that L(S)DA methods are exact for systems that exhibit a uniform electron
gas, which makes these methods applicable in solid state physics. However, as this is not the case
for molecular systems, LSDA DFAs show high errors for these and lead to artifically overestimated

bond strengths and overstabilized higher spin states.



14 A.1 Introduction to Computational Chemistry
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Figure 1.2: Jacob’s ladder scheme for the hierarchical classification of density functional approxi-
mations. The higher-rung methods include additional information about the electron
density p, which is typically (but not necessarily) associated with an increase of both
accuracy and computational cost. The illustration is adapted from references [56] and
(57].

Generalized Gradient Approximation

An improvement of L(S)DA methods is directly obtained if the electron density is considered as
non-uniform, i.e. the derivative of the electron density p is used. This can be done by correcting the
LDA exchange-correlation term by an enhancement factor F'°S#(V p) that depends on the gradient

of the electron density:
ESCh = EXPAFSSA (V) (1.40)

Hereby, the electron density is treated in a semi-local fashion. The resulting semi-local GGA DFAs

have a substantially smaller error for molecular systems compared to L(S)DA methods.
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Meta-Generalized Gradient Approximation

The next rung of the Jacob’s ladder scheme is held by meta-GGA methods which include higher-
order derivatives of the electron density, for example by using the laplacian V?p of the electron
density. However, as this was proven to be numerically unstable, the orbital kinetic energy density

7 is employed instead:[>% %

occ

T(r) = %Z IV (r)]? (1.41)

The exchange-correlation term is then dependent on 7.

Hybrid DFT Methods

The exchange-correlation energy Fy. can be exactly described with the adiabatic connection formula

by a potential V. that acts on the wave function of the system:®%

1
B = / (03[ Vie(\)[2)d, (1.42)
0

where the integration variable A corresponds to the degree of electron-electron correlation. Equa-
tion can be approximated by assuming a linear progression of A and using an average of end-

point values:

1
Bre 2 5 ((Wol Vie(0) W) + (W[ Vie(1)] W1 ) (1.43)
no ek:,ctron full el‘e,ctron
correlation, correlation,
= HF unknown

Whereas the second term is still unknown, now the first summand corresponds to non-interacting
electrons and has no contribution of the correlation energy, which is by definition equal to the re-
sult given by Hartree-Fock theory (equation ). Thus, this leads to the Half-and-Half method,®"
where one half of the exchange-correlation energy is given by exact Fock exchange FF and the

other half is approximated by L(S)DA results:

E;?H — % )I(-IF + %(E)I;(S)DA + E(];(S)DA) (144)

This method can be further improved if the amount of Fock exchange is variable and the uniform
electron gas of the L(S)DA term is corrected by GGA or meta-GGA terms. Thus, a more general
formula for hybrid DFT methods is given with equation , where the parameter a is usually
obtained by fitting to experimental data:

E)}:Cybrid — (IE)I;IF + (1 o CL)Ev)((meta—)GGA + Eémeta—)GGA (145)
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Hybrid DFAs often improve the calculated results, which is attributed to a reduction of the self-
interaction error that is inherent in (meta-)GGA methods. However, there is no universal optimal
amount of Fock exchange to be included and various methods are available with different fractions
of exact exchange.

An alternative way to implement Fock exchange is used for range-separated DFAs: Generally, den-
sity functional theory tends to overdelocalize the electron density, which results in an artifical
energy-lowering of delocalized systems and an incorrect long-range behaviour of the exchange-

correlation potential. The latter can be encountered by separating the electron-electron operator

1
T12

that uses the Fock exchange: 2 Hereby, the transition between both parts is administered by the

into a short-range part, that is typically treated by pure DFT methods, and a long-range part

control parameter w and an error function er f.

1= er f(wriz) n erf(wriz) (1.46)

12 12 T12

Double-Hybrid DFT Methods

Finally, the highest rung in the Jacob’s ladder scheme is assigned to double-hybrid DFT methods.
Whereas hybrid DFT methods contain information about occupied HF orbitals to correct the ex-
change part of the exchange-correlation functional, for double-hybrid methods information about
virtual orbitals is employed to improve the correlation energy. This is typically done by adding
MP2 electron correlation (equation ) using the KS orbitals and orbital energies, and the gen-

eral formula for the exchange-correlation energy is given as:'®%

Esé)uble—hybrid _ CLE}I;IF + (1 . G)E)((meta—)GGA + bEiVIPZ + (1 . b)Eémeta—)GGA (1.47)

The inclusion of WFT electron correlation is seen to further improve the accuracy. However,
double-hybrid DFT methods suffer from the same problems as MP2, that is the high computa-
tional cost of O(basis)®, the slower basis set convergence compared to HF and DFT methods and

the instability for energetically close-lying occupied and virtual orbitals.

Corrections for the London Dispersion Interactions

A serious disadvantage of standard DFT is its incapability to describe London dispersion forces.
These mid-to-long-range electron correlation effects result from the attractive interaction between
instantaneously induced dipoles caused by electronic fluctuations in both polar and non-polar

5453 Together with the repulsive Pauli force they form the non-covalent

atoms and molecules.!
van-der-Waals interactions. Although a single interatomic contribution is small, London disper-
sion forces become more important for larger systems with high polarizabilities, and DFAs need
to be corrected in order to approach chemical accuracy.6¢!

The most direct approach would be to include a functional into the exchange-correlation part that
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explicitly accounts for the dispersion energy. In these non-local van-der-Waals functionals®” the
dispersion energy is given by

By =1 / p(r)®(r ) p(r'drdr” (1.48)

2
where ®(r, ') is a non-local correlation kernel that explicitly considers the interaction of long-
range electron density fluctuations.
Alternatively, apart from modifying the exchange-correlation functional, additive schemes can be
used that post-correct the calculated SCF energy. A well-established example are the semi-classical

DFT-Dz (x =1, 2, 3, 4) dispersion corrections by the group of S. Grimme:7! Herein, the dis-

EDFT D :

persion energy Ly,

is calculated by an atom pair-wise scheme based on averaged isotropic n-th

order atomic dispersion coefficients A5 :

EtlijlprD Z Z Sn n fdamp(TAB) (149)

n=6,8,10,.

where f4.mp is a damping function. The s,, correspond to global DFA-dependent scaling factors, as
every DFA is differently repulsive in its long-range behaviour and need to be individually adjusted.
In the DFT-D3 revision, the reference dispersion coefficients are calculated by time-dependent
DFT (TD-DFT) using a modified Casimir-Polder formula:

C§ Tef(C'NA, CNP) = % 000 ; [qAm (zw)—gaHQ (1w)] ]1 [P () —éozHQ (iw)]dw (1.50)
A, H,, and By, H, are reference compounds of atoms A and B and « the molecular polarizabilites, as
it was shown that the calculation of only atomic polarizabilities o and o leads to an instability of
the method. Additionally, the dispersion coefficents are dependent on the coordination of atoms A
and B, which is accounted for by fractional coordination numbers (CNs). The series is terminated
after n = 8 to prevent numerical instability, and the higher-order dispersion coefficients C4'Z are
obtained by recursion from the atomic multipole-type expectation values (r%), (r%) and the atomic

element number Z 4:

CgP = 3048

4 4
ZA<:—§> Zg ) (1.51)

(rg)

As DFAs treat some electron-correlation effects via the exchange-correlation part in the short-
range region, it is essential to dampen the contribution of the dispersion correction for the short-

range part. The damping function fgump(745) (Equation ) is recommended to be of the type by
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A.D. Becke and E. R. Johnson (BJ)”?) and approaches a finite value at short interatomic distances

with two functional-specific parameters a; and as:

n TZB
am, r = (1.52)
Jaamp3y (T 45) g + (a1rg + az)”

ro =/ G4 /C§P (1.53)

Finally, it is recommended to include a three-body correction Ec(lizp

and the radius 7 is given as

to the pair-wise terms £(?),
which typically amounts to approx. 5 % of the total dispersion energy.*® For the D3 and D4 meth-
ods this correction is given in terms of third-order perturbation theory derived by B. M. Axilrod,
E. Teller and Y. Muto (ATM):7 74

ZABC _ C3*BC(3cos(0,)cos(0y)cos(0.) + 1)

(1.54)
(raprecerac)?

where 0,, 0, and 0, are the angles spanned by the atoms A, B and C. The tripole-tripole disper-
sion constants C3'B¢ can also be derived by employing the Casimir-Polder equation, but, as this is

computationally demanding, they are usually approximated:

CPPe = %/0 o (iw) o (iw)aC (iw)dw ~= —y/ CABECEC C4C (1.55)

Despite being a semi-classical post-SCF correction scheme, the DFT-D3 and DFT-D4 methods
provide an excellent accuracy-to-cost ratio and benchmark studies show that they can well com-
pete with other dispersion correction methods that consider the actual electron density of the

system. (66 73]

1.3. Analysis of the Wave Function

Calculating the wave function of a system and its total energy is the first step in analyzing the
electronic structure. To gain more insight, however, it is necessary to analyze the wave function
by various quantum chemical tools. In the following, a brief overview over the main methods

employed in this thesis will be given:

Orbital Localization

The most direct approach to investigate the bonding situation in a molecule is to have a look at
the canonical orbitals, where the frontier molecular orbitals (highest occupied molecular orbital,
HOMO, and lowest unoccupied molecular orbital, LUMO) reveal the energetically highest and thus
most reactive parts of a molecule (for orbital-controlled reactions). However, a major drawback is

the delocalized nature of canonical orbitals that exacerbate the assignment of meaningful chemical
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bonding types. If substituents or ligands with large aromatic backbones are present, this effect is
even more pronounced.

In the year 1950, J. E. Lennard-Jones and J. A. Pople introduced the concept of localized orthonomal
molecular orbitals (LMOs):7% As the orbitals from the HF equations are just one of many solutions
of the Schrédinger equation,””! other MO bases can be employed that help analyzing ground-state
properties of molecules or compact the virtual space for post-SCF electron correlation methods. 7!
If these MO bases are obtained by a unitary transformation of the canonical MO basis, the overall
wave function is not changed. This is due to a single-determinant, many-electron wave function

being invariant with respect to unitary tranformations of its orbitals.’*!

Norb
60 =Y Uyley); UUT=1 (1.56)
J

Thus, orbital localization methods try to find a unity transformed orbital set |¢}) with chemi-
cally intuitive 2-center orbitals with small spatial volume that allow to interpret the bonding in
molecules.
Various localization algorithms are available with different localization criteria in order to ob-
tain the LMOs, such as a maximum self-repulsion energy in the method by C. Edmiston and K.

Ruedenberg, 7% 8¢ (B1)

amaximized charge-density overlap function in the method by W. van Niessen
or a minimized spatial extent of the MOs by J. M. Foster and S. F. Boys."*? The latter method gained
popularity due to its low basis function scaling, however it does not support o-7 separation and
yields banana bonds for double bonds that are o 4 7 and o — 7 linear combinations.
In contrast, the localization scheme by J. Pipek and P. G. Mezey separates o and 7 orbitals while
also maintaining the low scaling of the Foster-Boys scheme.® Therein, a localization quantity d;
can be defined as .

d; = m (1.57)
with the number of atoms 7 and the gross atomic Mulliken population®¥ 83 %, of the orbital ¢;.
d; lies in the range of 0 < d; < n and corresponds to the number of atoms where the orbital ¢; is

localized on. By averaging over all orbitals, the mean delocalization D is obtained:

1 1

LN (1.58)
D NYd;

Accordingly, Pipek-Mezey localization schemes rely on population localization, and the mean de-
localization D is minimized iteratively until a predetermined tolerance parameter is satisfied. The
converged localized orbitals can then be visualized. Hereby, the orbital polarization can further be
assessed by orbital decomposition analysis to obtain the atom coefficients. A disadvantage, though,
is the usage of the Mulliken population analysis as it is known to have no converging basis set limit,

possibly leading to arbitrary results.2¢?% A study of S. Lehtola et al. in the year 2014 shows that
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qualitatively similar Pipek-Mezey LMOs can be obtained when various population schemes with

very different atomic partial charges are employed.?? Besides more reliable population schemes

(87,21 or Hirshfeld atomic charges,??

(88, b3

such as the Voronoi partition atomic orbital populations can

also be obtained by projection. J One recent example by G. Knizia is the combination of intrin-
sic atomic orbitals (IAOs) and the Pipek-Mezey localization scheme:?4 For a given molecular SCF
wave function ©, defined by its occupied MOs ¢; that are expanded in a set of atomic orbitals y
(see Equation ), a new set of polarized AOs p can be constructed by employing Equation

and exactly express the occupied MOs ¢; of ©.
[p) = (00 + (1= 0)(1 = 0)) P ) (1.59)
where O and O correspond to the polarized and depolarized occupied spaces

O = Z ¢:)(di], O = Z |6:)(¢s] (1.60)

and Pj5 and p to the projector operator on the basis of y and a tabulated free-atom basis, respec-
tively. After orthogonalization of p, the orthonormal minimal IAO basis is obtained that can be
used to obtain intrinsic bond orbitals (IBOs) by employing the above-discussed Pipek-Mezey lo-

calization scheme.

Natural Bond Orbital Theory

As a different approach to the problem of wave function analysis, the Natural Bond Orbital (NBO)
theory was developed by F. Weinhold et al®% P57 and is based on the Natural Orbital (NO) theory

by P.-O. Lowdin,?¥ that suggests to use the one-electron reduced density matrix I,
C(ry,ry) = N/‘Il*(rll,rz, ey N) X U (ry,roy ey ry)dr2 - - - dry (1.61)

which can be directly calculated from the wave function. After diagonalization the hereby obtained
eigenvectors and eigenvalues are the Natural Orbitals and Occupation Numbers.

In the NBO framework, the wave function (in form of the density matrix) is projected into a single
Lewis structure that best describes the electronic structure of the molecule. For this, the density
matrix in the AO basis is rearranged in such a way that the atomic basis functions on each atom A,

B, C, ... are written in a block-wise form:

DAA DAB DAC
DBA DBB DBC .
D = DA pDCB  pcc ... (1.62)
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However, this matrix is not yet orthogonalized, and orthogonalization and diagonalization of the
AO set is achieved by a multi-step (in general non-unitary) transformation process to finally yield a
set of Natural Atomic Orbitals (NAOs). The individual NAOs on each atom are then obtained analo-
gously to the NO formalism as eigenvectors of the one-center subblocks of D with the eigenvalues
indicating the occupation. They can further be divided into a strongly-occupied natural minimal
basis (NMB) and a weakly-occupied Rydberg basis (RB), where the latter contains the remaining
electron density than cannot be described by the NMB orbitals. The NAO set is identical to the NO
set of P.-O. Lowdin for isolated atoms, however it retains the atom-localized shape for a molecular
system, in contrast to NOs that are delocalized for a molecule. As with other atomic population
schemes, the NAOs can also be used to obtain atomic natural partial charges in the NAO basis
(Natural Population Analysis, NPA). These NPA charges are found to be in good agreement with
density integration method charges and show a smooth convergence as they are intrinsic to the
wave function. 8¢

In a one-center atomic block, core-orbitals can be identified by occupation numbers very close to 2.
After removing the contribution of the core-orbitals by subtraction, the remaining occupied NAOs
with large occupation numbers are attributed to lone pair (LP) natural hybrid orbitals (NHOs),
which are subsequently also removed from D). Two-center and three-center natural bonds can be
obtained by diagonalization of two-by-two or three-by-three interatomic subblocks of the density
matrix, respectively. The eigenfunction, a natural bond orbital (NBO), can then be decomposed to

its atomic NHO contributions h;:
NBO(A—B) = cphy + cghp; NBO(A—B—C) =caha + cghp + cche (1.63)

If the sum of the occupation numbers pyis of the found core, lone pair and bond orbitals does
not match the total electron number /V, the threshold for identifying an NBO is lowered and the
density matrix is examined again. After convergence, the combined lone pair and bond orbitals
yield the final Natural Lewis structure (NLS) of the molecule, and its accuracy can be directly as-
sessed by the amount of non-Lewis electrons pnp. = N — pPLewis- Accordingly, when different Lewis
structures are calculated by the NBO method (e.g. by user-controlled input) they can be ranked by
their remaining non-Lewis electron density that should be as low as possible.

The NBO set can be considered similar to a LMO set discussed above as it contains localized core,
lone pair and bond orbitals for the occupied space and antibonding, lone valence (LV) and Rydberg
orbitals for the virtual space. By weakly delocalizing the NBO set a natural localized molecular or-
bital (NLMO) set is obtained and its delocalization tails can be examined by going through its NBO
components. The NLMOs are found to be very similar to the LMOs of Edmiston and Rueden-
berg, but preserve o-7 separation, similar to Pipek-Mezey LMOs. Optionally, by diagonalizing
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the Fock matrix in the NLMO basis, a connection between canonical MOs and NLMOs can be

made. Overall, this leads to the following order of transformations for NBO theory:
AOs — NAOs — NHOs — NBOs — NLMOs — MOs (1.64)

A further extension to the NBO framework was made by F. Weinhold an co-workers in 1998 with
the Natural Resonance Theory (NRT) suite?* 1% based on the resonance theory by Pauling and
Wheland,"°2! which in turn traces back to the seminal work of F. A. Kekulé.?! The basic idea of
NRT is to use not only one NLS to represent the underlying wave function, but a linear combi-
nation of multiple NLS. In detail, it is assumed that the first-order density matrix [" of the overall
system can be expressed by a convex weighted combination of density matrices I',, for localized

natural Lewis structures c:?%

I'=> wyla, (1.65)

with the convex weighting scheme given in Equation , whose admissibility was recently dis-

cussed in the literature. (103103

we > 0; Y we=1 (1.66)

By minimizing the difference between the density matrix and the sum of density matrices for the

resonance structures,

min|C = " weTy| (1.67)

the unknown weighting factors w,, can be derived in a variational manner. These weighting factors

allow the formulation of weighted NRT bond orders b4 5 between atoms A and B, !10d]

bap = wabsh (1.68)

which are chemically easily comprehensible as they are derived from a set of (natural) Lewis struc-

tures.
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Most calculations of this work were carried out with the ORCA program package versions 4.1.1
or 5.0.3. The GGA density functional approximation B97-D3% was selected as method, which

54,69 106) Tt offers a

shows a generally good performance according to various benchmark studies.|
beneficial accuracy to cost ratio and proved to be robust for both main group and transition metal
chemistry. Its coherent inclusion of London dispersion forces via S. Grimme’s D3 method and
Becke-Johnson damping for the short-ranged interatomic distances!Z% 72!
the additive three-body correction of B. M. Axilrod, E. Teller and Y. Muto. 7% 74!

As basis set, the triple-¢ def2-TZVP basis by the group of R. Ahlrichs was chosen,?¥ resulting in
the level of theory B97-D3(BJ)-ATM/def2-TZVP (denoted as I).

If higher accuracy was necessary (e.g. for accurate thermochemistry or transition state barriers),

the double-hybrid DFA PWPB95!°7 with D3(BJ)-ATM dispersion correction and def2-QZVPP
(25] (54, 107-109

is complemented with

basis set'®d was used, which offers a convincing performance. ] As structure optimizations
are computationally not feasible for all but small molecules, only electronic energies were evalu-
ated with the double-hybrid method and the preceding structure optimization was carried out on
level of theory I, resulting in the total level of theory PWPB95-D3(BJ)-ATM/def2-QZVPP//B97-
D3(BJ)-ATM/def2-TZVP (denoted as II).

For both levels of theory I and II, Stuttgart/Dresden effective core potentials were employed for
the elements Rb to Rn.[3% 117

The grid settings for numerical integration of the DFT methods were set to GRID3 for the SCF
iterations and FINALGRIDS for the final energy evaluation after SCF convergence for ORCA 4.1.1,
and defGrid2 for ORCA 5.0.3.

The Coulomb part of the DFAs B97-D3 and PWPB95 was approximated with the RI-J method !
utilizing the def2/J auxiliary basis sets.['2! Furthermore, for the DFA PWPB95, the calculation of
the exchange and MP2 correlation parts was accelerated by the RI-JK method

def2/JK basis set™ and the Rl method with the def2-QZVPP/C auxiliary basis set,'' respectively.

with the matching

Structure optimizations were carried out starting from experimental single-crystal X-ray struc-
tures, if available. Derivatives and compounds without an obtainable starting structure were mod-

18] 5r GaussView. 1!

elled by hand using Avogadro
The minimum character of computed structures was checked with subsequent numerical (har-
monic two-sided differentiation of the analytical gradients) or analytical frequency calculations.

Imaginary vibrations with frequencies < 20i cm ™!, that have no share at the molecular core, were
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considered insignificant and were neglected. The calculated electronic energies £ are given with-
out the zero-point vibrational energy. A temperature of 298.15 K and a pressure of 1.00 atm were
used for the thermochemical quantities U, H, S and GG. The quasi rigid rotor harmonic oscillator

(QRRHO) model was used for the vibrational entropy.!!&

NBO, NPA and NRT analyses were carried out with the commercially available NBO 6.0.18a"% and
NBO 7.0.10"2% program packages using the molecular structure and wave function generated with
level of theory I as input. Wiberg bond indices were calculated in the NAO basis as done by the
NBO program package. Note that the total NRT bond orders can differ from the sum of their
covalent and ionic contributions due to rounding. The same is true for the sum of the NBO polar-

1sations.

Cube files of canonical and localized molecular orbitals were generated with the powerful Multi-
WEN program (versions 3.6 and 3.8)!"2! from the wave function obtained on the level of theory I.
Molecular structures and orbitals were visualized with the program UCSF Chimera version 1.13.1.122
If not stated otherwise, hydrogen atoms are omitted in the structure and MO plots. The isosurface

value for MO plots is set to 0.04 e'/2-Bohr™'2,

Transition state searches were carried out using the growing string (GSM) method,?¥ the Nudge
Elastic Band (NEB) method as implemented in ORCA"24 or chemically reasonable trial structures

for the transition state optimization input.

For the bond cleavage energies (BCEs), the fragments were calculated in all conceivable spin states
and the lowest energy difference between the fragments in the same spin state and the super-
molecule is calculated. The bond dissociation energies (BDEs) and bond dissociation free Gibbs
energies (BDGs) include the structural relaxation of the fragments and the spin ground states of
the fragments. Constitutional isomerizations during the structure optimizations of the fragments
were avoided to only obtain information about the bond meant to be broken. Structural rearrange-

ments such as bond activations or isomerizations are indicated in the respective section, if found.

The chemical schemes in this work were created with ChemDraw Prime 16.0. The data was man-

aged utilizing Microsoft Excel within Microsoft Office Standard 2019.

In addition to the programs listed above several small scripts were created using the bash or Python
scripting languages to manage and facilitate the evaluation of the thermodynamic, NBO and NRT

data, or to accelerate the generation of calculation inputs.
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The results presented in the following chapter were already published and the content is reprinted

(adapted) with permission from

S.Karwasara, L. R. Maurer, B. Peerless, G. Schnakenburg, U. Das, A. C. Filippou, (NHC)Si=C=N—R:
A Two-Coordinated Si’~Isocyanide Compound as Si(NHC) Transfer Reagent, J. Am. Chem. Soc. 2021, 143,
14780-14794; doi 10.1021/jacs.1c06628. Copyright 2023 American Chemical Society.

My own manuscript contributions comprise
+ Performing the calculations
+ Interpretation of the theoretical results

« Co-writing the manuscript (mainly the theoretical part) and proofreading

The following chapter provides an overview of the topic’s main results and conclusions. In addition
to my own contributions (see above), which are in the focus of this chapter, experimental results
will be presented that were obtained by the co-authors listed above. The complete publication can

be found in the appendix.
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3.1. Introduction

The potential energy hypersurface of the system [H,C,N,Si], as calculated in a theoretical study
by J. R. Flores et al,"23 shows several constitutional isomers A-I to A-VI (Figure @), with the
cyanosilylene HSiCN (A-I) being the energetically lowest. Among these isomers, only some could
be observed so far in the experiment, e.g. the cyanosilylene A-I and isocyanosilylene A-II by flu-

126,127) or 3-H-2-aza-1-silacyclopropenylidene A-III, silaisocyanocarbene

[128]

orescence spectroscopy,

A-IV and also A-I by infra-red spectroscopy in an argon matrix.

Si .@ = Si
Si Si =C —N / \
Si—N Si—C
H YSen T N N/:CH 5 Ny HN=C.
® O
A-l A-ll A-llI A-IV A-V A-VI
0.0 +9.0 +15.7 +122.7 +126.6 +138.6

Figure 3.1: Lowest-lying singlet isomers A-I to A-VI of the [H,C)N,Si] potential energy hy-
persurface and their relative corrected electronic energies in kJ-mol~! at the RHF-
UCCSD(00)/CBS//B3LYP/6-311G** level of theory according to J. R. Flores et al 23

Although the energetically high-lying iminosilenylidene A-V is still elusive so far, great effort in the
past years allowed the isolation of related compounds, for example isocyanide-silylene adducts with
the general formula R,Si(CNR) (125-133) 51 the lithium silaketeniminide [CH,N(R’)],BSi(Li)CNR” by
C. Cui et al. (R’ = B[N(Dipp)CH],, Dipp = 2,6-iPr,-C4Hj, R” = 1-adamantyl)."34 Their electronic
structures could be rationalized by experimental and quantum chemical studies to lie between the
allenic (Si=C=N) and zwitterionic (" Si—C=N™) resonance formulas, and thus the different reac-
tivity compared to silenes and 1-silaallenes is comprehensible, 133137

In an attempt to obtain an N-heterocyclic carbene (NHC)-stabilized neutral iminosilenylidene,
the NHC-supported Si(II)dibromide (SIDipp)SiBr,"¢! was reduced with potassium graphite in
the presence of the bulky isocyanide CNAr™® to afford directly the targeted iminosilenylidene
(SIDipp)SiCNAr™e (A-1ArMe), However, the reaction proceeds unselectively with a yield of only

16 % for A-1Ar™* among other reduction products as evidenced by 'H-NMR spectroscopy

(scheme @).

+ CNArMes, + 2 KCg,
Et,0,—40°C tor.t.

(SIDipp)SiBr, > (SIDipp)SiCNArMes + (SIDippSi); + SIDipp + ...
—2KBr,-16 C

A-1ArMes

Scheme 3.1: Unselective formation of the targeted iminosilenylidene A-1ArMes

by co-reduction as evidenced by 'H-NMR spectroscopy.
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3.2. NHC- and Isocyanide-stabilized Halosilyliumylidene
and Ligand-Exchange Equilibrium

Mes the isocyanide ligand was preinstalled by

Seeking a more selective approach to target A-1Ar
treating (SIDipp)SiBr, with Na[B(Ar"),] in the presence of CNAr™®, and the NHC- and isocyanide-

stabilized halosilyliumylidene salt [(SIDipp)SiBrCNAr™*] (A-2[B(Ar"),]) was obtained selectively

(Scheme )

+ (SIDipp)SiBr,,

+ CNAMES, + Na[B(ArF),] SIDipp + Na[B(ArF)],
PhF/toluene, —60 °C to r.t. ) Et,O/benzene, r.t.
. SiveBr
— NaBr \ — NaBr
Br
+ +
SIDipp —‘ Fy 1~ i _
| BADA" | (sibipp)siery, - cnarves TIDlpp —‘ [B(Ar")4]
- SinmBr PhF, r.t. .
. ' - . SimBr
\C
SiBr
N\ o
N .
SIDipp
ArMes
A-2[B(ArF),] A-3[B(Ar")]

Scheme 3.2: Conversion of the starting material (SIDipp)SiBr, to the silyliumylidene salts
A-2[B(Arf),] and A-3[B(Arf),], and ligand exchange equilibrium between
A-2[B(Ar"),] and A-3[B(ArF),].

The optimized gas phase structure of cation A-2* (Figure left) fits well to the experimen-
tal single-crystal X-ray diffraction (sc-XRD) solid state structure and features a tri-coordinated,
strongly pyramidalized silicon atom (X/(Si) = 291.9°, Table El]). It further suggests the presence of
a stereoactive electron lone pair at the silicon atom, which can be found in the HOMO (Figure
right). The silicon isocyanide bond Si—Ccyg is slightly shorter with 193.5 pm than the Si—Cypyc
bond (197.6 pm), whereas both lie in the range of typical Si—C donor-acceptor 0-bonds.
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Table 3.1: Selected bond parameters of the halosilyliumylidene cation A-2* and its experimental
counterpart A-2;, by sc-XRD analysis. Bond lengths and angles are given in pm and

degrees, respectively.

Si—CNHC Si—Br Si—CCNR CCNR_N N—CR

A-27" 197.6 231.6 193.5 117.1 137.4
A—Z:Xp 197.7(4) 226.1(3) 195.2(5) 115.0(5) 140.0(6)
Cnic—Si—Conr - Si—Cong =N Cong —N—Cr Nypuc—Cruc—Si—Cene  ZZ(Si)

A-27* 100.1 149.7 178.4 —8.2 291.9
A-27 100.3(2) 148.8(4) 171.9(5) —25.3(4) 286.7(5)

exp

HOMO [—7.60]

Figure 3.2: Left: Optimized gas phase structure of the silyliumylidene cation A-2* with atom la-
belling. Right: HOMO of A-2* with its energy eigenvalue in eV.

A subsequent bond analysis with the NBO6 program package confirms this bond situation and
yields a resonance hybrid, which is dominated by the bond motif A-2*-a (78 % contribution, see
Figure @) with Si—Cypyc, Si—Br and Si—Ccypr single bonds and a C—N triple bond. Other reso-
nance structures, such as the zwitterionic formula A-2*-b (5 %), the silaketenimine (A-2*-c, 3 %)
or silene motif (A-2*-d, 2 %), are found to be negligible, which is also reflected in the overall NRT
bond orders for the Si—Cyyc (1.0) and Si—Ccnr (1.0) bonds, respectively (Table )

A closer inspection of NLS A-2*-a revealslocalized 0(Si—Cypc), 0(Si—Ccnr), 0(Si—Br), 0(Ccng —N)
and 7(Ccyr—N) NBOs with high occupations > 1.9 e~ as well as an electron lone pair at the silicon
atom (1.76 e~ ) with expected high s-character of 71 % (Table )
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(\N/Dipp
®
D N;/-< ®
4 © _C—=N—AMes

1SiT

Br

A-2*-a (78 %) A-2*-b (5 %)

| |

(\N/Dipp
9/
N
4 5 _—=C=N—ArMes

A-2*-c (3 %)

A-2*-d (2 %)

Figure 3.3: Natural Lewis structures of A-2" and their NRT resonance weight. The resonance
structures from a local NRT analysis (with the Nyyc, Cnuc, Br, Si, Cong, N and C

atoms of the central phenyl ring of Ar™*) were collected according to their bond motif
(marked in blue).

Table 3.2: Results of the NBO and local NRT analysis of the cation A-2* (with the Nyyc, Cnnc, Br,

Si, Cenr, N and C atoms of the central phenyl ring of Ar™e),

NBO _ NHO (A,B) NRT-BO

A—B Occ/e pol./% (hybr.) WBI tot/cov/ion NPA/e
LP(Si) 1.76 (sp™*) Si +0.69
0(Si—Cnpc) 1.92 23 (sp®*), 77 (sp™*) 0.7  1.0/0.5/0.5 Ccnr  +0.18
0(Si—Ccnr) 1.96 23 (sp'®®),77 (sp*®) 0.9  1.0/0.5/0.6 N —0.33
0(Cenr—N) 1.99 34 (sp'®), 66 (sp®?) 2.3 2.8/1.9/0.9 Br —0.30
7 (Cong—N) 198 33 (p), 67 (p) [CNR] +0.19
0,(Cong—N)  1.95 35 (p), 65 (p) [NHC] +0.42

When an excess of (SIDipp)SiBr; is present during the formation of compound A-2[B(Arf),],
it replaces the isocyanide ligand and the silylsilylene salt [(SIDipp)Si(Br)SiBr,(SIDipp)][B(ArF),]
(A-3[B(Ar"),]) is obtained (Scheme @). "H- and #’Si-NMR spectroscopic studies reveals an equi-
librium reaction that is slightly shifted to the side of the silylsilylene salt A-3[B(Ar),] with a
AG?_(298 K) value of —5.9(40.4) kJ-mol L.

exp

The gas phase structure of cation A-3", depicted in Figure Ell, was calculated using the sc-XRD

structure A-37

exp

and reproduces its features well (Table @). Among these are a tricoordinated



30 A.3 Iminosilenylidenes

Sil center with a high degree of pyramidalization (X/(Sil) = 286.4°), bonded to a tetrahedrally
coordinated Si2 atom with a Sil—Si2 bond length of 237.0 pm that is close to that of a-silicon
(235.2 pm)."3% Both Si—Cyyc bond lengths (Si1—C1: 198.1 pm, Si2—C28: 198.5 pm) are similar to
that of A-2* and suggest strong Si—Cypc 0-bonds without considerable multiple-bond character.
Furthermore, the shift of the equilibrium between A-2* and A-3" as mentioned above could be

reproduced to lie on the site of A-3" with AG = —22.1kJ-mol ..

Figure 3.4: Optimized gas phase structure of the cation A-3" with atom labelling.

Table 3.3: Selected bond parameters of the silylsilylene cation A-3" and its experimental coun-

terpart A-3. by sc-XRD analysis. Bond lengths and angles are given in pm and deg,
respectively.
Sit—C1  Si2—C2 Si1-Si2 Si1-Brl
A-3* 198.1 198.5 237.0 239.1
A-3"exp 197.3(5) 197.0(5) 235.3(2) 231.6(1)
Si2-Br2 Si2—Br3 C1-Si1—Si2—C2 X /(Sil1)
A-3* 226.2 225.0 163.0 286.4
A-3,  223.4(1)  219.7(1) 155.7(2) 284.3(4)

Additionally, the potential energy hypersurface of cation A-3* was checked for energetically close-
lying constitutional isomers. The cations A-3a*, A-3b* and A-3c* (Figure @) were found, which
feature a different arrangement of the SIDipp and bromine substituents at the silicon centers. How-
ever, both the bridging bromine structure A-3a* (+81.5 kJ-mol~!) and A-3b* (+159.7 kJ-mol ™) as
well as the isomer A-3c* (+203.6 kJ-mol~!) with two SIDipp substituents at one silicon atom are

significantly unfavoured and leave A-3" as ground-state isomer. This is in line with the experimen-
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tal observation of two distinct silicon atoms in solution without the occurance of topomerization

of the NHC ligands.

+ + + ) +
SIDipp —‘ SIDipp Br —‘ Br o SIDipp Bry,
\ \\“'BrBr | wBr, \ o 2/ SIDipp\é__ s/
Si—si— -.Si\‘“ ”’Sli : SIDip|o"““‘SI S'\ SISl
\ ; Br
. SIDi Br

Br SIDipp Br SIDipp PP

A-3* A-3a* A-3b* A-3c*

0.0 +81.5 +159.7 +203.6

Figure 3.5: Silylsilylene regioisomers A-3* to A-3c* ordered by increasing electronic energy in
kJ-mol !,

3.3. Iminosilenylidene A-1ArMes

With the halosilyliumylidene salt A-2[B(ArF),] as precursor in hand, the two-electron reduc-
tion with potassium graphite straightforwardly afforded the iminosilenylidene (SIDipp)SiCNAr™es
(A-1Ar™*s, Scheme @) that could be isolated and fully characterized, being the first reported neu-

tral Si° isocyanide compound.

(\N _-Dipp —‘ [B(Ar),]" (\N _— Dipp
® Y

N‘\/< ® +2 KCg, N‘——<
/ . SC;)/CEN_ArMeS Etzo, 40 °Cto rt= Dlpp/ @/C:N//,

L SiT

—~ K[B(ArF)4],
Br —KBr,—16 C

"'~ArMes

A-2[B(ArF)4] A-1ArMes

Scheme 3.3: Two-electron reduction of the Si"' halosilyliumylidene salt A-2[B(Ar"),] to the Si°
iminosilenylidene A-1Ar™es.

As stated above, the NHC-free iminosilenylidene A-V is found to be energetically unfavoured by
126.6 kJ-mol ! compared to its cyanosilylene isomer A-I (Figure El]) Notably, also the iminosilenyli-
dene A-1ArM* is revealed to be not the global minimum on the PES, but at level of theory II
33.0 kJ-mol ! less stable than its NHC-stabilized cyanosilylene isomer (A-4ArM, see Figure @).
Addtional calculations were carried out on the model systems (SIMe)SiCNMe and (SIMe)Si(CN)Me,
featuring the sterically less demanding N-heterocyclic carbene SIMe = C[N(Me)CH, ], and methyl
substituents on the nitrogen atoms. These show an even higher energy difference of 161.3kJ-mol~*,
favouring the cyanosilylene. This suggests a considerable kinetic stabilization in the iminosilenyli-

Mes (

dene A-1Ar™* as it is not found experimentally to isomerize to A-4Ar see the appendix for
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more information about A-4ArM®, (SIMe)SiCNMe and (SIMe)Si(CN)Me).

A-1ArMes (+33.0) A-4ArMes (0.0)

Mes Mes

Figure 3.6: Optimized gas phase structures of A-1Ar"* and its cyanosilylene isomer A-4Ar
Relative energies are given in kJ-mol~! and obtained on level of theory II.

The optimized gas phase structure of A-1ArMe

Mes

was successfully obtained starting from the exper-
imental sc-XRD solid state structure A-1Ar"*., and reveals a cumulene-type Si=C=N skeleton,
which is slightly bent (£ (Si—Ccyr —N) = 156.6°, Table E‘I) with a two-coordinated, highly bent sil-
icon atom (£ (Cnpc—Si—Ccnr) = 101.5°), suggesting the presence of a sterochemically active elec-
tron lone pair. The NHC substituent is oriented coplanar to the Si=C=N skeleton, as indicated by
the interplanar twist angle of 2.7° between the central SIDipp ring plane and the (CygcSiCcnrN)
plane. This allows the conjugation of the out-of-plane 7t,,,(Si—Ccnr) bond to the NHC, which is
confirmed by the electronic structure analysis (vide infra). Accordingly, compared to the Si—Cypc
bonds in A-2* (197.6 pm) and A-3* (198.1 and 198.5 pm), that bond is significantly shortened to
187.5 pm in A-1ArMes,

A delocalization over the Si—Cyyc bond would weaken the Si—Ccyr bond and increase its bond
distance. This, in fact, is found for A-1Ar™* as the Si—Ccng bond distance of 180.3 pm is shorter

1491 but longer than the Si=C double bonds in

than typical Si—C single bonds (187 to 191 pm),!
silenes (169 to 176 pm),"3¢ and fits well with the experimental Si—Ccyg bond lengths of the di-
alkylsilaketenimines [CH,C(TMS)],SiCNR by T. Iwamoto et al (R = 1-adamantyl: 178.2(2) pm,
R = Dipp: 179.4(3) pm).[3%

In contrast to the short Ccng—N triple bond length of 117.1 pm in A-2", the Ccng—N distance
is found to be longer in A-1ArM® with 121.3 pm, being considerably elongated than that of free

Mes [[141
’

calculated (117.8 pm) or experimental (115.8(3) pm) isocyanide CNAr I and suggests a C—N

Mes underline the trends observed

bond order smaller than three. The canonical orbitals of A-1Ar
from the molecular structure: The HOMO—1 is of lone pair character at the silicon atom with high

s-orbital contribution and the HOMO shows a bonding interaction between the Cyyc, Si and Cenr
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Table 3.4: Selected bond parameters of the calculated iminosilenylidene A-1ArM® and its exper-

imental counterpart A-1Ar™*,,, from sc-XRD analysis. Bond lengths and angles are
given in pm and deg, respectively.

Si—Cnuc Si-Cenr Cenr—-N N-Cg
A-1ArMes 187.5 180.3 121.3 137.3
A-lArMeSeXp 189.4(2) 178.4(2) 122.4(2) 141.1(2)
Cnuc-Si-Cenr - Si-Cenr—N Cong—-N-Cr - Cypc=Si—Ceng-N
A-1ArMes 101.5 156.6 148.3 167.8
1“9A-11“xr1\/[esexp 100.4(1) 158.8(1) 133.0(1) 173.8(2)

atoms. This 3c-2e~ -ﬂoop(CNHc—Si—CCNR) orbital is rationalized by delocalization of the second Si°
electron lone pair orbital with high p-character into the antibonding 7t,0p *(Nnuc—Cnic —Nnnc)
and 7,0, “(Cong —N) orbitals. The LUMO can be viewed as the non-binding combination of these

three orbitals, being mainly of 7,0, “(Cong —IN) character.

HOMO-1 [—4.52] HOMO [—3.32] LUMO [—1.74]

Figure 3.7: Selected canonical MOs of A-1ArM® and their energy eigenvalues in eV.

This bond picture is further confirmed by a successive NBO analysis (Table @): Both the Si—Cypc
and Si—Ccnr bonds show total NRT bond orders of 1.3 and 1.5, respectively, whereas the formal
isocyanide C=N triple bond is reduced to a bond order of 2.3. An investigation of the NRT reso-
nance hybrid of A-1Ar™M® reveals several Lewis structures that can be collected according to their
bond motif (Scheme @) They comprise structures with a Si=Ccyr double bond (A-1ArM*-a,
38 %) or Si=Cygc double bond (A-1Ar™M*-b, 19 %; A-1ArM*-c, 13 %) with similar weight. The
existence of silylone-type resonance formulas with two electron lone pairs located at the Si atom
(A-1ArMe-d, 15 %, and A-1ArM*-e, 6 %) is not surprising, as the compound A-1ArM* can also
strikingly be viewed as an LSi’L’ system in analogy to typical silylone compounds (L = neutral
donor ligand).["2-144] Finally, a 2-silaallenic contribution (A-1ArM®-f, 1 %) was found to be negli-

gible.
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The NBO results of Table @ further reveal 0(Si—Cypc), 0(Si—Cenr), 0(Ceng —N) and 71(Ceng —N)
bond orbitals with high electron occupations above 1.90 e~ and NHO polarizations that follow the
trends of atom electronegativities. As expected, the resonating 71(Si—Ccyr) bond and the electron
lone pair at N exhibit low occupations of only 1.57 and 1.55 e~. Whereas the lone pair at the sil-
icon atom resides in an NHO with high s-character (sp®*), the isocyanide nitrogen lone pair has
high p-character (sp’-*), presumably due to its resonance with the second 7t(Ccyg —N) bond (c.f.
resonance structures A-1Ar™*-b and A-1ArM=-c).

The calculated NPA charges summarized in Table @ feature a positively charged silicon atom
(+0.40 €) and an almost electroneutral Ccyr atom (—0.04 e) as well as a neutral group charge for
the NHC fragment (—0.01 e), that illustrates the charge-flow via the 7o, (Cnuc—Si—Ccnr) bond
from the silicon atom back to both NHC and isocyanide despite their strong 0-donating capabili-

ties.

Table 3.5: Selected results of the NBO and local NRT (with Nyuc, Cnuc, Si, Cong, N and C atoms

of the central phenyl ring of Ar™*) analyses of the iminosilenylidene A-1Ar™es.

NBO _ NHO (A,B) NRT-BO
A—B Occ /e pol./% (hyb.) tot/cov/ion NPA /e
0(Si—Cnuc) 1.92 23 (sp®°),77 (sp?) 1.0 1.3/0.7/0.6 Si +0.40
0(Si—Ccnr) 1.96 24 (sp“) 6 (sp®®) 13 1.5/0.9/0.6 Cenr —0.04
m(Si—Ccnr)  1.57 47 (p), 53 (p) N —0.45
0(Ccnr—N) 1.91 35 (sp1 7),65(sp®?) 1.9  2.3/1.5/0.8 [CNArM*=] —0.39
T(Ceng—N) 191 34 (p), 66 (p) [SIDipp]  —0.01
LP(Si) 1.75 (sp®*)
LP(N) 1.55 (sp”™)

(\N/Dipp (\N/Dlpp (\ _Dipp

®
/N¥< /N\< \<\
Dipp . §7C_Nl, Dipp N,, D|pp @ C N/,
. ArMes Mes ArMes
A-1ArMes_g (38 %) A-1ArMes_p (19 %) A-1ArMes_c (13 %)
(\N/Dipp (\N/Dipp (\'N/Dipp
©) @ .
/N;/—< ® /N\—Z< ® /N\<
. 20 A . 20 o . /
Dipp . §i/C Nl""'-ArMeS Dipp . §| Z-C— N, g s Dipp Si/C N, s

A-1ArMes_d (15 %)

Scheme 3.4: Natural Lewis structures of A-1Ar

A-1ArMes_e (6 %)

Mes

A-1ArMes_f (1 %)

and their NRT resonance weight. The reso-

nance structures from a local NRT analysis (with the Nyuc, Cnuc, Br, Si, Cenr, N and

C atoms of the central phenyl ring of Ar

Mes)

motif (marked in blue).

were collected according to their bond
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The Si—Ccnr bond was also studied with the Extended Transition State method™¥ combined
with natural orbitals of chemical valence (ETS-NOCV)™!% 47 and yields two main interactions
between the (SIDipp)Si and CNArM*fragments in their singlet states. The first corresponds to a
donation of 0.74 e~ from the carbon lone pair in CNAr™* into the vacant o-centered orbital at sili-
con (AE ) = —136.2 kJ-mol ), whereas the second involves an even stronger back-donation of
0.93 e~ from the 71(Si—Cnpyc) orbital into the antibonding 7T,., *(C—NAr™*) orbital (see chapter
B.7 for more general information on the ETS-NOCV analysis).

Finally, the BCEs and BDEs were calculated for the Si—Cypc and Si—Ccnr bond dissociations (Ta-
ble @) Both the free Si(CNAr™®) and (SIDipp)Si fragments are found to have triplet ground
states with AE_,, = —37.1and —19.4 kJ-mol !, respectively, whereas the NHC and the isocyanide
are clearly singlet ground state molecules with 295.7 and 296.3 kJ-mol~!. Due to the large singlet-
triplet splittings of the latter, in both cases the singlet BCEs are preferred by a factor of two over
the triplet BCEs and amount to 334.3 and 273.3 kJ-mol . A higher energy is also obtained for the
Si—SIDipp dissociation after structural relaxation of the fragments in terms of the BDE
(252.6kJ-mol !, 216.9 kj'mol_1 for the Si—Ccnr BDE), and the entropic contribution considerably
decreases the necessary energy to split the bonds, as BDG's of only 160.7 and 120.5 kJ-mol ! are
calculated. Especially the low free Gibbs energy of the latter is interesting, as it suggests a partici-

pation in ligand exchange reactions at the silicon atom, which could be confirmed experimentally

(vide infra).

Table 3.6: Level of theory I-calculated BCEs and BDEs for the SIDipp and CNAr™® cleavages of
A-1Ar™* in kJ-mol !, entropies in J-K~!-mol~!. s = singlet, t = triplet multiplicity.

AFE mult. AE AU AH AS AG

SIDipp cleavage =~ BCE BDE (parent — SIDipp + SiCNR)
334.3 (s)
_ Mes
A-1Ar 616.2 (t) (s—s,t) 252.6 240.4 242.8 2755 160.7
CNR cleavage BCE BDE (parent — (SIDipp)Si + CNR)
273.3 (s)

A-1ArMes (s—ts) 2169 207.8 210.3 301.0 120.5

583.9 (t)
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3.4. Stereodynamics of Iminosilenylidene A-1ArMes

Mes

The NMR spectroscopic analysis of A-1Ar"* reveals a fluxional structure in solution, showing

only two singlet signals for the methyl CH; protons of the Ar™e

substituent, and only two dou-
blet signals for the methyl CHj protons, one septet signal for the methine CH protons and one
singlet signal for the methylene CH, protons of the NHC ligand. However, this stereodynamic
process could not be resolved by variable-temperature (VT) 'H-NMR spectroscopy in the temper-
ature range of 183 to 298 K in toluene-dg, suggesting low energetic barriers.

In order to elucidate the dynamic process, several potential energy surface scans were carried
out for A-1Ar™* that show that the compound is, in fact, considerably flexible. Varying the
N, —Cnuc—Si—Ccnr torsion angle () afforded the transition state (R,)-TS,, (Figure @) with a
single imaginary frequency of 43i cm ™!, that connects the topomers (R,) and (R,)* with an energy
barrier of only 41.0 kJ-mol~!. As the rotation of the NHC ligand is not sufficient to interconvert
the enantiomers (R,) and (S,), another process must take place, that requires a Cs-symmetric tran-
sition state with the symmetry plane passing through the Cyyc—Si—Ccnr —N skeletal plane. PES

scans of the Si—N—Cr—C, torsion angle showed that the ArM®

subtituent easily rotates around
the N—Cg bond, with a maximal energy of only 12.7 kJ-mol~*. Notably, this motion is associated
with an increase of the Ccyg —N—Cyg angle () towards linearity (7 = 170.9°) and a change of the
Cnuc—Si—N—Cg skeletal torsion angle o towards an antiperiplanar conformation (o = —177°).
Accordingly, studying the linearization of the Ccyg —N—Cg moiety revealed the presence of the
local minimum structure linN with « = 180° that lies only 16.4 kJ-mol~! higher in energy than R,
and allows an almost barrierless rotation of the ArMe
(R.)* and (S,)*.

In contrast to this stepwise process, the hypersurface of A-1Ar

substituent, interconverting the enantiomers
Mes \vas also scanned for a pathway
of a concerted topomerization (via NHC rotation) and enantiomerization. Employing a structure
optimization with constrained Cs-symmetry’, the structure SP was identified as second-order sad-
dle point with an relative energy of +64.5 kJ-mol ! and two imaginary frequencies at 101i and 88i
cm ™! (Figure @), being energetically inferior compared to the stepwise stereodynamical process

described before.

'The employed ORCA version does not allow to use molecular symmetry for structure optimizations. Thus, only
the energies and gradients were calculated with ORCA and then fed into the symmetry-supporting optimization
algorithm of the Gaussian03 program package.!!4¢!
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* E/kJ-mol™
a = 180.0°
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Figure 3.8: Proposed mechanism for the stereodynamics of A-1ArM®. «: skeletal torsion angle

Cnuc—Si—N—Cg, #: NHC torsion angle N, —Cnyc—Si—Ccngr, 7: isocyanide nitrogen
angle Ccng —N—Cg.

3.5. Si(NHC) Transfer to the NHC-stabilized

Germasilyne A-5

As discussed above, the low Si—Ccnr BDEs indicate the synthetic potential of A-1ArMe as a

Si°(NHC) transfer agent, which was probed accordingly by its reaction with the chlorogermylene
Ge(ArM*)Cl (Scheme @) This led to the formation of the first reported NHC-stabilized ger-
masilyne (SIDipp)Si(Cl)GeAr™® (A-5), presumably after formation of a Lewis base-acid adduct
(SIDipp)Si(CNArMe)Ge(Cl)ArMe, subsequent chloride migration from Ge to Si and elimination

of the isocyanide. Compound A-5 could be isolated and fully characterized experimentally.

Compared to this, the theoretical investigation of the PES of A-5 afforded the NHC-stabilized
germasilenylidene (Z)-(SIDipp)SiGe(CI)Ar™* (A-5V), which could also be obtained as minimum
structure, although lying at a higher energy compared to A-5 (+41 kJ-mol~!). Interestingly, the
opposite relative stability was found for the NHC-stabilized disilavinylidene (Z)-(NHC)SiSi(Br)R
(NHC = C[N(C4H;-2,6-Me,)CH,],, R = C¢H;-2,6-[CH(SiH;),],), that was calculated to be
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(\N/Dipp (\N/Dipp
® _@/
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»  Dipp Si=—gGe

— CNArMVes

A-1ArMes A-5

Scheme 3.5: Synthesis of the NHC-stabilized germasilyne (SIDipp)Si(Cl)GeAr™e(A-5).

more stable by 33 kJ-mol~! than its NHC-stabilized bromodisilyne isomer (Z)-(NHC)Si(Br)SiR
at the similar B97-D3/TZVP level of theory. 4%

Selected structural parameters of A-5 and A-5V are given in Table E?I together with those of the
experimentally obtained sc-XRD structure A-5.x,. Both the short Si—Cyyc bond of 187.0 pm,
which is very similar to that of A-1Ar™* (187.5 pm), and the co-planarity of the central NHC imi-
dazoline ring and the [CnucSiClGeCg ] molecular core, as evidenced by an interplanar twist angle 7
of 4.9°, indicate again a significant amount of 7t(Si— Cypc) back donation. This is confirmed by the
3c-2e” -interaction found in the HOMO of A-5 (Figure @). Accordingly, the silicon atom adopts
a trigonal-planar orientation with a sum of angles £/(Si) of 359.8°. The analysis of the frontier
orbitals of A-5 further reveals the presence of an electron lone pair at Ge (HOMO—1), as expected

from the narrow Si—Ge—Cy angle of 97.6".

The NRT analysis of compound A-5 yields a sligthly delocalized structure, where the formal p-type

electron pair at the silicon atom is delocalized to the germanium atom (A-5-a) and to the SIDipp

Table 3.7: Comparison of selected calculated and experimental sc-XRD structural parameters of
the NHC-stabilized germasilynes A-5 and A-5.;,, and the NHC-stabilized germasilenyli-
dene A-5V.Bond lengths are given in pm, angles in deg. 7 is defined as interplanar twist
angle between the mean central NHC ring plane and that composed of the Cyyc, Si, Ge,
Cl and Cg atoms. For A-5.,, the structural parameters of two independent molecules in
the unit cell are given.

Si—CNHC Si-Ge E-Cl Ge—CR CNHc—Si—Cl
A-5 187.0 231.1 212.0 204.6 108.5
187.7(2) 228.4(1) 210.3(1)  202.4(2) 107.1(1)

A-Sexp 187.8(2) 226.5(1) 209.1(1)  203.6(2) 108.4(1)
A-5V 191.0 227.5 224.2 200.3 —
Si-Ge-Cl Cypc-Si-Ge Si-Ge-Crp X /(Si) T
A-5 — 121.2 97.6 359.8 4.9
A5 122.0(1) 100.9(1)  359.9(2) 2.19(5)
P 122.1(1) 98.9(1) 359.9(2) 2.93(5)

A-5V 144.5 110.5 113.5 — 4.6
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HOMO—1[—4.49] HOMO [—3.74] LUMO [—-2.15]

Figure 3.9: Selected canonical MOs of A-5 and their energy eigenvalues in eV.

ligand (A-5-b) by 51 and 31 %, respectively (see Scheme @) Similar to A-1ArM®, there is also a
contribution where the lone pair is located at the silicon atom (A-5-c, 11 %).

As the resonance structure A-5-a is a combination of two equivalent resonance structures with
9.41 non-Lewis electrons (nLe ™) according to NBO, where each NHC nitrogen atom delocalizes its
lone pair, the best single natural Lewis structure is represented by A-5-b with 9.38 nLe™. An NBO
analysis on the latter reveals highly localized 0(Si—Cypc), 0(Si—Ge) and o(Si—Cl) NBOs with oc-
cupations above 1.90 e~ as well as a lone pair orbital at Ge with high occupation (1.89 e~) and
s-character (sp®?). As expected from the structure, MO and NRT analyses, the found 7t(Si—Cypc)
has a low occupation of only 1.59 e and is slightly polarized towards the silicon atom (57 %). The
total NRT bond orders show a considerable multiple bond character for the Si—Cyyc (1.3) and
Si—Ge bonds (1.5) but none for the Si—Cl bond (1.0).

Table 3.8: Selected results of the NBO and local NRT (with Nyuc, Cnuc, Si, Cl, Ge and C atoms of

the central phenyl ring of Ar™®) analyses of the SIDipp-stabilized germasilyne A-5.
NBO _ NHO (A,B) NRT-BO
A-B Occ/e pol./% (hyb.) tot/cov/ion NPA /e
0(Si—Cyuc) 195 25 (sp”) 75 (sp™®) 1.0  1.3/0.7/0.6 Si +0.53
71(Si—Cnnc) 1.59 57 (p), 43 (p) Ge +0.29
0(Si—Ge) 1.93 63 (sp®®),37 (sp”®) 1.4  1.5/1.0/0.5 Cl —0.40
o(Si—Cl) 1.98 24 (sp*?),76 (sp*®) 0.8  1.0/0.5/0.5 [NHC] +0.06

LP(Ge) 1.89 (sp®?) [ArMes] —0.48
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Scheme 3.6: Natural Lewis structures of A-5 and their NRT resonance weight. The resonance
structures from a local NRT analysis (with the Nyuc, Cnnuc, Cl, Si, Ge and C atoms of
the central phenyl ring of Ar™)
in blue).

were collected according to their bond motif (marked

Finally, the Si—Cypc and Si—Ge bond dissociations were calculated (Table @). Regarding the
Si—Cspjpp dissociation, both the BCE and BDE are found to be similar with 392.5 and 272.1 kJ-mol !
to those of A-1ArM® (334.3 and 252.6 kJ-mol !, see Table @), as expected from the similar bond
situation regarding the NHC—Si—Ge unit. This is also the case for the calculated energies of the
Si—Ge bond dissociation with 269.4 and 233.5 kJ-mol~! (273.3 and 216.9 kJ-mol ! for A-1Ar™®).
Notably, the Si—Ge bond dissociation of A-5 proceeds via the two neutral doublet-state fragments
SIDippSiCl and GeAr™®, as the singlet splitting leads to charged fragments, which are highly un-
favoured in the gas phase (singlet BCE: 750.1 kJ-mol~1).

Table 3.9: Level of theory I-calculated bond cleavage (BCE) and bond dissociation (BDE) ener-
gies for the SIDipp and Si—Ge cleavages of A-5 in kJ-mol~!, entropies in J-K~!-mol ..
s = singlet, d = doublet multiplicity.

AFE mult. AE AU AH AS AdG

SIDipp cleavage  BCE BDE (parent — SIDipp + CISiGeAr™<)
A-5 392.5(s) (s—s,s) 2721 2602 262.7 234.6 192.8
Si—Ge cleavage  BCEs BDE (parent — (SIDipp)SiBr + GeAr™®)

A-5 2694 (s—d,d) 233.5 223.0 225.5 253.6 149.8




4. Further Studies on Iminosilenylidenes
of the Type (carbene)SiCNR

4.1. Introduction

In the preceding chapter, the iminosilenylidene (SIDipp)Si(CNAr™®) (A-1ArM*) was introduced
as a potent (NHC)Si® transfer reagent, which bears a great synthetic potential as the attached iso-
cyanide CNAT™ can be displaced. One successful example for this is the already discussed reaction
to the first NHC-stabilized germasilyne A-5.

Kinetic protection of the molecular core plays a major role for the reactivity of a compound, and

the iminosilenylidene A-1Ar™® features both a large N-heterocyclic carbene with Dipp groups as

Mes

well as an isocyanide ligand with a sterically demanding Ar*® substituent. In this regard, S. Ku-

mar from our group put a tremendous effort into not only exploring the reactivity of compound

[150

A-1Ar™* but also into synthesizing more reactive derivatives.!>! For example, he was successful

in isolating the mesityl-substituted iminosilenylidene (SIDipp)Si(CNMes) (A-1Mes) via a similar

co-reduction pathway as for A-1ArMes:

_ ®
SIDipp 2 KCg, 1.5 CNMes, SIDipp
| el thf,—90t0-10°C )_c=Nn,
.S > + Si M
7 ~2KI,-16C, es
— 0.5 CNMes
A-1Mes

Scheme 4.1: Synthesis of the mesityl-substituted iminosilenylidene derivative A-1Mes via a co-
reduction pathway,>Y

The iminosilenylidene A-1Mes could also be prepared directly from the NHC-stabilized disili-

con(0)compound (SIDippSi), 1V

in a reaction with mesityl isocyanide. This reaction, depicted in
Scheme , also affords a SIDipp-supported disila-bicyclo[2.1.1]hexanylidene (A-VII) with imino
groups on each of the bridgehead carbon atoms. Notably, such a reaction does not take place when

the CNAr™® isocyanide is used.
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Scheme 4.2: Experimental reaction outcomes of (SIDippSi), with various isocyanides CNR.

Another alternative route to the iminosilenylidene A-1Mes originates from the discussed ability of
A-1Ar™ to transfer the (SIDipp)Si unit: When A-1Ar™® is reacted with free mesityl isocyanide,
the intermediate formation of A-1Mes can be observed via substitution of the isocyanide ligands,
which then reacts further to the bicyclo[2.1.1] compound A-VII (Scheme @). This reaction was
also tried with para-tolyl isocyanide CNpTol, which gives neither the monomeric iminosilenyli-
dene A-1pTol nor the corresponding bicyclo[2.1.1] compound, but instead the head-to-head (hth)
dimerization product [(SIDipp)Si(CNpTol)], (A-6pTol). Presumably, the reaction proceeds via
the pTol-substituted iminosilenylidene A-1pTol as an intermediate before dimerization, because in

the reaction between A-1ArMes

and 3,4-dimethylphenylisocyanide, the corresponding monomeric
iminosilenylidene could be observed but not isolated before the reaction ends in the hth-dimer.
The hth-dimer A-6pTol is also obtained selectively in the reaction of (SIDippSi), with the iso-
cyanide CNpTol.

Most suprising, however, is the substitution reaction of A-1Ar™e

with the small methylisocyanide
CNMe, that selectively vyields the monomeric methyl-substituted iminosilenylidene
(SIDipp)Si(CNMe) (A-1Me, Scheme @), and neither the formation of the bicyclo[2.2.1] com-
pound nor the 1,2-disiletane-1,2-ylidene-3,4-imine dimerization product [(SIDipp)Si(CNMe)],

(A-6Me) is observed.
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Scheme 4.3: Experimental reaction outcomes of the substitution reaction of A-1Ar™* with differ-
ent isocyanides CNR.

The following chapter provides a comparative theoretical study on differently substituted imi-
nosilenylidenes A-1R, calculated thermochemical quantities for their formation starting from

Mes

(SIDippSi), or substitution from A-1Ar"¥* and first insight into possible mechanistic pathways

of their formation.

4.2. Analysis of Various Iminosilenylidenes A-1R

Mes gubstituent at the

The first iminosilenylidene A-1ArMe features the sterically demanding Ar
isocyanide nitrogen atom. As more iminosilenylidenes could be isolated or observed as interme-
diates, the question arises which impact the isocyanide substituent has on the electronic structure
of the molecular core.

Therefore, the gas phase structures of the iminosilenylidenes (SIDipp)SiCNR (R = ArMe (A-1ArMe),
Mes (A-1Mes), Me (A-1Me)) were obtained by structure optimizations with the ORCA 5.0.3 pro-

gram version starting from the experimentally available sc-XRD results (Figure @). In favor of
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consistency with the other compounds, the structure of A-1Ar™* was reoptimized on the newer
ORCA version and shows only negligible differences to the structure obtained with the ORCA
version 4.1.1 that was already discussed in chapter A.3. Furthermore, the experimentally elusive

compound pTolyl-substituted iminosilenylidene (SIDipp)SiCNpTol A-1pTol was also calculated.

A-1pTol A-1Me

Figure 4.1: Optimized gas-phase structures of iminosilenylidenes A-1R with various isocyanide
substituents R. The atom labelling of A-1Ar™M® is also used for the other compounds.

Selected bonding parameters of all compounds are summarized in Table @ Generally, the cal-
culated gas phase structures are in good agreement with the experimental solid state structures,
despite the flexible Si—Ccyg —N—Cpg core. One notable deviation concerns compound A-1Mes,
where the N—Cpg bond length is found considerably longer in the solid state structure (146.0(7) pm)
than in the gas phase (138.6 pm). However, a deeper analysis of the sc-XRD solution reveals the
presence of a crystallographic split layer with 48 % occupation, where the N—Cg bond length
amounts to 141.4(9) pm, which is closer to the calculated structure and underlines the flexibility

of these molecules.
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Table 4.1: Selected bond parameters of the calculated and experimental iminosilenylidenes A-1R.
Bond lengths are given in pm and angles in degrees.

Si—Cnhc Si—Ccnr Cenr—N N—-Cg
A-1ArMes 187.2 180.5 120.9 136.9
A-lAI‘MeSexp 189.4(2) 178.4(2) 122.43(2) 141.1(2)
A-1Mes 188.0 179.7 121.5 138.6
A-lMeSeXp 187.6(3) 179.1(4) 119.9(4) 146.0(7)
A-1pTol 190.3 178.1 122.5 140.1
A-1Me 189.8 179.6 121.5 145.0
A-1Me 191.4(3) 176.2(3) 123.3(4) 147.5(4)
xPp 192.7(3) 176.0(4) 122.2(5) 146.1(5)
Cnuc—Si—Cenr Si—Ceong—N - Cong—N—Cr Cypc—Si—Ceng—N
A-1ArMes 101.2 157.2 151.0 167.0
A-lArMesexp 100.4(1) 158.8(1) 133.0(1) 173.8(2)
A-1Mes 96.9 161.4 143.3 170.6
A-lMeSexp 98.0(2) 163.8(3) 142.0(4) —174.2(11)
A-1pTol 96.0 164.1 131.7 —156.3
A-1Me 971 163.0 131.8 —169.5
A-1Me 98.2(2) 164.0(2) 122.8(3) —167.4(9)
xp 97.3(2) 164.6(5) 126.3(4) —164.9(18)

Theisocyanide substituent has only a minor impact on the bonding parameters of the iminosilenyli-
dene core: The Si—Cnyc bond lengths range from 187.2 to 190.3 pm, with the longest bond found
for A-1pTol. In contrast, compound A-1pTol has the shortest Si—Ccyr bond (178.1 pm), which
indicates a slight decrease of the 7t(Si—SIDipp) back-bonding. Furthermore, the elusive com-
pound also features the longest Coyg —IN bond (122.5 pm) compared to A-1Me (121.5 pm), A-1Mes
(121.5 pm) and A-1Ar™® (120.9 pm), which is understandable as the 7t(Si—Ccyr) back-bonding
should be slightly enhanced. The N—Cy bond lengths increase in the order A-1Ar™* (136.9 pm) <
A-1Mes (138.6 pm) < A-1pTol (140.1 pm) < A-1Me (145.0 pm), where the longer bond for A-1Me
can be easily understood by the hybridization change at the carbon atom from approximately sp*

1521 this translates to a bond elongation as observed. Compared to

to sp°. Following Bent’s rule,
A-1Ar™* the Cyyc—Si—Cenr angle is lowered by ca. 5° in the other iminosilenylidenes, which
is caused presumably due to sterics, similar to the decrease of the Ccyg —N—Cyg angle by 8° for
A-1Mes and 20° for A-1pTol and A-1Me compared to A-1Ar™* (151.0°).

Given these small but observable trends regarding the isocyanide substitution pattern, it is ex-
pected that the molecular orbitals look very similar for all compounds A-1R. Indeed, the selected
canonical MOs of Figure 4.2 for the compounds A-1Mes, A-1pTol and A-1Me look almost iden-
tical to those of A-1Ar™* (see also Figure @ in chapter A3), and show the lone pair at the sil-
icon atom (HOMO-—1), the 3-center-2-electron-7t(Cyyc—Si—Ccnr) bond (HOMO) and its non-

bonding combination in the LUMO.
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Figure 4.2: Selected canonical molecular orbitals of iminosilenylidenes A-1Ar™* (top), A-1Mes
(second row), A-1pTol (third row) and A-1Me (bottom) and their energy eigenvalues.



A.4.3 Dimerization of Iminosilenylidenes 47

4.3. Dimerization of Iminosilenylidenes

The reactions of schemes §.2 and B show that the presumed iminosilenylidene intermediate
A-1pTol directly dimerizes to the hth dimer [(SIDipp)Si(CNR)], with R = pTol (A-6pTol). The gas
phase structure of A-6pTol was obtained starting from the available sc-XRD structure, and also
the compounds with R = Mes (A-6Mes) and Me (A-6Me) could be calculated (Figure @). The

structure optimization to afford compound A-6ArMe

was not successful despite several attempts
and only resulted in distorted higher-energy conformers, presumably due to the huge sterical ef-

fects in this compound.

A-6Me

Figure 4.3: Optimized gas phase structures of the hth-dimerization products A-6R of the imi-
nosilenylidenes A-1R.

The structural parameters of A-6pTol are in good agreement with those of the solid state struc-
ture and also similar to the other dimer structures, which suggests a low influence of the isocyanide

substituents.
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The folded four-membered ring structures with C2—Si—Si’—C2’ torsion angles between —15 and
—22° feature two three-coordinated silicon atom. They are stabilized by the SIDipp ligands in
a highly trigonal-pyramidal fashion (£/(Si) = 266.7 to 278.1°) due to the expected electron lone
pairs at the Si atoms. The silicon-carbene Si—Cl1 bond lengths in the range of 191.1 to 193.1 pm
are slightly longer than in the iminosilenylidene monomers, however, the Si—C2 bonds are con-
siderably elongated to 199.2 to 200.9 pm and indicate no multiple bond character. Similarly, the
Si—Si’ bond lengths of 244.6 to 249.4 pm are even longer than in the silylsilylene A-3* (237.0 pm)
and in &-silicon (235.2 pm)."3% The other bond lengths, such as C2—N (127.9 to 128.8 pm), N—Cg
(138.7 to 144.7 pm) and C2—C2’ (148.5 to 149.3 pm), are ordinary and fulfil the expectations of their
drawn Lewis formulae (Scheme ).

Compound A-6pTole, is the first isolated representative for this class of compounds and thus a
reasonable comparison to the literature is difficult. One notable molecule that is related to A-6,
hth-[(tBu),Si(CNDipp)],, was reported by M. Weidenbruch et al. in the year 1991 and also fea-
tures a SiSiCC four-membered ring with two imine groups, however, also two alkyl substituents

(153 Nevertheless, its

on the silicon atoms instead of an electron lone pair and an NHC substituent.
mean sc-XRD structural parameters agree well with those calculated for the A-6R compounds (e.g.

Si—Si": 241.6(3) pm; Si—C2: 196.3(6) pm; C2—C2": 152.7(8) pm; C2—N: 127.9(7) pm).

Table 4.2: Selected bond parameters of the calculated and experimental iminosilenylidene dimers
A-6R. Mean bond lengths and angles are given in pm and degrees, respectively.

Si—C1 Si—C2 Si—Si’ C2—-N N—-Cgr

A-6Mes 193.0 200.9 244.6 128.1 138.7
A-6pTol 193.1 199.2 249.4 128.8 139.3
A-6pTol, 193.0(3) 196.8(3) 245.6(2) 128.9(4)  141.8(4)
A-6Me 191.3 200.0 245.8 127.9 144.7
Si---C2" C2—C2 (C2-Si-Si" C2-N-Cp XZ(Si)
A-6Mes 273.3 149.3 75.0 129.7 278.1
A-6pTol 268.2 148.5 72.5 124.4 266.7
A-6pTole,, 266.2(3) 149.3(4)  73.0(1) 121.9(2)  267.9(4)
A-6Me 271.5 149.1 74.2 119.1 269.3

The calculated dimerization energies (2 A-1R — A-6R), provided in Table @, reveal that this reac-
tion is favoured not only energetically (AE = —208.7 to —148.5 kJ-mol 1), but also in terms of the
free Gibbs enthalpy (AG = —106.1 to —30.1 kJ-mol ), although the large exotropic contributions
AS of —359.7 to —308.2 J-K~!-mol~! dampen the exergonicity of the dimerizations considerably.
The lowest AE and AG values are obtained for R = pTol, whereas it is assumed that the increased
steric hindrance of the mesityl substituents lead to the significantly higher thermochemical values
for A-6Mes.

As all AG values are negative, a dimerization is expected to occur for all compounds. This is the

case for A-6pTol, but not for A-6Mes and A-6Me. Especially the dimerization of the latter is
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favoured similarly to A-6pTol, but does not happen according to experimental studies. It is there-
fore assumed that the dimerization of the iminosilenylidene A-6Me is prohibited by a high kinetic
barrier. A thorough investigation of this issue was not successful so far and is subject to further

work on this topic.

Table 4.3: Calculated thermochemical quantities for the iminosilenylidene dimerization reactions
to the 1,2-disiletan-bisylidenes A-6R. Energies and enthalpies are given in kJ-mol ! and
entropies in J-K~1-mol L.

AFE AU AH AS AG
A-6Mes —148.5 —1349 —137.3 —359.7 —-30.1
A-6pTol —208.7 —195.5 —198.0 —308.2 —106.1
A-6Me —186.6 —1746 —1771 —=320.9 814

4.4. Iminosilenylidene Formation from (SIDippSi), and

Isocyanides CNR

Experimental results indicate that the formation of the iminosilenylidenes is also achievable start-
ing from (SIDippSi), and isocyanides CNR (without R = ArM*, see Scheme ). However, al-
though being selective, the presumably formed iminosilenylidene intermediates A-1R react further

by activation (R = Me), dimerization (R = pTol, 3,4-dimethylphenyl) or bicyclization (R = Mes).

Table 4.4: Calculated thermochemical quantities for the formation of the iminosilenylidenes A-1R
from (SIDippSi), and isocyanides CNR (c.f. Scheme ). Energies and enthalpies are
given in kJ-mol~! and entropies in J-K~!-mol~!. For the A E"°% values, the contribu-
tion of the D3(BJ)-ATM dispersion correction scheme for the final single point energy
evaluation was removed.

AE  AE™% AU AH AS AG
R=ArM* —1509 —149 —1423 —1448 —2755 —62.7

R = Mes -80.3 —-1089 73,5 760 —168.6 —25.7
R=pTol —1423 —164.7 —122.8 —1253 —121.8 —89.0
R = Me —-66.8 —140.0 —60.1 —62.6 —969 —33.7

The calculated thermochemical quantities for the iminosilenylidene formation reveal that all re-
actions are energetically favoured and exergonic (Table @, the calculated structures of the iso-
cyanides and (SIDippSi), are provided in the appendix). The reaction is energetically most pre-
ferred for R = Ar™® (—150.9 kJ-mol 1), directly followed by R = pTol (—142.3 kJ-mol '), but con-
siderably less for the methyl and mesityl isocyanides with A E values of —66.8 and —80.3 kJ-mol *,
respectively. However, two questions arise from these values: Why is the reaction energy similar

for R = pTol and Ar™®, but not for the mesityl substituent? Also, why is the value for R = Me
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similar to that of mesityl, but not to R = pTol? To answer these questions, the energies were recal-
culated without the D3(BJ)-ATM correction for London dispersion forces, yielding the electronic
energies A E™°4P (Table @). Whereas the dispersion-uncorrected relative energies for R = pTol
and Mes decrease only slightly to —164.7 and —108.9 kJ-mol !, the reaction of (SIDippSi), with
CNMe becomes considerably more favoured (—140.0 kJ-mol~?!), but drastically less favoured for
the Ar™M* substituent (—14.9 kJ-mol~!). A more detailed evaluation of the reactants’ energies re-
veals that the decisive factor is the dispersion stabilization of the iminosilenylidene versus that
of the reagent (SIDippSi),. The latter is comparably large due to the four Dipp groups in the
molecule, and for R = Me it outweighs that of A-1Me, favouring the reactants. This effect is only
weak for the pTolyl and mesityl substituents, leading to similar relative energies with and with-
out dispersion correction. However, the non-covalent contacts between the Dipp groups and the
ArMes substituent in A-1ArM® decrease the energy of the products considerably and favour the for-
mation of the iminosilenylidene. Additionally, when the dispersion-uncorrected relative energies
are considered, it becomes evident that the methyl and pTolyl systems are similarly favoured as
originally expected, and that the increase of the sterical hindrance of the substituents over Mes to
ArMe unfavours the iminosilenylidene formation.

The calculated relative free Gibbs energies AG are generally higher than the electronic energies,
as expected from the exotropic reactions, but still negative for all reactions with a range of —25.7
to —89.0 kJ-mol L.

Experimental NMR-spectroscopic studies by S. Kumar suggest that these reactions proceed via a
3-membered ring intermediate, [(SIDippSi),(CNR)] (A-7R),! where the incoming isocyanide oc-

cupies a bridging position between both silicon atoms (Scheme E‘l)

NR
SIDipp )k SIDipp .
\ . +CNR : . +CNR \ _c—n
.SI=Si —_ SI—Siy — 2 1 SiT "o
\ SIDipG” SIDipp
SIDipp pp
A-TR A-1R

Scheme 4.4: Formation of the presumed disilirane-1,2-ylidene-3-imine intermediate A-7R and
further reaction to the iminosilenylidenes A-1R.

The disilirane-1,2-ylidene-3-imine compounds could be successfully calculated for the substituents
R = ArMe(A-7ArMe, Figure E‘l), Mes (A-7Mes), pTol (A-7pTol) and Me (A-7Me) and feature a
SiSiC-three-membered ring with strongly pyramidalized silicon atoms (£ /(Si) = 242.2 to 280.2°)
and trigonal-planar carbon atoms (X Z(C1) = 356.4 to 360.0°). The exception is here the compound

To be precise, this observation of the three-membered ring intermediate was made for the analogous CAACM® com-
pounds (CAACM®Si), and (CAACM®)SiCNR. Their theoretical analyses revealed a very similar electronic and spatial
structure (not included in this thesis), which is why the same reaction pathway is assumed.
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A-7pTol, where the carbon atom appears to be significantly pyramidalized (X Z(C1) = 335.5°). The
Si—Cynuc bond lengths of 192.2 to 195.2 pm are slightly longer than in the precursor molecule
(SIDippSi), (192.1 pm), whereas the Si—Si bonds are clearly elongated (236.7 to 245.5 pm) com-
pared to (SIDippSi), (224.6 pm), indicating the loss of the multiple bond character between the
silicon atoms. However, the antiperiplanar orientation of the carbenes as found in (SIDippSi),
(Cnuc—Si—Si'—Cypc’ = 180.0°) is retained in the compounds A-7R, except for A-7Ar™® where
sterical hindrance of the large substituents causes the angle to change (—155.6°). Notably, in A-7 ArMe
and A-7Mes the SiSiC rings are not isosceles as indicated by their differing Si—C2 bonds (A-7 ArMes:
193.6 and 199.7 pm; A-7Mes: 187.6 and 203.6 pm). This asymmetry is presumably caused by the
large ArM*and mesityl substituents, as the rings of A-7pTol (193.5 and 192.8 pm) and A-7Me (195.9

and 193.5 pm) are more isosceles.

A-7pTol A-7Me

Figure 4.4: Optimized gas phase structures of the disilirane-1,2-ylidene-3-imines A-7R.

The relative thermodynamic quantities of the reaction towards the disilirane-1,2-ylidene-3-imines

A-7R according to Scheme E!I were calculated and are given in Table @ Regarding the electronic
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Table 4.5: Selected bond parameters of the calculated disilirane-1,2-ylidene-3-imines A-7R. Bond
lengths and angles are given in pm and degrees, respectively.

Si—C1 Si—Si" Si-C2 C2-N N-Cp C2-Si-Si’ C1-Si—Si—ClU X/(Si) ZZ(C2)

192.6 193.6 54.2 277.4

A-7ArMes 194.6 236.7 199.7 126.4  138.4 518 —155.6 2802 360.0
Ao B2 s WIS S
argtol 52 g 95 oo SN o ame
A-7Me 113411; 241.2 giz 126.9  145.6 ;; —178.2 iggi 356.4

energies, the reaction is most favoured for the pTol substituent (—120.2 kJ-mol~!) and less for the
other substituents (—74.5 to —46.8 kJ-mol!). As the reactions are associated with a large decrease
of entropy (—317.2 to —194.1 J-K~!-mol '), the relative free Gibbs energies are only negative for
R = Me (—12.2 kJ-mol™!) and pTol (—48.0 kJ-mol~!), whereas for R = Mes (7.4 kJ-mol~!) and
ArMe (54.6 kJ-mol 1), the reactions are found to proceed endergonically at 298 K.

4 E/kJmol™
+129.5
(SIXSi);~, A-TX-TS1
. . * 1 12,5
CNPh

+86.7
{((SIX)Si),+CNPh}

A-7TX-TS2
+52.5

L1412
A-TX-Int

L 0.0
A-TX

Figure 4.5: Calculated mechanistic pathway for the formation of the disilirane-1,2-ylidene-3-imine
intermediate model system A-7X. More information on the optimized structures can
be found in the appendix.
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Table 4.6: Calculated thermochemical quantities for the formation of the disilirane-1,2-ylidene-3-
imines A-7R from (SIDippSi), and isocyanides CNR. Energies and enthalpies are given
in kJ-mol~! and entropies in J-K~!-mol ..

AE AU AH AS AG
R=ArMs —468 —37.5 —40.0 —317.2 54.6
R = Mes —-714 —63.6 —66.0 —246.4 7.4
R=pTol —120.2 —-106.4 —108.9 —204.2 —48.0
R =Me —-745 —67.6 —=70.0 —1941 —12.2

The mechanism of the disilirane-1,2-ylidene-3-imine formation was further studied in more detail.
For this, the smaller model system ((SIX)Si),CNPh (A-7X) was used, where the Dipp groups of the
carbene are reduced to 2,6-dimethylphenyl groups (meta-xylene) and the isocyanide substituent
to a phenyl group. A thorough transition state search combined with the Nudged Elastic Band
method"™¥ finally yielded the reaction path depicted in Figure @ First, the reactants ((SIX)Si),)
and CNPh form the loose contact pair {((SIX)Si),+CNPh}, lowering the relative energy from +129.5
to +86.7 kJ-mol . Then the intermediate A-7X-Int is formed via the transition state A-7X-TS1
at +112.5 kJ-mol~! (vrs = 77i cm™!). Compound A-7X-Int lies at +41.2 kJ-mol~! compared to
A-7X and features an asymmetric coordination of the isocyanide carbon atom to one silicon atom
of ((SIX)Si), with a short Si—Ccnr bond of 180.8 pm. The product formation is then possible via
the energetically slightly higher-lying transition state A-7X-TS2 (+52.5 kJ-mol !, v1s = 40i cm ™).

4.5. Iminosilenylidene Formation by Substitution of
A-1ArMes with Isocyanides CNR

As mentioned before, the reaction of A-1ArMes

with other isocyanides CNR leads to other imi-
nosilenylidenes A-1R which could, however, be only successfully isolated for R = Me. The calcu-
lated reaction energies, enthalpies and entropies of the substitution are given in Table @ and
show a generally unfavoured reaction for CNMe (AFE = 42.1 kJ-mol~!, AG = 14.5) and Mes
(AFE =353 kJ-mol™!, AG = 18.5 kJ-mol '), whereas the reaction with CNpTol proceeds almost
isoenergetically (AF = 4.3 kJ-mol!) and is slightly exergonic (AG = —13.2 kJ-mol ).

As the experiment shows that the substitution reaction of A-1Ar™* with CNMe to A-1Me and
free ArM actually proceeds in solution at room temperature, the effect of a higher-rung density
functional approximation and solvation treatment were briefly investigated: Compared to the AG
value of +14.5 kJ-mol ! for level of theory I, the level of theory II yields an only marginally lower
value of +10.2 kJ-mol~!. However, the modelling of solution effects of benzene with the implicit

solvation model density (SMD) method!">4! decreases the energy to —5.7 kJ-mol~! with the B97-
D3 DFA (B97-D3(BJ)-ATM-SMD(benzene)/def2-TZVP) and to —11.0 kJ-mol ! using the double-
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hybrid DFA level of theory RI-PWPB95-D3(BJ])-ATM-SMD(benzene)/def2-QZVPP//B97-D3(B])-
ATM-SMD(benzene)/def2-TZVP. The solvation-corrected thermodynamical values for the other
reactions and the elucidation of the substitution reaction mechanism is subject to further calcula-

tions.

Table 4.7: Calculated thermochemical quantities for the iminosilenylidene formation by substitu-
tion of A-1Ar™* with isocyanides CNR. Energies and enthalpies at level of theory I are
given in kJ-mol~! and entropies in J-K~!-mol ..

AE AU AH AS AG
R=Mes 353 344 344 535 18.5
R=pTol 43 9.8 98 769 —13.2
R=Me 421 411 411 893 14.5




5. Siladicarbene and Siladiimide

Compounds

5.1. Introduction

In the year 1961, F. Ramirez et al. reported the synthesis of the first carbodiphosphorane C(PPh;),, %!

a class of compounds with a dicoordinated carbon atom and a bent and flexible P—C—P core
(130 to 144°).15¢) In their study, the authors suggested a resonance hybrid between carbon-diylide
(A-VIII-a) and heteroallene (A-VIII-b) for its electronic structure (Scheme @).“55] In the fol-
lowing years, the group of H. Schmidbaur not only increased the number of isolable phospho-

[157-159

rane and arsorane derivatives, ! but also postulated two more important resonance struc-

tures A-VIII-c based on experimental structure data and theoretical MO considerations, which
are of ylidene type, where one electron lone pair resides at the carbon atom and one 71(C—P) is
formed. Using the short form A-VIII-d to combine both ylidene resonance formulas, H. Schmid-
baur concluded that A-VIII-d is best suited to describe the structural and electronic properties of

[156

carbodiphosphoranes.">% In a later study, Schmidbaur et al reported that carbodiphosphoranes

can also be rationalized as donor-acceptor phosphine complexes of elemental carbon, presented
with arrows in Lewis formula A-VIII-e (Scheme El]).“ss]

® “cl® ® ® _C i _,C

c .

= - C - Cx -

RsP™ 20 PR RPT PRy R:PZ © PR, ReP™ O PRy RgP7T-"TPRy | RgP PRs
A-Vill-a A-Vlil-b A-Vlll-c A-Vill-d : A-Vlll-e

Scheme 5.1: Various resonance formulas A-VIII-a to A-VIII-d and donor-acceptor arrow notation
A-VIII-e for carbodiphosphoranes.

Half a century after F. Ramirez discovery of the carbodiphosphoranes, G. Frenking et al. reinves-
tigated this class of compounds with modern quantum chemical methods and affirmed the donor-
acceptor character of the P—C bonds (Lewis formula A-VIII-e), yielding a divalent carbon atom in
the formal oxidation state zero with two free electron lone pairs on the carbon atom, stabilized by

160

two phosphane ligands."® Due to the supposedly dominant Lewis structure A-VIII-a or A-VIII-e,

respectively, G. Frenking et al. suggested later on to name the general class of divalent carbon(0)
compounds CL, carbones, as a distinction to the prominent carbene field of chemistry with carbon

in the formal oxidation state +II.[6!
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161-166] and were

Further theoretical studies by G. Frenking et al on carbodiphosphoranes followed,!
expanded to include the promising class of carbodicarbenes C(CR,),. 16163165167 The main fea-

tures of these compounds are:

« a two-coordinated carbon atom in the formal oxidation state zero, in contrast to carbenes

with a carbon atom in the oxidation state +II.
« anon-linear arrangement of the L—C—L moiety with bond angles of approx. 130°.

« carbon-ligand C—L bonds that are in the upper range between typical C—L single and C=L
double bonds, due to the 0(C<—L) donation and 7t(C—L) back donation.

+ in the HOMO a p-type lone pair at the carbon atom that is delocalized towards suitable
orbitals of similar symmetry of the ligands L. Their extent of delocalization, and thus the
ylidone (A-VIII-a) vs ylidene (A-VIII-d) character, heavily depends on the 7t-accepting abil-
ities of the ligands L.

+ in the HOMO—1 an s-type lone pair at the carbon atom lying in the L—C—L plane.

« a highly negative charge accumulation on the central carbon atom leading to a strongly nu-

cleophilic centre.

« very large first and second proton affinities, which is in contrast to carbon(II) compounds,
and the capability to form doubly-bonded Lewis acid (LA) adducts L,C(LA),.

Meanwhile, the groups of A. Fiirstner and G. Bertrand independently succeeded to isolate the
first carbodicarbenes (Me,N),CCC(NMe,), (A-IX, Scheme ) and bis(N-methylbenzimidazol-2-

yl)carbon (A-X).l% 1% Whereas the tetraaminoallenes like A-IX display a quasi-linear structure

162, 163, 167, |70

with only hidden carbone character according to calculations by G. Frenking et a Jand

(71, 172

other groups, compound A-X features a non-linear C—C—C core (134.8°), short C=C bonds

(134.3 pm) and twisted carbene planes with an (N1,C1,N2),(N3,C2,N4) interplanar twist angle of

(173177) and a discussion about

163, 171, 172, [78-181

69°. Other examples for carbon(0) complexes followed over the years,
their classification as bent allenes in contrast to normal allenes emerged.! ] On the one
hand, this discrimination can be made experimentally via the CCC bending angle, the twist angle
between the CR; substituents or the reactivity towards electrophiles (the central carbon atom is
the most nucleophilic point in carbon(0) complexes).

On the other hand, theory contributed significantly to this issue, and the carbone character in such
compounds can be well estimated by calculating the first and second proton affinities or studying
the frontier molecular orbitals. For the latter, a high carbone character is usually visible by the
non-degenerate HOMO (71(C—C—C)) and HOMO—1 (LP,(C)) in contrast to the two degenerate,
orthogonal 7t(C—C) bond orbitals in allenes.

The group of G. Frenking also investigated the analogous heavier tetrel compounds E(L),, where

E = Si, 166,182, 183] G¢ 166, 183] gy 166, 183] pplIee 1841 31 d [, = PR;, CR,, and could also confirm the main
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Scheme 5.2: Lewis structures of the first isolated carbodicarbenes.

characteristics of the carbon compounds to its heavier homologues. However, notable differences

include

+ less negatively charged tetrel centres due to the lower electronegativity of the heavier tetrels

compared to carbon,

+ generally lower first and second proton affinities. However, the second proton affinity is

still considerably higher than in typical tetrel(Il) compounds.

« alarger energetic separation between the T(L—E—L) orbital (typically the HOMO) and the
s-type lone pair at the tetrel (mostly HOMO—1, sometimes lower). As a consequence, elec-
trophiles prefer to coordinate to the 7t-type orbital in an out-of-plane fashion, resulting in
a strongly pyramidalized tetrel atom. In contrast, in carbon(0) complexes the adduct forma-

tion proceeds within the L—C—L plane and leads to a trigonal-planar central carbon atom.

Prior to these theoretical considerations for heavier E(L), compounds, the groups of N. Wiberg
and M. Kira succeeded already in 1999 and 2003 with the isolation of the first stable tristannaal-
lene, Sn(Sn(SitBus),), (A-XI, Scheme b.3), 183! and trisilaallene, Si(CDAS#), (A-XII, CDASi = cyclic
dialkylsilylene, Si(C(TMS),CH,),)," ¢ respectively, where the latter can be seen as result of explor-
ing the synthetic potential of the first isolable dialkylsilylene CDASi reported in the year 1999 by

the same group. 87!

vs TS ™S  TMS
tBu35i-'"'HSn'/ﬂsn\Sn/SltBus Si/SI%Si
BUsSi SitBus
TMS TMS TMS TMS
A-XI A-XII

Scheme 5.3: The first tristannaallene and trisilaallene by N. Wiberg et al. and M. Kira et al.

Both compounds feature a considerably bent E—E—E core (A-XI: 155.9°, A-XII: 136.5°), short E—E
distances in the range of typical E=E double bonds and perpendicular orientations of the two R,E

groups to each other. Whereas the electronic structure of A-XI was rationalized by the ylidenic
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structure, compound A-XII and other related derivatives R,EEER; (E = Si, Ge; E’ = Si, Ge) were

188-196

classified as bent allenes by experimental and theoretical studies. ! In contrast, G. Frenking

et al. concluded in a study on various dicoordinated silicon(0) compounds that A-XII is better de-
scribed as a siladisilylene with CDASi—Si donor-acceptor bonds and high silylone character. '8

Genuine siladicarbenes Si(carbene), were not isolated before the year 2013, when H. W. Roesky et
al reported the synthesis of Si(CAACM®), (A-XIII, Scheme E‘l, CAACMe = cyclic alkylaminocar-
bene, C[N(Dipp)CMe,CH,CMe, ), 8] motivated by the seminal work of G. H. Robinson et

8.9 The reduction of the precursor

al. on the disilicon(0) complex (IDipp),Si, in the year 200
(CAACM¢),SiCl, leads to A-XIII, the first example of a single silicon atom coordinated by two

carbenes. The sc-XRD structure analysis revealed a bent C—Si—C core (117.18(8)°) and short

Si—C bonds (184.11(18) and 184.17(17) pm) due to 7(C+—Si—C) back-donation as evidenced by

the HOMO (an NBO calculation yields a 30:40:30 distribution for the 3c-2e~-7t(C—Si—C) inter-

action). Interestingly, the 7t-acceptor ability of the CAAC ligand is strong enough that A-XIII

shows small, but considerable biradical character.

In the same year, M. Driess et al. were able to isolate the cyclic siladicarbene Si(bNHC) (A-XIV) us-

ing a chelating bis(N-heterocyclic carbene) ligand (Scheme E&l).mc] Due to the forced six-membered

ring environment, the C—Si—C angle is considerably narrower with 88.7°, but otherwise the com-

pound features the typical characteristics of siladicarbenes (vide supra).[20% 201
Since then, various siladicarbenes2% 2% siladisilylenes?%429% siladigermylenes®¥ and even heav-
[209-212] 213 (214

ier congeners like germaditetrylenes , stannaditetrylenes?¥ and plumbaditetrylenes®4 could

be synthesized.
Within those, the first heteroleptic siladicarbene Si(CAACM®)(IiPr,Me,) (A-XV, Scheme El’) re-

202] a5 the heterolep-

ported by the group of C.-W. So in the year 2016 is particularly noteworthy,’
tic environment causes an asymmetric structure, where the silicon atom is doubly bonded to-
wards the CAACM¢ ligand and the IiPr,Me, ligand is oriented perpendicular to the C—Si—C plane

(IiPr,Me, = C[N(iPr)C(CHj3)]15).

Dipp Dipp

_____ Si O N
Si -/ \ Si
.o Dlpp Dlpp .
A-XIII A-XIV A-XV

Scheme 5.4: The first homoleptic and heteroleptic siladicarbenes.

With the homoleptic (CAAC),Si and (NHC),Si as well as the hetereoleptic (CAAC)Si(NHC) com-
pounds known, the elusive puzzle piece remains to be a hetereoleptic siladicarbene with
N-heterocyclic carbenes only. As NHCs are less 7t-acidic than CAAC ligands, it would be interest-

ing to see if there is a considerable change in the electronic structure compared to A-XV.
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5.2. Two Heteroleptic Siladicarbenes with N-heterocyclic

Carbenes

Access to the targeted compound was provided by the IiPr,Me,-stabilized iodosilyliumylidene
[(IDipp)Sil(IiPr,Me,)]I (A-8I), reported in 2013 by our group.2!¥) The analogous SIDipp-substituted
iodosilyliumylidene [(SIDipp)Sil(IiPr,Me;)]I (A-8S) could also be obtained by S. Kumar via a sim-
ilar route. 13

Reductive dehalogenation of the precursors A-8S and A-8I with potassium graphite selectively af-

forded the heteroleptic siladicarbenes A-9S and A-91 as red and black-brown solids, respectively

(Scheme @).

+
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A-8S, A-8I A-9S, A-9I

Scheme 5.5: Synthesis of the first heteroleptic siladicarbenes SiLL’, where L, L’ = NHC, by S.
Kumar."*? dme = dimethoxyethane.

A-9S A-9]

Figure 5.1: Optimized gas phase structures of the siladicarbenes A-9S and A-91.

The optimized gas phase structures of A-9S and A-91 (Figure @) are in good agreement with
the experimentally determined sc-XRD structures A-9S.,, and A-9l,, and the analysis of the

structural parameters, summarized in Table El], reveal:
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Table 5.1: Selected calculated and experimental sc-XRD analysis bonding parameters of the siladi-

carbenes A-9S and A-91. Bond lengths are given in pm and angles in degrees. T is defined
as the interplanar twist angle between the NHC ring planes.

Si—C1 Si—C2 C1—-N1 Cl1—-N2 C2—-N3
A-9S 182.2 195.9 141.2 140.1 137.0
182.5(6) 195.1(7) 141.7(8)  140.2(8) 136.8(9)
181.8(7) 195.9(7) 142.1(8)  140.0(9) 135.1(9)
A-91 183.8 194.3 142.1 141.4 138.1
A9, 182.1(2) 195.3(3) 141.7(3)  141.3(3) 136.0(2)

C2—N4 C1-Si—C2 X/(N1) X/(N2) T
A-9S 137.5 98.9 351.7 359.7 94.6
138.0(9) 101.2(3) 357.3(15) 349.8(15) 84.9(3)
136.4(9) 101.3(3) 357.8(15) 350.3(15) 100.1(3)
A-91 137.3 99.1 352.1 359.4 87.1
A9, 136.7(3) 102.0(1) 352.2(6) 358.6(6)  81.6(1)

A-9Sy,

A-9Sexp

« a dicoordinated silicon atom in a V-shaped C1—Si—C2 environment (A-9S: 98.9°, A-9I:

99.1°). The degree of bending is smaller than in the cyclic siladicarbene A-XIV (89.1(1)°),
similar to that of A-XV (102.8(2)°) but larger than in A-XIII (117.7(1)°).

an asymmetric coordination of the NHC ligands: The Si—Cl1 bond distances of 182.2 pm
(A-9S) and 183.8 pm (A-9I) are considerably shorter than the Si—C2 bonds (A-9S: 195.9 pm,
A-91:194.3 pm). Although the Si—C1 bonds are slightly larger than the Si—Ccpac in A-XV
(179.2(4) pm), they indicate considerable double-bond character for the Si—C1 bond in con-
trast to the Si—C2 bond.

significantly elongated C1—N1 and C1—N2 bond lengths of 141.2 and 140.1 pm (A-9S) and
142.1and 140.1 pm (A-9I) compared to the free carbene ligands SIDipp (134.8 pm) and IDipp
(137.4 pm), respectively (see the appendix for the calculated structures of the free carbenes).
This lengthening can be understood as competitive donation from the 7t-type orbital coming
from silicon (vide infra) into the empty p-orbital of the carbene carbon atom, or more pre-
cisely, into the anti-bonding 7t*(N1—C1—N2) MO of the NHC. The lengthening of the C—N
bonds within the [iPr,Me,ligand is found to be much smaller (A-9S: 137.0 pm, 137.5 pm;
A-91:137.3 pm, 138.1 pm; free [iPr,Me,: 136.8 pm).

an orthogonal arrangement of the central five-membered NHC rings with interplanar twist
angles of 94.6° and 87.1° for A-9S and A-91, respectively, suggesting the absence of a 3c-
2e” -1(C1—Si—C2) conjugation as found for carbodiphosphoranes and siladicarbenes with

approximately co-planar carbene substituents.

non-planar N1 carbene nitrogen atoms with sums of angles X/ (N1) of 351.7° and 352.1° for

A-9S and A-9], respectively. In contrast, the sum of angles at the N2 nitrogen atoms of
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the (S)IDipp ligands is close to planarity (A-9S: 359.7°, A-91: 359.4°). This slight nitrogen
pyramidalization causes the up-bent Dipp groups at the N1 atom in A-9S and A-91, which
leave the mean N1—C1—N2—Si plane, as seen in the calculated structures (Figure @). As
the [iPr,Me, carbene is also bent off the N1-C1—N2—Si plane, but in the opposite direction
(Figure ), this orientation can be explained as consequence of sterical repulsion between
the Dipp group of the (S)IDipp and the IiPr,Me, carbene. Interestingly, this also gives rise
to axial chirality in these compounds, which will be further discussed below. Another effect
contributing to the Dipp group bending is the 71(Si—C1) backbonding as confirmed by the
MO analysis (vide infra) that competes against the 71(N—C—N) delocalization of the carbene.

Asaconsequence, the nitrogen lone pair character is enhanced compared to the free carbene.

A-9S A-9]

Figure 5.2: Stereoview of the siladicarbenes A-9S and A-9I along the C1—Si bond. The Dipp
groups are simplified by large spheres giving the position of the Cj,,, atoms.

Selected frontier molecular orbitals of the siladicarbenes A-9S and A-91 are presented in Figures @
and E&I and appear similar. Both HOMO—1 show the electron lone pair at the silicon atom, ly-
ing in the C1—Si—C2 plane. The HOMO is of 7t(Si—C1) character without significant delocal-
ization to the IiPr,Me, carbene and resembles the 71(Si—CAACM®) orbital of A-XV. Due to the
oppositely phased orbital lobes on the N1 and N2 atoms, this interaction can be rationalized as
LP,(Si)— 7*(N—C—N) back-donation of the out-of-plane silicon lone pair into the (S)IDipp car-
bene and explains the found short Si—C1 bond distances. As no back-donation towards the per-
pendicular oriented [iPr,Me,carbene is visible, the Si—C2 bond is obtained longer, and the LUMO
only contains the 71%(N—C—N) of the [iPr,Me, carbene besides some aryl orbital density without
any contribution of the silicon atom.

Localized intrinsic bond orbitals (IBOs) for the o(Si—C1), 7t(Si—C1), 0(Si—C2) bonds and the
LP(Si) could be obtained for A-9S and A-9I and underline the observations from the canonical MOs
(Figures @ and @). The respective atomic Léwdin populations confirm the localized character
of the 7t(Si—Cl) orbitals (A-9S: 45.3 % (Si), 35.8 % (C1); A-91: 46.9 % (Si), 33.6 % (C1)), with only
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HOMO—1[—3.96 eV] HOMO [—2.58 eV] LUMO [—0.97 eV]

Figure 5.3: Canonical molecular orbitals of the siladicarbene A-9S and their energy eigenvalues.

HOMO—1[—3.94 eV] HOMO [—2.30 eV] LUMO [—1.05 eV]

Figure 5.4: Canonical molecular orbitals of the siladicarbene A-9I and their energy eigenvalues.

a very low participation of the C2 carbene atom (3.9 and 5.4 % for A-9S and A-9I, respectively).
Furthermore, as the in-plane electron lone pair at the silicon atom has only small contributions
of the C1 and C2 atoms with 4.6 %, 6.6 %, 4.8 % and 6.8 % for A-9S and A-9I, respectively, the
compounds show no considerable bent allene character according to the MO analysis.

The bond interactions between the silicon atom and both carbenes were further investigated by
MO diagrams considering the structurally unrelaxed fragment MO (FMO) interactions for A-9S
(Figure @, the MO interaction diagram for A-9I is obtained similarly). After excitation of the
triplet ground state of the silicon atom to the singlet state (AE_,, = —107.0 kJ-mol~!), it can in-
teract with the (SIDipp+IiPr,Me,) fragment, also in its singlet state (AE_,, = +176.6 kJ-mol!).
As a consequence of unfavoured spin-pairing in the silicon atom singlet state, its doubly-occupied
3p, orbital lies energetically higher than the unoccupied degenerate 3p, and 3p, orbitals.

Three main interactions can be found in the diagram: First, the silicon 3s* lone pair can inter-
act with the constructive combination of the NHC carbenic lone pairs (HOFMO—2) to form a
3-center-2-electron 0(C1—Si—C2) bond, that is found in the HOMO—50 of A-9S. The destruc-
tive combination of the NHC lone pairs can be found in the HOFMO and interacts with a p-orbital
at the silicon atom, again resulting in a 3-center-2-electron 0(C1—Si—C2) bond (HOMO—12). By



A.5.2 Two Heteroleptic Siladicarbenes with N-heterocyclic Carbenes 63

o(Si—C1) 0(Si—C2)
0.35 (Si), 0.57 (C1), 0.02 (C2) 0.32 (Si), 0.02 (C1), 0.59 (C2)

7(Si—C1) LP(Si)
0.45 (Si), 0.36 (C1), 0.04 (C2) 0.83 (Si), 0.05 (C1), 0.07 (C2)

Figure 5.5: Intrinsic bond orbitals (IBOs) of the siladicarbene A-9S and their atomic Loewdin or-
bital populations.

s- and p-orbital mixing also a lone pair at the silicon atom is retained, located in the HOMO—1 of
A-9S, as discussed above. Finally, the occupied p, orbital at the silicon atom can interact with the
7%(N1—C1—N2) orbital of the SIDipp substituent (LUFMO), which is properly aligned, in contrast
to the 71*(N3—C2—N4) orbital of the IiPr,Me, substituent (LUFMO+7). This donation from sili-
con is then responsible for the 71(Si—C1) bond found in the HOMO of A-9S, with its anti-bonding
combination in the LUMO+6. The non-interacting 7t*(N3—C2—N4) orbital of the IiPr,Me, car-
bene can then be found in the LUMO of A-9S.

Overall, by these interactions two 0 bonds between the silicon atom and both carbenes, one 7tbond
between the silicon atom and the SIDipp substituent, and one residual electron lone pair at the sil-
icon atom are obtained, which fits to the previous considerations by discussion of the structural
parameters and MOs.

Additional insight into the electronic structures of A-9S and A-9I was provided by the NBO7
method. Local NRT analyses yield the resonance hybrid contributions depicted in Scheme @
and suggest the ylidene-type structure A-9-a to be major for A-9S (42 %), followed by the sily-
lonic formula A-9-d (28 %) with two lone pairs at the silicon atom and two Si—carbene single

bonds. No significant contributions are obtained for the Si=IiPr,Me, ylidene (A-9-b, 4 %) and
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o(Si—C1) 0(Si—C2)
0.35 (Si), 0.57 (C1), 0.02 (C2) 0.32 (Si), 0.02 (C1), 0.58 (C2)

7(Si—C1) LP(Si)
0.47 (Si), 0.34 (C1), 0.05 (C2) 0.83 (Si), 0.05 (C1), 0.07 (C2)

Figure 5.6: Intrinsic bond orbitals (IBOs) of the siladicarbene A-91 and their atomic Loewdin or-
bital populations.

allenic resonance structures (A-9-c, 0 %) for compound A-9S. The NRT analysis reveals a similar
share for the silylonic resonance structure for compound A-91 of 26 %, however, the contribution
of A-9-a is lowered. Instead, the weight of the allenic resonance formula A-9-c amounts to 19 %.
Such a considerable delocalization of the second silicon lone pair to the IiPr,Me, carbene was not
observed by the MO analysis above and might be an NRT artifact. It would, however, be consis-
tent with the Energy Decompostion Analysis (EDA) results of the similar compound A-XV that
gives a share of 14.5 % for a Si— 7*(N—C—N) donation for the total covalent interaction of the
Si—IiPr,Me, bond.%?!

® ®
. ® ; i i ®
(S)lDIpp\é?/”PrzMez > (S)IDIDP\2¢”pr2MeZ > (S)IDlpp\Si¢”Pr2Me2 > (S)|Dlpp\esi@/|ipr2|\/|e2

A-9-a A-9-b A-9-c A-9-d

A-9S: 42 % A-9S:4 % A-9S: 0% A-9S: 28 %
A-91:27 % A-91:0% A-91:19 % A-91:26 %

Scheme 5.6: Decomposition of the NRT resonance hybrid into the major bond motifs for A-9S
and A-91. The local NRT analyses comprise the Si and imidazoline/imidazolene ring
atoms of the carbene ligands.
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Figure 5.7: MO interaction diagram of A-9S between the structurally unrelaxed Si and
(SIDipp+IiPr,Me;) fragments in their singlet states. Orbital energies of selected MOs
are givenin eV in square brackets. HOFMO = highest occupied fragment MO, LUFMO
=lowest unoccupied fragment MO. Only the cores of the NHCs are depicted for clarity.
The MO interaction diagram for A-9I is obtained similarly.

The results of the NBO analyses on the dominant Lewis structure A-9-a are summarized in Ta-
ble 5.2 and appear similar for both compounds A-9S and A-91. The silicon lone pair NBO has a high
occupancy and is, as expected, of rather large s-character (1.84 e, sp®* (A-9S); 1.83 e, sp** (A-91)).
Two NBOs are found for the Si—C1 bond in each compound with occupancies larger than 1.80 e™.
The first is of 0-type and polarized towards the more electronegative carbon atom (76 % for both
siladicarbenes). In contrast, the second Si—C1 NBO shows 7t-character with only p-type NAOs
involved for both atoms, and it is almost unpolarized (55 % C1 A-9S, 53 % C1 (A-91). Their WBIs
of 1.3 and 1.2 as well as the total NRT bond orders of 1.6 and 1.7 are greater than 1.0 and confirm
the multiple bond character of the Si—C1 bond. In contrast, the WBIs of the Si—IiPr,Me, bonds
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are smaller with 0.8 and 0.9 for A-9S and A-9I, respectively. The total NRT-BO of 1.0 for A-9S
indicates no multiple bond character, whereas for A-91, it is slightly increased (1.2) due to the NRT
contribution of the allenic resonance structure A-9-c. However, the respective 0(Si—C2) NBOs are
very similar for both siladicarbenes with occupancies of 1.94 e~ and bond polarizations of 78 and
77 % towards carbon. Furthermore, the stabilization by LP(Si)—p(C2) delocalization is found to be
similar, as the corresponding Second-Order Perturbation Theory (SOPT) contributions amount
to 83.0 and 91.3 kJ-mol ™! for A-9S and A-9I, respectively. The only slightly higher value for the
latter compound can thus not be used as an explanation for the found low allenic character and the
NRT Si—C2 bond order of 1.2.

The calculated NPA charges reveal slightly positive silicon atoms (+0.23 e, +0.16 ¢), but, as a re-
sult of the 7(Si—Cl1) back donation, a considerable charge flow to the (S)IDipp carbenes with
—0.45 (A-9S) and —0.34 e (A-91). This is in contrast to the only o-donating but not receiving
[iPr,Me, carbene that is positively charged (+0.22 and +0.17 e). These NPA charges fit well to
those calculated by C.-W. So et al. for A-XV: There the CAACM® carbene receives more electron
density from the silicon atom (+0.32 e) and is thus even more negatively charged with —0.54 e,
whereas the [iPr,;Me, carbene bears virtually the same charge (+0.21 e) as in A-9S and A-91.
Finally, considerable SOPT contributions of 460 and 558 kJ-mol~! were found for the 7t(Si—C1)—

71%(Si—Cl1) intra-bond interaction in order to account for the silylonic resonance formula A-9-d.

Table 5.2: Results of the NBO, local NRT (with the Si and imidazoline/imidazolene ring atoms
included) and NPA analyses of the siladicarbenes A-9S and A-91L.

NBO ~ NHO (A,B) NRT-BO
A-B Occ/ e pol./% (hyb.) tot/cov/ion NPA /e
A-9S
LP(Si) 1.84 (sp®*) Si 1+0.23
o(Si—C1) 1.93 24 (sp*”), 76 (sp'?) [SIDipp]  -0.45
n(Si-Cl) 181 50p),55p) B MYOS i Me] 4022
0(Si-C2) 1.94 22 (sp*?),78(sp'’) 0.8 1.0/0.4/0.6
A-9I
LP(Si) 1.83 sp*+) Si +0.16
o(Si-C1) 1.94 24 (sp1), 76 (sp™) [IDipp]  -0.34
n(Si—C1)  1.81 7e),s3p)  E V0SS Mel 407
o(Si-C2) 1.94  23(sp’7),77 (sp™?) 0.9 1.2/0.7/0.5

Bond cleavage and bond dissociation energies were calculated for both the Si—Cg)pip, and
Si—Ciipr,Mme, bonds, summarized in Tables @ and E‘I The thermochemical calculations for A-9S
and A-9I reveal that for the Si—C)pip, bond a cleavage into two singlet fragments is clearly
favoured (352.3 and 307.9 kJ-mol™!) over the cleavage into triplet fragments (584.1 and
602.3kJ-mol~!). However, as the Si(IiPr,Me,) fragment has a triplet ground state by 43.5 kJ-mol *,
the bond dissociation including structural relaxation and free choice of multiplicity for the frag-

ments is of overall (s—s, t) type with similar BDEs of 225.1 and 201.3 kJ-mol~! for A-9S and
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A-9], respectively. In comparison, the calculated BDE in the compound A-XV is higher with
340 kJ-mol 1,129 a5 expected from the generally stronger-binding CAAC substituents in contrast
to NHCs.[21628) Interestingly, the Si—Csypip, BDEs of A-9S and A-91 are also significantly smaller
than those calculated for the iminosilenylidene (SIDipp)SiCNArMe (A-1ArM, 252.6 kJ-mol !,
see chapter A.3) despite the lower Si—INHC multiple bond character in the latter.

Table 5.3: Level of theory II-calculated bond cleavage (BCE) and bond dissociation energies (BDE)
for the homolytic (hom.) and heterolytic (het.) Si—Cs)pipp cleavages. Energies in
kJ-mol !, entropies in J-K'-mol~!, s = singlet, t = triplet multiplicity. The calculated
values for A-XV at the BP86/TZVP//BP86/def2-SVP level of theory are taken from

ref, [202].

(S)IDipp cleavage  BCE BDE (parent — (S)IDipp + Si(IiPr,Me,))
AFE mult. AE AU AH AS AG

A-9S (het.) 352.3 (s)

A-9S (hom.) 584.1 (¢) (s—s,t) 2251 2134 2158 257.2 139.2

A-91 (het.) 307.9 (s)

A-91 (hom.) 602.3 (1) (s—s,t) 2013 189.3 191.8 232 122.6

A-XV? (het) 353 (s) 340

A-XV¥ (hom) 454 (1)

a) CAACMe cleavage instead of (S)IDipp cleavage

Table 5.4: Level of theory II-calculated bond cleavage (BCE) and bond dissociation energies (BDE)
for the heterolytic (het.) Si—Cip,me, cleavages. Energies in kJ-mol~!, entropies in
J- K t-mol™!, s = singlet, t = triplet multiplicity. The calculated values for A-XV at the
BP86/TZVP//BP86/def2-SVP level of theory are taken from ref. [202].

[iPr,Me,cleavage BCE BDE (parent — (S)IDippSi + IiPr;Me;)

AFE mult. AE AU AH AS AG
A-9S (het.) 257.9 (s)
A-9S (het.) 679.3 (¢) (s—s,s) 2184 206.6 209.1 250.2 134.5
A-9I (het.) 256.6 (s)
A-91 (het.) 641.6 (¢) (s—t,s) 202.8 192 194.5 254.6 118.6
A-XV? (het.) 173 (s)

AXV® (hom.) 868 (¢) 148

a) [iPr;Me; cleavage into the fragments CAACMeSi and IiPr,Me,

For the Si—Ciipr,me, bond, a cleavage is possible into the two triplet (679.3 and 641.6 kJ-mol 1), or
singlet state (257.9 and 256.6 kJ-mol~!) fragments ((S)IDipp)Si and IiPr,Me,, of which the latter
is favoured by far. Noteworthy, the (SIDipp)Si fragment was found to barely have a singlet ground
state on level of theory Il with a AFE_,, of +7.4 kJ-mol !, but —19.2 kJ-mol~* for level of theory I,
favouring the triplet spin state. However, the triplet spin state is preferred for the (IDipp)Si frag-
ment at both levels of theory I and I with AE_,, of —20.6 and —42.6 kJ-mol~!. Thus, following
the trends of level of theory II, the BDE of the Si—SIDipp bond is of (s—s, s) type, whereas the
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Si—IDipp bond dissociation in A-91 is best described as (s—t, s) type. Independent of their clas-
sification, the obtained BDEs for A-9S and A-91 are very similar with 218.4 and 202.8 kJ-mol*.
Interestingly, the values are considerably higher than the calculated Si—IiPr,Me, bond dissoci-
ation energy in A-XV of 148 kJ-mol . A reason for this could be the different level of theory
(MO06/def2-TZVPP//BP86/def2-TZVPP) in the calculations of So et al, resulting in an artificially
weaker bond in the parent molecule.

In conclusion, the BCEs of the Si—Cs)ipip, bonds are found to be significantly higher than those
of the Si—y;p;,me, bond, which is in agreement with the shorter Si—C1 bond distances and higher
Si—Cl1 bond orders as discussed above. However, because the BDEs include the structural relax-
ation of the ((S)IDipp)Si and (IiPr,Me,)Si fragments, they become essentially identical with 225.1
and 218.4 kJ-mol ! for A-9S and 201.3 and 202.8 kJ-mol ! for A-91.

First and Second Proton Affinities

A method to assess the silylone character is to calculate the first and second proton affinities, as
mentioned in the introduction to this chapter, and thus, the structures of the singly and doubly pro-
tonated siladicarbene cations [((S)IDipp)Si(H)(IiPr,;Me;)]* (A-9S+H*, A-9I+H") and
[((S)IDipp)Si(H),(1iPr,Me;)]** (A-9S+2H**, A-9S+2H>*) were calculated (Figure @). Their struc-
tural parameters, summarized in Table @, confirm for the monocations a coordination of the pro-
ton at the 71(Si—Cl1) bond as evidenced by nearly orthogonal (HSi),(C1SiC2) bond-to-plane angles
of 100.9° (A-9S+H") and 99.1° (A-9I+H*) between the H—Si bond and the (C1SiC2) plane, as seen

1821 As a consequence, the 71(Si—C) bond is lost, causing the

in previous protonation calculations.!
Si—C1 bond to elongate to 191.8 and 193.0 pm for A-9S+H* and A-91+H", respectively, whereas
the Si—C2 bond is rather unaffected (195.7 and 196.8 pm). Overall, the silicon atom is strongly
pyramidalized with sum of angles of 297.2 and 293.3°, respectively.

The second protonation to the dications proceeds via the formation of a four-coordinated, tetrahe-
dral silicon atom. Interestingly, the dications A-9S+2H?* and A-91+2H?* show significantly short-
ened Si—C2 bond lengths of 188.5 and 188.8 pm compared to the neutral siladicarbenes (A-9S:
195.9 pm, A-91: 194.3 pm) as well as a widening of the C1—Si—C2 bond angle from 99° to approx-
imately 114° for both compounds. This effect is also observed for the Si—C1 bond of A-91+2H?**
which shortens to 189.0 pm upon the second protonation and can be rationalized by the loss of the
mainly s-hybridized silicon electron lone pair in the dications and, after rehybridization, a higher
s-character in the silicon-carbene bonds. As a result, the bonds shorten and the angle increases, in
accordance with Bent's rule.[52 2%

Finally, the calculated first and second proton affinities provide further support for high silylone
character in the here-studied siladicarbenes: The first PAs are close for both compounds with
1242.5 and 1262.5 kJ-mol ! and agree well with the value of 1154.9 kJ-mol~! calculated by G.
Frenking et al. for the model siladicarbene Si(C(N(H)CH),),)."82' The second PAs of 860.0 and

876.7 k]-mol ! are considerably higher than those calculated by Frenking et al (697.8 kJ-mol~!)
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in the same study and illustrate the high remaining nucleophilicity of the compounds even after a

first protonation.

A-9S+H* A-9S+2H%**

A-9I+H* A-9I+2H**

Figure 5.8: Optimized gas phase structures of the singly and doubly protonated siladicarbenes.

Table 5.5: Structural parameters of the singly and doubly protonated siladicarbenes A-9S+H",
A-9S+2H**, A-9I+H* and A-91+2H?**. Bond lengths and angles are given in pm and
degrees, respectively, and € corresponds to the bending angle between the Si—H bond

and the (C1SiC2) plane.

Si-Cl1  Si-C2 Si-H Ci1-Si-C2  Z/(Si) 0
A-9S+H* 191.8 195.7 150.7 103.8 297.2  100.9
A-9S+2H* 191.8 188.5 147.1 114.4 - -
A-9I+H* 193.0 196.8 151.0 102.0 2933 991
A-91+2H** 189.0 188.8 147.2 113.5 - -
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Stereodynamic Processes of the Siladicarbenes A-9S and A-9I

As mentioned above, one of the flanking Dipp groups of the (S)IDipp ligand and the IiPr,Me, car-
bene avoid each other by bending up and down off the (SiCININ2) plane, respectively, which
results in axial chirality for the compounds A-9S and A-9I. If the view is aligned along the Si—Cl
bond, a Newman projection can be applied to determine the absolute configuration (Figure @).
Other conceivable diastereomers were attempted to be calculated by bringing the Dipp group and
the IiPr,Me, carbene on the same side, or by inverting the backbone in A-9S. However, none of
those were observed to be stationary points on the PES, and their structure optimization directly

led to one of the enantiomers.

Di
F‘P\ .
N N—Dipp
liPrzMe:

liPrzMez

— /@N—Dipp

Dipp

|iPrzMez

P

Dipp

(S.)-A-9S8 (S4)-A-91

Figure 5.9: Newman-like projection of the siladicarbenes A-9S and A-9I along the Si—C1 bond
axis to determine the absolute configuration of the axial isomers.

According to experimental VT-NMR spectroscopy, siladicarbenes A-9S and A-91 display stereo-

dynamics in solution, showing three different processes:

+ Symmetrization: At 203 K, the 'H-NMR spectrum of A-9S shows four septet signals for
the isopropyl groups of the Dipp substituents, as well as two septet and four doublet signals
for the isopropylic methine and methyl protons of the IiPr,Me, ligand, respectively. At the
coalescence temperature of 243 K, these signals merge to two septet signals for the Dipp
groups, and one septet and two doublet signals for the [iPr,Me, carbene. This cannot be ex-
plained by an individual process for each carbene (e.g. Si—C_ypene bond rotation), but rather
a local time-averaged Cs-symmetric structure is suggested above 243 K with an experimen-
tally derived barrier of AGpr = > 47.0(+2.1) kJ-mol~!. For A-9I, this process is observed
even at 203 K and could not be resolved, suggesting a lower barrier than in A-9S.

It is conceivable that the interconversion of the axial enantiomers (R,)-A-9I and (S,)-A-91

may proceed via a Cs-symmetric structure, in which both the Dipp group at the pyrami-
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dalized nitrogen atom and the IiPr,Me, ligand come into the (Si,C1,N1,N2) plane. This as-
sumption is supported by an NEB calculation which affords a nearly Cs-symmetric maximum
structure with a relative electronic energy of 53.3 kJ-mol~!, but three imaginary frequen-
cies of 60i, 47i and 29i cm~!. The presence of three imaginary frequencies indicates three
separate vibrations and thus no concerted symmetrization process due to a higher-order
transition state. However, a closer analysis of the vibration modes reveals that all their cor-
responding trajectories describe similarly the desymmetrization of the molecule by bending
the Dipp group at the N1 atom or the IiPr,Me, carbene ring out of the symmetry plane.
Despite several attempts, the separation of the imaginary frequencies via transition state
optimizations was not successful, and a well-defined transition state for the symmetrization
process could not be obtained. Similarly, only an estimate by the NEB method could be ob-
tained for the symmetrization of compound A-9S with approx. 60 kJ-mol~!. The slightly
higher energy compared to A-9I presumably results from the additional flip of the imida-
zolidine ring of the SIDipp ligand that is necessary to interconvert the axial enantiomers
(R,)-A-9S and (S,)-A-9S (c.f. Figure @).

« Si—(S)IDipp bond rotation: A rotation around the Si—(S)IDipp bond would be evident
from NMR spectroscopy by a merging of the remaining two septet signals for the Dipp
groups to only one signal. Such a process, however, was only observed for A-91I at a coales-
cence temperature of 313 K, but not for the Si—Cgp;p, bond in A-9S up to 373 K, and only a
lowest-limit free Gibbs energy AGpr of > 78 kJ-mol ™! could be estimated. In contrast, the
value for A-91 was obtained as Aszp =64.0(£3.6) kj-mol_l. To assess those values theoret-
ically, PES scans of the N2—C1—Si—C2 torsion angle from 0° to 180° with an increment of
10° were carried out for both siladicarbenes (Figure ). Almost symmetrical progressions
are obtained with expected maxima at torsion angles of 90° and relative energies of 99.4 and
77.6 kJ-mol ! for A-9S and A-91, respectively. Subsequent frequency calculations yield no
imaginary frequencies, thus showing that the found maxima points are intermediate points.
Further calculations to find transition states near the intermediate maximum points were
not successful. However, the calculated gas phase free Gibbs energies AG at level of theory
IT of 105.7 and 81.3 kJ-mol " for the intermediate points fit already reasonably well to the
experimentally obtained rotation barriers Aszp, and more importantly, they show that the

barrier for A-9S lies at higher energies than for A-91.

+ Si—IiPr,Me, bond rotation: The third dynamic process was found to be the rotation of the
[iPr,Me,carbene around the Si—C2 bond, setting in at temperatures above 323 K according
to NMR spectroscopy. The corresponding line shape analysis was carried out using VT-C-
NMR spectra due to a poor resolution of the region in question in the 'H-NMR spectrum
and yields an experimental AG*,, value of 80.8(+6) kJ-mol~! for compound A-9S. A re-
spective experimental barrier for the [iPr,Me, rotation in the siladicarbene A-9I was not

obtained.
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Figure 5.10: Potential energy surface scan of the N2—C1—Si—C2 torsion angle for the siladicar-
benes A-9S and A-91L.

Unfortunately, the rotation could not be studied by PES scans of the C1—Si—C2—N3 tor-
sional angle as this leads only to an artificial distortion of the molecule for both A-9S and
A-91. Instead, the rotation trajectory was modelled by the NEB method.

For A-9S, the NEB calculations successfully afforded one clear maximum point, which could
subsequently be optimized to obtain the transition state A-9S-TS (Figure ). It features a
coplanar orientation of both carbene rings and has only one imaginary frequency at 36i cm ™
whose vibrational trajectory correctly describes the rotation of the [iPr,Me, carbene out of
the C1—Si—C2 plane. The calculated relative energy at the level of theory I lies at 84.0 kJ-mol ~*
(90.7 kJ-mol ! at the level of theory II), and the relative Gibbs free energy in the gas phase
AG =78.1k]J-mol ™! (84.9 kJ-mol ! at the level of theory II) is nearly identical to the exper-

imental barrier of 80.8(%6) kJ-mol~! in solution.

In contrast, the NEB calculations for A-91 proved to be less insightful and no optimized tran-
sition state could be obtained. From an NEB calculation at the level of theory I, the energetic
barrier for the IiPr,Me, carbene rotation is crudely estimated to be 100 kJ-mol~*. This value
is slightly higher than the calculated barrier of rotation for compound A-9S, which is due to
its unoptimized character and the presumed slightly higher multiple bond character in the
Si—C2 bond in A-91 as discussed above.
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Figure 5.11: Optimized gas phase structure of the transition state A-9S-TS describing the
[iPr,Me, carbene rotation. Selected structural parameters: Sil—C1: 186.9 pm, Si—C2:
194.3 pm, C1—-Si—C2: 121.3°, NHC interplanar twist angle 7: 6.3".

Conceivable Conformers of Siladicarbenes A-9S and A-9I

The hetereoleptic siladicarbenes A-9S and A-91 feature a distinct structure with C;-symmetry with
one co-planar and one orthogonal NHC ligand relative to the C1—Si—C2 plane, as discussed above,
and a slightly pyramidal N1 nitrogen atom. The rigidness of this conformer was further studied
by calculating other conceivable conformers of the minimum structures, depicted in Scheme @
None of the higher-energy conformers appeared to be minimum structures, hence Gaussian03 !4/

ORCAA4-coupled structure optimizations with fixed molecular Cs-symmetry were carried out.

Dlpp DIDP D|pp 'Pr D|pp
<\ "<—- <\ N .....
& o te k J ,,,,, 5,4 %i
i
Dlpp pr Dlpp D'pp 'Pr .pr
A-9S (0.0) A-0Sc, (62.2) A-9S, (107.8) A-9S, (152.4)
A-91 (0.0) A-9l, (49.2) A-9l, (92.2) A-9l, (100.5)

Scheme 5.7: Lewis structures of various calculated conformers of the siladicarbenes A-9S and A-91
and their relative energies in kJ-mol~! at the level of theory II.

The symmetrization of the C;-symmetric minimum structures to molecular Cs-symmetry yields the
conformers A-9S¢, and A-9l¢,, which are 62.2 and 49.2 kJ-mol~! higher in energy than the min-
imum structures (at level of theory II). The analysis of their structural parameters, summarized
in Table @, shows a slight increase in the Si—C1 and Si—C2 bond lengths to 184.3 and 197.9 pm
(A-9S¢) and 184.4 and 197.7 pm (A-91¢,) as well as for the C1—Si—C2 bond angles to 112.2 and
111.8°. These changes are attributed to the increased sterical repulsion between the now closer-
aligned IiPr,Me, carbene and the flanking Dipp group of the (S)IDipp ligand. The slight energy
differences between A-9S¢; and A-9I¢ can be explained by the additional energy that is necessary

to planarize the SIDipp imidazoline backbone in A-9Sc.
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Of particular interest are the structures A-9S. and A-9I., where both carbenes are forced to be-
come perfectly coplanar, as evidenced by their interplanar twist angles of 0°. This also leads to a
considerable increase of the Si—Cl1 bond length and the C1—Si—C2 bond angle (A-9S.: 188.6 pm,
125.7°; A-91.: 189.6 pm, 124.6°), whereas the Si—C2 bond length is marginally decreased by less
than 1 pm.

The IBO analysis of the coplanar structures now yields three-centered 71(C1—Si—C2) orbitals with
significantly increased orbital coefficients on the C2 atom of 0.15 and 0.17 compared to 0.04 and
0.05 in the ground-state structures (Figure ). This is accompanied by a decrease of the C1
coefficient to 0.26 and 0.25, respectively, which weakens the Si—C1 bond and explains the bond
elongation together with the increased steric repulsion between the carbenes. However, as the
(S)IDipp carbene is a better 7t-acceptor than the IiPr,Me, carbene, the higher coefficient is still
found on the C1 atom. Also, the increased sterical repulsion between the carbenes is counteracted
by the C1—Si—C2 bond angle widening of ca. 25° (see Table @), which is unfavoured as this de-
creases the desired high s-character in the lone pair orbital at the silicon atom according to Bent’s
rule. As a result, the coplanar conformers A-9S, and A-9I. are energetically highly unfavoured

with +107.8 and +92.2 kJ-mol ! compared to their minimum structures.

(C1—Si—C2) m(C1—Si—C2)
0.48 (Si), 0.26 (C1), 0.15 (C2) 0.49 (Si), 0.25 (C1), 0.17 (C2)

Figure 5.12: 71(C1—Si—C2) IBOs of the coplanar conformers A-9S, (left) and A-91. (right) and their
Loewdin orbital populations.

The difference in the 7t-acceptor capabilities between the 1iPr,Me, and (S)IDipp carbenes can fur-
ther be assessed by calculating the inverse-planar structures A-9S; and A-91,,, where the [iPr,Me, lig-
and is coplanar to the C1—Si—C2 plane and the (S)IDipp ligand orthogonal. This arrangement
interchanges the observed Si—C1 and Si—C2 bond lengths (A-9S,: 193.6 pm, 184.4 pm; A-91,:
194.1 pm, 185.2 pm) and leads to a widening of the C1—Si—C2 bond angle to 115.7 and 116.4°, re-
spectively, but is associated with a large increase of energy (152.4 and 100.5 kJ-mol 1).
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Table 5.6: Selected bond lengths and angles in pm and degrees, respectively, of various calculated
conformers of the siladicarbenes A-9S and A-9I. 7 corresponds to the interplanar twist
angle between the two NHC central ring planes.

Si-C1  Si-C2  C1-Si-C2 T
A-9S 182.2 1959 98.9 94.6
A-9Sc, 1843 1979 112.2 90.0
A-9S. 188.6 195.7 125.7 0.0
A-9S, 193.6 184.4 115.7 90.0

A-91 183.8 1943 99.1 87.1
A9l 1844  196.7 111.8 90.0
A-9], 189.6  193.7 124.6 0.0
A-91, 1941 185.2 116.4 90.0

Reactivity of the Siladicarbene A-9S towards Lewis Acids

The nucleophilicity of the compound A-9S was assessed by its reaction with several main-group
and transition metal Lewis acids, and the monoadducts (SIDipp)Si(L)(IiPr;Me;) could be char-
acterized experimentally, where L = AlMe; (A-9S-AlMe;), AlMes,Br (A-9S-AlMes,Br), GeCl,
(A-9S-Ge), Fe(CO), (A-9S-Fe), CpCo(C,H,) (A-9S-Co) and CuCl (A-9S-Cu)."*% These were cal-
culated as well as the gas phase structures of two more adducts (L = BH; (A-9S-BH;) and AlH;
(A-9S-AlH3;)) without their experimental structure available.

The structural parameters of the Lewis acid-adducts, provided in Table @, show a good agreement
between the calculated and experimental sc-XRD structures, however, with larger differences of
several pm for the Si—C1 bond in A-9S-Fe, A-9S-Co and A-9S-Ge, and the Si—L bond for all com-
plexes. In all cases except for A-9S-Fe, a shorter Si—L bond in the solid-state structures is observed.
The elongation of donor-acceptor bonds in the gas phase is an effect which was already discussed
in a comparative solid state versus gas phase study of other Lewis acid-base adducts by G. Frenking
et al in the year 1994,122¢

Overall, the following structural trends are observed for the herein calculated adducts:

« The smaller Lewis acids coordinate the silicon atom out of the (C1Si1C2) plane, as evidenced
by (L—Si),(C1SiC2) bending angles of 44.2° (A-9S-AlH3;), 46.8° (A-9S-BH3), 55.0° (A-9S-Cu)
or 56.3° (A-9S-Ge), whereas larger adducts adopt an approximately trigonal-planar struc-
ture around the silicon atom with (L—Si)(C1SiC2) bending angles below 32°. In the for-
mer case, the silicon atom is considerably pyramidalized (X/(Si) = 321 to 334°), indicat-
ing the presence of an electron lone pair at the silicon atom with high s-character. On
the other hand, larger Lewis acids result in an approximately trigonal-planar environment
around the silicon atom (X/(Si) = 348 to 360°), which is counterintuitive as the HOMO

of A-9S contains the 7t(Si—C1) bond and favours the out-of-plane coordination in heavier
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tetreladicarbenes. ™82184) The adduct of A-9S with the smallest Lewis acid possible, a naked
proton (A-9S+H*, vide supra), features precisely such an orthogonal placement of the pro-
ton on the (C1SiC2) plane and a highly pyramidalized silicon atom (X/(Si) = 297.2°). This
further underlines the sterical hindrance of the Lewis acid as determining factor of the po-
sition. In fact, only one other example of a planar tetrelditetrylene Lewis acid-base complex
is known, which is the sterically crowded 9-borabicyclo[3.3.1]nonane (9-BBN) adduct of a

germadisilylene reported by M. Driess et al. in 2019.[22]

The Si—C1 bond lengths are quite similar for most adduct complexes compared to the parent
siladicarbene A-9S (182.2 pm), e.g. in A-9S-BH; (183.9 pm) or A-9S-Fe (183.1 pm). Interest-
ingly, the bond shortens in the cobalt adduct A-9S-Co to 179.1 pm (sc-XRD: 176.8(5) pm) and
is found to be the shortest Si—Cyyc bond to date according to a Cambridge Crystallographic
Data Centre (CCDC) search.

The C1—Si—C2 angle widens slightly for all adducts from 98.9° to 101.5 - 108.4°, presumably

to account for the increased sterical repulsion due to a third substituent at silicon.

The calculated energies and free Gibbs energies of adduct formation AF and AG reveal a
generally favoured reaction for all studied siladicarbene Lewis acid base pairs. The energies
range from —117.6 kJ-mol~! (A-9S-AlMe;) to —289 kJ-mol~* (A-9S-Cu) for AE and from
—49.3 kJ-mol~! (A-9S-AlMe;) to —233.8 kJ-mol ™! (A-9S-Cu).

Table 5.7: Selected structural parameters of the calculated and experimental Lewis acid adducts

A-9S-L of the siladicarbene A-9S as well as calculated energies AFE and free Gibbs en-
ergies AG of adduct formation. The atom labelling follows that of the siladicarbene
A-9S, L is defined as the coordinating atom of the Lewis acid. Bond lengths and angles
are given in pm and degrees, respectively, and energies in kJ-mol~!. 6 corresponds to
the bending angle between the Si—L bond and the (C1SiC2) plane.

Si-C1 Si-C2 Si-L C1-Si-C2 X Z(Si) 0 AE AG

A-9S-BH; 183.9 195.2 206.6 102.4 331.9 468 —161.3 —106.8
A-9S-AlH; 183.6 193.9 255.2 102.9 3340 442 —152.7 —95.9
A-9S-AlMe; 181.1 193.0 260.5 103.9 3558 162 —117.6 —49.3
A-9S-AlMeseyp 180.6(3) 192.8(3) 255.61(12) 104.64(12) 3565  15.1
A-9S-AlMes,Br 181.8 192.1 260.8 102.8 3562 151 —1554 —65.6
A-9S-AlMes;Br,, 180.0(5) 192.7(5)  256.8(2)  103.4(2)  357.3 129
A-9S-Ge 185.8 194.4 260.8 101.5 3210 563 —193.6 —128.2
A-9S-Geexp 189.2(4) 194.6(4) 252.08(12) 99.50(17)  309.8 65.4
A-9S-Fe 183.1 194.6 2373 108.4 3479 311 —280.0 —195.8
A-9S-Fecx, 179.4(3) 192.8(3) 233.00(9) 106.23(12)  352.6  23.6
A-9S-Co 179.1 194.1 218.0 103.6 360.0 1.7 —173.4 —93.5
A-95-Cocxp 176.8(5) 193.3(6) 220.08(18) 105.9(2)  359.4 6.5
A-9S-Cu 184.6 195.3 224.0 102.7 3246 550 —289.4 —233.8

A-95-Cueyp 183.8(3) 193.1(3)  222.39(8) 102.50(12)  330.4 49.6
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A-9S-Co A-95-Cu

Figure 5.13: Optimized gas phase structures of all Lewis acid adducts of the siladicarbene A-9S.
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HOMO [—3.24 eV] LUMO [—1.45eV]

Figure 5.14: Selected canonical MOs of A-9S-Cu and their energetic eigenvalues.

HOMO [—2.55 eV] LUMO [—1.33 eV]

Figure 5.15: Selected canonical MOs of A-9S-Co and their energetic eigenvalues.

The compounds A-9S-Cu and A-9S-Co were studied in more detail, and Figures and
depict their selected canonical MOs. The HOMO of the adduct A-9S-Cu prominently displays a
remaining electron lone pair at the silicon atom (41 %), which is slightly 7t-delocalized into the C1
(11 %) atom according to a Ldwdin population analysis. The LUMO is not silicon-centered but
shows the unoccupied 71*(N3—C2—N4) orbital of the IiPr,Me, carbene besides some Dipp aryl
orbital density.

The frontier orbitals of A-9S-Co display a pronounced 71(Si—Cl1) interaction in the HOMO, which
is responsible for the drastic bending of the SIDipp Dipp groups, and IiPr,Me, orbital density in
the LUMO.
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5.3. Reactivity with Azides: Access to (NHC)-stabilized
Siladiimides

Experimentally, compound A-9S reacts with two equivalents of the azide Ar™*Nj under loss of
the larger carbene SIDipp and dinitrogen to the NHC-stabilized siladiimide (IiPr,Me,)Si(NAr™e),
(A-10, Scheme @), which can further be reduced under NHC cleavage to the bis(amido)silylene
K, [Si(NArMe),] (A-11). However, the final oxidation of the dianion salt A-11 to the neutral, NHC-
free siladiimide Si(NAr™®), (A-12) was not successful so far and only resulted in an unselective

mixture according to in-situ "H-NMR spectroscopy.[lsc]

" IiPr2M82
i + 2 ArVesN
SIDIPP . __—liPr,Me, 3 .
Si —_— /SI\
” — 2Ny, —SIDipp  AMeSN®T TTNArMes
A-9S A-10
+ 2 KCg,
-16 C,
— “PrzMeZ
K-
M AR Mes
. /Ar e oxidation : NAr
/ " E \NArMeS
ArMes K -
A-12 A-11

Scheme 5.8: Reaction sequence from the siladicarbene A-9S to the hypothetical NHC-free siladi-
imide A-12 via the experimentally accessible NHC-stabilized siladiimide A-10 and
bis(amido)silylene A-11.

The literature search reveals that siladiimides are a less known class of compounds. C. Thomson
and C. Glidewell calculated in 1983 the relative stabilities of the isomers of CH,N, and SiH,N,.[22!l
Their calculations of HNSiNH at the HF/3—21G level of theory afforded a linear N=Si=N moiety,
which is planar and has a trans-arrangement of the NH group (Cj;, symmetry). When they re-
calculated the structure with the semi-empirical MNDO method, a C,,-symmetric structure with
an N—Si—N angle of only 117° was obtained. In the year 1987, the group of R. West could con-
firm the existence of free Si(NSiMe;), by UV/vis spectroscopy and trapping experiments in a

(2221 Shortly after, M. S. Gordon et al. reported the molecular and elec-

low-temperature matrix.
tronic structure of siladiimides and other allenic X=Y=X compounds and also obtained a Cj,-
symmetric structure at the HF/6—31G(d) level of theory. However, when electron correlation

treatment via the MP2 method is included, a Cs-symmetric structure with a non-linear N=Si=N
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moiety (156.9°) and non-coplanar hydrogen atoms (HNNH torsion angle = —89°) was obtained,

(2231 A combined matrix-

lying ca. 8 kJ-mol~! lower in energy than the C,-symmetric conformer.
spectroscopic and DFT study of the [H,SiN,] system by G. Maier et al in the year 2006 found
the siladiimide approximately 52 kJ-mol~! higher in energy than the silylene-nitrogen complex
[H,Si-N,].1224) Advanced CCSD(T)/aug-cc-pV(T+d)Z calculations by D. A. Dixon et al yield a
C,-symmetric structure with a non-linear N—Si—N unit (the exact value was not specified) and
a HNNH torsion angle of —83°.22%) Several cyclic siladiimides Si(N(CH,),N) (n = 2 to 9) were
studied by R. Damrauer in the year 2015, with the focus lying on the transition state search be-

(226] Finally, the group of C.-W. So achieved the isolation of the room-

tween torsional conformers.
temperature stable, NHC-stabilized siladiimide (IDipp)Si(NDipp), (A-XVI) in the year 2016,2”!
being very similar to compound A-10.

The calculated structure of A-10 is very close to that obtained by sc-XRD analysis and features
a trigonal planar silicon atom (X Z(Si) = 360°) and a IiPr,Me, ligand that is tilted with respect
to the (NSiCnucN) plane as evidenced by the (IiPr,Me;),(N1SiCypcN2) interplanar twist angle of
31.5°. Compared to the calculated structure of compound A-XVI (60.3°), the smaller IiPr,Me, lig-
and is significantly more coplanarly oriented in the present compound A-10, which suggests some
degree of multiple bond character for the Si—Cypc bond. This is further underlined by the short-
ened Si—Cip;,me, bond (191.9 pm) compared to the siladicarbenes A-9S and A-91 with 195.9 and
194.3 pm, which is, however, identical to that of compound A-X VI (192.0 pm). The NHC-stabilized
siladiimide A-10 shows a bent N—Si—N core, revealed by both theory (132.1°) and sc-XRD exper-
iment (129.7(1)°), which is slightly narrower than in A-XVI (148.4°) that employs the larger Dipp
groups at the carbene and imide substituents. The short Si—N bond lengths of 159.7 pm lie in be-
tween the sum of Pyykké double (167 pm) and triple (156 pm) bond radii®?2 and suggest multiple
bond character within the siladiimide unit, which could be confirmed by a subsequent MO analy-
sis (vide infra). Noteworthy, compound A-10 adopts an anticlinal C1—N1—N2—C2 conformation
(—149.0°) of the imide groups in contrast to A-XVI (—17.1°).

Figure 5.16: Calculated gas phase structure of the [iPr, Me,-stabilized siladiimide A-10.
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Table 5.8: Selected bond parameters of the calculated and experimental sc-XRD structures of
NHC-stabilized siladiimides A-10 as well as of A-XVI from ref. []. Mean bond
lengths and angles are given in pm and degrees, respectively, and 7 corresponds to
the (NHC),(N1SiCnpcN2) interplanar twist angle between the central NHC ring and

(N1SiCypcN2) planes.
Si—Cype  SieN N-C  NI1—-Si—N2 CI-N1-N2-C2  Z/(Si) T
A-10 191.8 159.7 135.5 132.1 —149.0 360.0 31.5
A-10exp 191.3(2)  159.1(2) 136.5(2) 129.7(1) —157.6(3) 360.0(1) 32.3(1)
A-XVI? 192.0 160.6 137.9 148.4 —17.1 359.8 60.3
A-XVlexp 188.9(6) 159.3(1) 138.2(7) 147.6(2) 25.9(6) 360.0(2) 58.8(2)

a) at the B3PW91/6-31G* level of theory.

The inspection of the molecular orbitals of A-10 (Figure ) reveals a weak 77, (Si—Cpnpc) bond
interaction (HOMO —14) with only small orbital lobes at silicon, a 7To,(N—Si—N) bond (HOMO—13)
and several MOs with lone pair density at the imide nitrogen atoms (HOMO—2, HOMO—1, HOMO).

HOMO—1[—4.23 eV] HOMO [—3.98 eV] LUMO [—2.07 eV]

Figure 5.17: Selected canonical MOs of the [iPr, Me,-stabilized siladiimide A-10 and their energetic
eigenvalues.

Further insight into the electronic structure of compound A-10 is provided by an IBO analysis that
reveals three o-type IBOs and four nitrogen lone pair orbitals for the core unit (Figure ). The
0(Si—Cync), 0(Si—N1) and o(Si—N2) IBOs are polarized towards the more electronegative car-
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bon (58 %) and nitrogen atoms (58 %), respectively, with Loewdin orbital populations at the silicon
atom of ca. 35 %. The two electron lone pairs on each nitrogen atom are found to be delocalized
towards the silicon atom (16 to 19 %), establishing weak 71(Si—N) bonding interactions. Notably,
no 7t(Si—Cyyc)-type interaction was found in the IBOs, underlining that the Si—C interaction of
HOMO—14 is rather weak.

As a conclusion, it is suggested that the bond situation in A-10 can be described by the two res-
onance formulas A-10-a and A-10-b (Scheme @), that were also proposed by C.-W. So et al. in
their study of compound A-XVI,2?”! and can be summarized by the general Lewis formula A-10-c
with a 3-center-4-electron hyperbond. A more quantitative consideration of the resonance hybrid
in terms of a NRT calculation was attempted, however both a full NRT calculation and one with a

local NRT atom subset failed due to technical problems.

® iiPrzMe2 @ liPr,Me, @ liPr,Me,
Si_ © - © _Si — Si
AMes N N prMes AMEs NS N A AMES- N S N A
A-10-a A-10-b A-10-c

Scheme 5.9: Most dominant Lewis structures of the NHC-stabilized siladiimide A-10.

The bond dissociation energy of the IiPr,Me, carbene in A-10 was calculated to cost 250 kJ-mol*,

and, when considering the entropic contribution, the bond dissociation free Gibbs energy amounts

onlyto 158 kJ-mol~! and is thus only slightly higher than in the siladicarbenes (A-9S:134.5 kJ-mol~*,
A-9I: 118.6 kJ-mol!). Both the carbene and the siladiimide fragments have a singlet ground state

with large singlet-triplet gap energies AF_,, = 365.1 and 103.9 kJ-mol !, respectively, but differ-

ent structural relaxation energies (SRE) of only —15 kJ-mol ! for IiPr,Me, and —99.7 kJ-mol ! for

the Si(NAr™®), fragment. The large value of the latter indicates that the structure of the free siladi-

imide differs significantly from that of the NHC-stabilized compound A-10.

The bond dissociation of one NAr™e
422.7 kJ-mol~!, BDG = 306.8 kJ-mol ') and yields the (IiPr,Me,)Si(NAr™*) and NArM®fragments

in their singlet and triplet ground state, respectively. Although the structure optimization of the
Mes

group (one Si—N bond) lies much higher in energy (BDE =

latter in the singlet state shows an activation of the adjacent C,q,, atom of the central Ar** phenyl
ring by the nitrogen atom to an azirine, by which the singlet state is artifically lowered in energy,
the triplet state is still favoured by 21.7 kJ-mol~!over the singlet state of the bond-activated frag-

ment.
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0(Si—Cnuc) o(Si—N1) o(Si—N2)
0.33 (Si), 0.58 (Cnuc) 0.35 (Si), 0.58 (N1) 0.36 (Si), 0.58 (N2)

LP;,(N1) LPy,,(N1)
0.16 (i), 0.70 (N1) 0.18 (i), 0.64 (N1)

LP;,(N2) LPq,,(N2)
0.16 (i), 0.66 (N2) 0.19 (i), 0.68 (N2)

Figure 5.18: Selected IBOs of the IiPr,Me, stabilized siladiimide A-10 and their atomic Loewdin
orbital populations.



84 A.5 Siladicarbene and Siladiimide Compounds

Table 5.9: Level of theory Il-calculated bond cleavage (BCE) and bond dissociation energies
(BDE) for the Si—Cip;,me, and Si—N cleavages. Energies in kj-mol_l, entropies in
J-K~t-mol™!, s = singlet, t = triplet multiplicity.

BCE BDE (parent — IiPr,Me,+ Si(NAr¥e),)
AFE mult AE AU AH AS AG
[iPr,Me,cleavage 365.6 (s) (s—s,s) 250.5 229.1 231.6 246.7 158.0
BDE (parent — (IiPr,Me,)Si(NAr™®) + NArM®)

635.5 (s)

6202 (¢) (s—s,t) 422.7 400.1 4025 3211 306.8

NArMecleavage




6. CAAC-stabilized Heavier

Ditetrelynes and Ditetrelenylidenes

6.1. Introduction

The empirically found double bond rule?2%232

was valid until about the year 1980 and stated the in-
ability of elements of the third and higher periods to form multiple bonds. In low-valent group 14
tetrel  chemistry, famous  rule  breakers  comprise the isolable  distannene
(TMS,CH),Sn=Sn(CHTMS,), (A-XVII) by M. F. Lappert et al in 197323 (the proof for the
dimeric solid state structure followed in 1976),24 the silene (TMS),Si=C(OTMS) (1-Ad)
(A-XVIII) 23 by A. G. Brook et al. and the disilene (Mes),Si=Si(Mes),) (A-XIX) by R. West et
al. in the year 1981 (Scheme @).[236’ 251 These compounds feature a E=E double bond (E being a
tetrel atom) and are followed by myriads of derivatives and analogues, also for group 13 and group
16 elements. 23]

Noteworthy, M. F. Lappert et al. also succeeded in the isolation of the first heavier tetrel transition
metal double bond in form of the chromium stannylidene complex [Cr(CO);Sn(CH(TMS);),] al-

ready in 1974,23% which also violates the double bond rule.

(TMS),HC CH(TMS), TMS OTMS Mes Mes
Sn=Sn Si—
\
(TMS),HC CH(TMS), T™MS

A-XVII A-XVIII A-XIX

Scheme 6.1: The first literature-reported heavier ditetrelenes with an E=E double bond.
TMS = Si(CHj3);; 1-Ad = 1-adamantyl; Mes = mesityl = 1,3,5-trimethylphenyl.

The progress in the developement of new, sterically highly demanding substituents even facili-
tated the isolation of heavier homologues of alkynes with the general formula REER, and the first
representatives of disilynes (A-XX and A-XXI),2¢242) digermynes (A-XXIIGe),?*! distannynes
(A-XXIISn)"2* and diplumbynes (A-XXIIPb)2%) were reported in the last 25 years. In contrast
to the linear, triply bonded carbon congener, the heavier alkynes feature a trans-bent R—E—E—R

246

arrangement and bond orders lower than three,24¢ as the lone pair character on the tetrel increases

with increasing size of the tetrel atom (Scheme ).
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Dipp Dipp ArTiep
Ar Ar
o R ® Y4 . |
/SI:SI E—E > E—E Pb—Pbh,
R /0 /® . .
ArPipp ArPipp | )
ArTnpp
A-XX: R = Si(Me)(Si(tBu)z), A-XXlIGe: E = Ge A-XXIIPb

A-XXI: R = Si(iPr)(CH(TMS),), A-XXIISn: E = Sn

Scheme 6.2: The first literature-reported heavier ditetrelynes REER. Note that the multiple bond
character decreases from Si to Pb whereas the lone pair character increases. ArP'PP
= 2,6-(Dipp),-phenyl; Dipp = 2,6-diisopropylphenyl; Ar'™*P = 2 6-(Tripp),-phenyl;
Tripp = 2,4,6-triisopropylphenyl.

Up to the present day, several examples of isolable ditetrelynes followed!?*¥! and found application
in bond activation and catalysis.?*’! However, mixed heavier alkynes REE'R are still scarce. Due to

(248] only a few mixed ditetrelynes could be isolated

their strong tendency to dimerize and isomerize,
by stabilizing the tetrel atoms with an additional donor ligand. These are reported by the group of
T. Kato (A-XXIIl and A-XXIV, Scheme .3),2% 25 or by our group with the SIDipp-supported
chlorogermasilyne (SIDipp)Si(Cl)GeAr™ (A-5) already discussed in this thesis (see chapter A.3).
Furthermore, three examples by A. Singh (ArPPPSnSi(L)ArM®) with L = 4-dmap (A-XXV), IMe,
(A-XXVI) and CNMes (A-XXVII)2Y and one by S. Kumar (A-XXVIII) "% from our group have
been synthesized recently (Scheme @ IMe, = C[N(Me)C(Me)],). Notable is also a report of a
base-free stannagermyne, Ar2PPSn=GeAr " (A-XXIX), by D. Hoffmann from our group,2°?

which was fully characterized. However, the same ArP'PP substituents at each tetrel lead to a 50/50

exchange of the atom sites in the X-ray diffraction solution and impede the interpretation.

Dlpp D'DD —‘ *
B(Ar) I~ )
BAOT gipinn
@ N|Pr2 @/@ .
s|=c—P i NiPr Si=Ge
. @/ .
E’ cl ArMes
tBuN NtBu tBuN l_\ltBu
Si Si
Mez MeZ
A-XXIII A-XXIV A-5
ArDiPp L IDipp ® ArDiPp
© / \ ©.
Sn=si S|=SQ Ge=6n
‘A rMes Br Tbb ArDiep
A-XXV: L = 4-dmap
A-XXVI: L = CNMes A-XXVIII A-XXIX

A-XXVII: L = IMey

Scheme 6.3: Reported isolated mixed ditetrelynes with and without stabilization of the tetrel cen-
tre with a Lewis base. 4-dmap = 4-dimethylaminopyridine; IMe, = C[N(Me)C(Me)],.
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One of the challenging isomerization reactions of the heavier ditetrelynes REER is their intramolec-
ular rearrangement to heavier vinylidenes EER,. High-level ab-initio calculations on the hyper-
surface of the parent carbon vinylidene H,C=C reveal that the rearrangement to the linear alkyne
HC=CH is strongly favoured by ca. 180 kJ-mol~! with a barrier of only 19 kJ-mol~!.[253.254 [ con-
trast, the most favoured isomer of the heavier E,H, systems (E = Si to Pb) is the hydrogen-dibridged
structure A-XXX-a, with the heavier vinylidenes A-XXX-c lying 64 (Si) to 113 (Pb) k]-mol~* higher
in energy (Figure El]). If the size of the substituents at the heavier tetrel centre is increased, the
doubly-bridged isomers A-XXX-a are omitted and the heavier vinylidenes A-XXX-c become the
ground state isomers. This is present for example in the case of Si;Me,, where the disilavinylidene
Si=SiMe, is favoured over the trans-bent dimethyldisilyne MeSi=SiMe by 51 kJ-mol ! according
to calculations by H. F. Schaefer III et al. 253 25¢] S Nagase et al. concluded in their theoretical study
in the year 1997 that large silyl substituents like Si(tBu); or Si(2,6-Et,C¢Hj3); in fact yield the dis-

ilyne as ground state structure, favoured over the disilavinylidene isomer by 41 and 50 kJ-mol*,

respectively. 2>
/H
H H H /
y\s\-_: /\ _H E—E E—E H—E—E—H
E—E E—E \ /
H
A-XXX-a A-XXX-b A-XXX-C A-XXX-d A-XXX-€
E=Si 0 41.4 64.0 83.3 173.7
E=Ge 0 45.6 69.1 93.3 233.1
E=5Sn 0 56.9 80.8 105.9 270.4
E=Pb 0 71.2 113.4 129.8 387.2

Figure 6.1: Relative energies in kJ-mol ! for various isomers of the system HEEH (E = Si to Pb) by
G. Frenking et al at the BP86/QZA4P level of theory.2>8 The lines between the atoms

only represent the connectivity and not 2c-2e~ bonds. Similar results are obtained by

other studies, 255262

With these considerations in mind, both suitable substituents and a proper synthetic route are key
for the isolation of heavier vinylidenes, which was first realized by the group of D. Scheschkewitz in
the year 2013 with the IiPr,Me,-stabilized silagermenylidene (Tripp),SiGe(IiPr;Me;)
(A-XXXI, Scheme F.4),2d
((Tripp),CISi)(Tripp)SiGe(IiPr,Me;) (A-XXXII), one year later. 264 Remarkably, in the year 2016
the group of S. Aldridge reported the first naked digermavinylidene A-XXXIII, where the ter-

[265

followed by another silyl-substituted derivative,

minal germanium atom is only stabilized by weak arene-Ge 7t interactions.’?%3 One year before,

the group of A. C. Filippou succeeded in the isolation of the first NHC-supported disilavinyli-
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dene (Z)-(SIDipp)SiSi(Br)Tbb (A-XXXIV), and its fruitful reactivity has since been thoroughly

investigated. 266268

I Another NHC-stabilized disilavinylidene was reported by the group of
T. Iwamoto in 2021 (A-XXXVII),’2%% and the phosphine-stabilized digermavinylidene A-XXXV

and germasilenylidene A-XXXVI were obtained by L. Wesemann et al. in the years 2019 and 2021,

respectively, 274 271
iPr
: N/w
® iPr! \ N ©
liPr,Me, R . B— N\ SIDipp Br
2o L/ Dipp \ ©
: \ \ _Dipp ' \
Tripp : B—NnN Tbb
LiPr /
<L N
/ Z
iPr
A-XXXI: R = Tripp A-XXXII A-XXXIV
A-XXXII: R = SIiCITripp, ) -
Ar A
® C)
Ph,P ItBu
\o ©
_.E=Ge SI=Si
ArTripp
Ar Ar
A-XXXV: E =Ge A-XXXVII

A-XXXVI: E = Si

Scheme 6.4: Literature-known isolated heavier vinylidenes. I1tBu = C[N(tBu)CH],, Ar = 3,5-
(tBu)2-4-OMe-C6H2.

The common feature of these heavier vinylidenes (except for A-XXXIII) is the stabilization of the
terminal, one-coordinated tetrel atom by either phosphanes or N-heterocyclic carbenes. However,
there are no reports of the use of cyclic alkyl amino carbenes (CAACs) to support heavier vinyli-
denes. This class of ligands was introduced by the group of G. Bertrand in the year 2005:22 By
replacing one of the amino groups of an NHC by an electron-pushing alkyl group, the carbene car-
bon atom becomes even more electron rich and the energy of the HOMO increases. In contrast, the
energy of the LUMO decreases due to the absence of the second 7-donating amino group. Thus,
the overall HOMO-LUMO gap decreases, transforming the NHC into an even stronger 0-donating

273

and 7r-accepting ligand.’?”¥ To date, CAAC ligands could be successfully employed for the activa-

tion of small molecules like CO, H,, NH; and P,,"2% 273273 for the stabilization of highly reactive

main-group and transition metal species, 2% 274 273

and for the activation of enthalpically strong
bonds like B—H, C—H and Si—H."?’%) This general applicability and the electronic properties of
CAAG:s illustrate the potential of this class of ligands for the stabilisation of heavier vinylidenes

and tayloring of their electronic structure compared to similar NHC analogues.
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6.2. CAACMe_stabilized Disilicon(l)-dihalide
(CAAcme)QSizBrz (A—13Br)

Experimental work by F. Gstrein from the group of A. C. Filippou reveals that the 3e™ reduction
of (CAACM®)SiBr, or the le™ reduction of (CAACM®)SiBr,, respectively, leads to the CAACMe-
stabilized  disilicon(I)-dibromide = (CAACM¢),Si,Br,  (A-13Br, see  Scheme @,
CAACM® = C[N(Dipp)C(Me),CH,C(Me),)).

Moo 6 KCg, — 6 KBr, — 48 C
2 (CAACM®)SiBr,

2 KCg — 2 KBr,— 16 C

2 (CAACM®)siBr,

A-13Br

Scheme 6.5: Synthesis of the CAACM¢-stabilized disilicon(I)-dihalide A-13Br by F. Gstrein. 24

The calculated structure depicted in Figure 6.2 agrees well with the sc-XRD structure (A-13Brey,)
and features two trigonal-pyramidally coordinated silicon atoms (X/(Si) = 327.4°, Table @), in-
dicating the presence of a stereoactive free electron lone pair at each Si atom, as also evidenced
by the HOMO—1 and HOMO (Figure @). The CAACMe substituents are trans-oriented to each
other (C1—Si—Si'—C1’ = 170.6°) and gauche-oriented with respect to the C1—Si—Si’—C1’ plane (in-
terplanar (CAAC),(C1SiSi'Cl’) angle 7 = 52.0°). The Si—Si’ bond length of 236.0 pm is close to that

139 and in the range of typical Si—Si single bonds. The Si—ClI bond of

of «-silicon (235.2 pm)[
185.6 pm is comparably short for a Si—C_,pene bond and indicates partial multiple bond charac-
ter (which can also be seen in the HOMO of A-13Br). This is in contrast to the NHC-stabilized
analogue (IDipp),Si,Br, (A-13BrH€) reported in the year 2015 by our group with 193.8 pm and
304.4° for the Si—Cl1 bond and the sum of angles at the silicon atom, respectively.?””! Further-
more, compound A-13Br fits in well with other dimeric CAACM¢-stabilized disilicon(I) derivatives
(CAACM¢),Si,R, that were previously reported by other groups (R = C1,[278) 1 1202 J [279] e (280

Ph[zsﬂ).

Table 6.1: Selected structural parameters of calculated and experimental Si(I)bromide dimers. Bond
lengths are given in pm, angles in degrees. 7 corresponds to the interplanar twist angle
between the azolidine ring of the CAACM® ligand and the (C1SiSi'C1’) plane.

Si-Si’ Si—-C1 Si-Br  C1-Si-Si’ C1-Si-Si'—-Cl’ X Z(Si) T
A-13Br 236.0 185.6 233.6 105.7 170.6 327.4 52.0
A-13Br,, 234.1(2) 184.4(4) 229.5(2) 106.7(2) 169.5(2) 326.9(4) 51.3(3)
A-13Br™MHC 2413 193.8 240.6 97.6 160.9 304.4 56.8
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A-13Br HOMO-—1[—4.15eV] HOMO [—3.76 eV]

Figure 6.2: Optimized gas phase structure of A-13Br and selected canonical orbitals with their en-
ergetic eigenvalues.

Noteworthy though, experimental 'H-NMR spectra of compound A-13Br reveal an averaged Cgs-
symmetry in solution, which can be frozen out at 223 K. The stereodynamic process was studied
theoretically by R. Fleischer in the context of a bachelor thesis and rationalized as a fast enan-
tiomerization of the two silicon centres via two narcissistic enantiomeric reaction pathways.[zgz]
The therein calculated barrier for the inversion of one silicon centre of 39.7 kJ-mol " fits well to
the experimentally determined value of 55.3(4-3.4) kJ-mol ! of a full line shape analysis of recorded

VT-'H-NMR spectra. For a more detailed discussion, see ref [276].

6.3. Metathesis reaction to the CAACMe_stabilized
Germasilyne (CAACMe)Si(Br)GeTbb

Experimental work by P. Palui from the group of A. C. Filippou shows that compound A-13Br
reacts with the digermyne TbbGeGeTbb at 90 °C, affording directly the CAACM¢-stabilized ger-
masilyne (CAACM¢)Si(Br)GeTbb (A-14, Scheme @, Tbb = 2,6-[CH(SiMes),],-4-tBu-C¢H,). This
represents the first example of a metathesis reaction between a heavier ditetrelyne and a low-valent
silicon compound, which is intriguing, as the selective cleavage of the E=E triple bond of heav-
ier ditetrelynes could only be achieved so far by reaction with dihydrogen, alkenes, alkynes or

283,284 The CAACM® ligand is essential here, as the analogous reac-

transition metal complexes.!
tions of the NHC-derivatives A-13X"H¢ with TbbSiSiTbb and TbbGeGeTbb were unsuccessful
due to thermal decomposition of A-13XNC, Notably, the value of the CAACM® carbene was al-
ready underlined before by the remarkable ene-yne cross metathesis reaction of the compound
(CAACM®)B(X)B(X)(CAACMe) with acetylene (X = H, CN), reported by H. Braunschweig et al. re-

cently in 2021.[283
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AN toluene, 90 °C
+ GeEGe\ —_—> 2

Tbb

A-13Br A-14

Scheme 6.6: Synthesis of the CAACM¢-stabilized germasilyne A-14 via main group metathesis re-
action by P. Palui.28¢

First insight into the reaction mechanism leading to compound A-14 is obtained by experimen-
tal kinetic studies.! They reveal a reaction of pseudo first order regarding A-13Br (experimentally
determined reaction order: 0.99+0.21) and a reaction of fractional order for the digermyne Tb-
bGeGeTbb (0.4340.03), suggesting a radical pathway via a thermally induced dissociation of the
digermyne into TbbGe- radicals (Scheme @) As expected, such an initiation step is calculated
to be highly energetically unfavoured (AE = +227.1 kJ-mol~!), but is compensated by the propa-
gation and termination steps. The chain propagation can proceed via the activation of the dimer
(CAACM<SiBr), by a germylidyne fragment TbbGe- (—49.4 kJ-mol™!), or via the activation of the
digermyne (TbbGe), by a previously generated (CAACM®)SiBr- radical (—20.9 kJ-mol~!). In con-
trast to the slightly negative reaction energies for the propagation, all termination steps, i.e. the
recombination of the in situ formed radical species, are highly preferred with A E values between
—248.0 and —198.6 kJ-mol~!. Overall, the reaction of Scheme @ is calculated to be thermody-

namically favoured with —70.3 kJ-mol 1.

Notably, the cleavage of the digermyne is also observed with the Si(Il) precursor (CAACM¢)SiBr,
and leads to the formation of the germasilyne A-14 and half an equivalent of the digermene Tb-
bGe(Br)Ge(Br)Tbb. A more atom-economic approach was found by the step-wise process given
in Scheme @: The reaction between (CAACM¢)SiBr, and the digermene TbbGe(Br)Ge(Br)Tbb
affords the silicon-germanium adduct (CAACM¢)SiBr,GeBrTbb A-15, which can then be reduced
with potassium graphite to obtain again compound A-14.

The calculated structure of A-15 (Figure @ left) can reproduce the sc-XRD structure A-15.4, well
and features a long Si—Cl1 single bond (198.3 pm) at the distorted tetrahedral silicon atom. The
structural parameters given in Table 6.2 also reveal a pyramidalized germanium centre with a sum
of angles of 318.2° that indicates an electron lone pair, which can be found in the HOMO. The
LUMO has mainly antibonding 7t%(C1—N) character.

After the report of the first NHC-stabilized germasilyne (SIDipp)Si(Cl)GeAr™* (A-5) by our group
in 2021 (see chapter A.3), compound A-14 represents the first CAAC-supported analogue. Its
gas phase structure, depicted in Figure @ left, was calculated starting from the sc-XRD struc-

ture A-14., and selected bonding parameters are summarized in Table @, together with those

IF. Gstrein, personal communication.
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a) Initiation AE
(TbbGe), —A> 2 TbbGes +227.1

b) Propagation
ThbGes + (CAACMeSIBI), ————> (CAACM®)SiBrGeTbb + (CAACM®)SiBre -49.4
(CAACMe)siBre + (TbbGe),  ——— > (CAACM®)SiBrGeTbb + TbbGes -20.9

¢) Termination

2 (CAAC®)siBre ———> (CAACMesiBr), ~198.6
2 TbhbGe- ——» (TbbGe), 2271
(CAACM®)siBre + TbbGes  ————> (CAACM®)SiBrGeTbb ~248.0
(CAACMesiBr), + (TbbGe), ————— 2 (CAACM®)SiBrGeTbb ~70.3

Scheme 6.7: Proposed radical pathway of the metathesis reaction and calculated reaction energies
AF for each reaction step.

Tbb Br : 2 KCsg,

® H
/ benzene, rt.  caacMe G_ee benzene, r.t.
(CAACM®)siBr, + 0.5  Ge=Ge —_— N Ny
/ \ 73 —2KBr,-16C
Br Tbb Br™ =
Br
A-15 A-14

A-15 HOMO—1[—4.37 eV] LUMO [—3.27 eV]

Figure 6.3: Optimized gas phase structure of A-15 and selected canonical orbitals with their ener-
getic eigenvalues.
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Table 6.2: Selected bonding parameters of the calculated gas phase and experimental sc-XRD struc-
tures of A-15. Bond lengths are given in pm, angles in degrees. 7 corresponds to
the interplanar twist angle between the azolidine ring of the CAACM®-ligand and the
(C1SiGe'CY) plane.

Si—Cl1 Si-Ge Ge-Br Ge-C2 C1-Si-Ge X/(Ge) T
A-15 198.3 247.6 247.9 203.4 110.1 318.2 67.8
A-15exp 197.2(8) 247.4(2) 244.47(12) 201.0(7) 111.8(2) 314.3(5) 67.7(3)

of the calculated NHC-supported germasilynes (SIDipp)Si(Br)GeTbb (Figure @ right) and A-5
for comparison. The structure of A-14, which agrees well with that of A-14.,,, features a nearly
trigonal-planar silicon atom (£/ = 358.6°) and a bent, two-coordinate germanium atom. For the
latter, the Si—Ge—C2 angle of 102.4° indicates the presence of a stereoactive electron lone pair at
Ge, which is located in the HOMO—1 (Figure @) and was already seen for A-5. In fact, the NHC
analogues A-14™H¢ and A-5 show similar structures to A-14 with comparable sums of angles at the
silicon atom of 359.7 and 359.8°, respectively. Furthermore, the ligating carbenes are coplanar to
the reactive core of the molecules, as indicated by (CAACM¢),(C1SiXGeC2) interplanar twist angles
close to zero (A-14: 16.9°, A-14VHC: 9 6°, A-5: 5.7°). This orientation allows the delocalization of
the 71(Si—Ge) orbital into the antibonding 71*(C—N) orbital (7*(N—C—N’) for A-14YHC and A-5)
and can be found in the HOMO of A-14. As CAAC ligands are better 7t-acceptors than NHCs,
the 7t(Si—C1) character is expected to be stronger, which is reflected in the shorter Si—Cl1 bond of
184.3 pm in contrast to 188.2 and 187.0 pm for A-14YHC and A-5, respectively. As a consequence,
the 71(Si—Ge) character decreases and thus the Si—Ge bond length increases (235.0 pm for A-14,
but only 231.6 and 231.1 pm for A-14NC and A-5, respectively). This further agrees well with the
Loewdin orbital populations of the HOMO, which has a slightly higher share on the C1 atom for
A-14 (0.11) in contrast to A-14VH€ (0.07). The coefficents on Si (0.37, 0.42) and Ge (0.16, 0.21) are
similar.

A local NRT analysis of compound A-14 affords the Si=Ge doubly-bonded resonance structure
A-14-a to be the most dominant one (46 %, Scheme @) However, the resonance structure A-14-b
with a Si=C double bond has a similar NRT weight of 39 %, which underlines the high 7t-accepting
capabilities of the CAACM® ligand. In contrast, the corresponding resonance structures A-5-a
(51 %) and A-5-b (31 %) of the SIDipp-supported germasilyne A-5 show a larger difference and
a smaller absolute value of the latter Lewis structure (cf. @) Accordingly, the calculated total
NRT bond orders for the Si—Cl1 and Si—Ge bonds of 1.4 and 1.5, respectively, reflect the very sim-
ilar multiple-bond character in these bonds (Table E‘l). Additionally, the Wiberg bond indices for
the Si—Cl1 and Si—Ge bonds of 1.1 and 1.3 are significantly higher than those of the Si—Br (0.8)
and Ge—C2 (0.8) bonds, which are expected to be typical single bonds.

The detailed NBO analysis on the most dominant resonance structure A-14-a reveals high occu-
pations above 1.85 e~ for all NBOs expect for the 71(Si—Ge) bond (1.39 e~). This underlines the

presence of the resonance structure A-14-b, just like the considerable occupation of 0.63 e~ of the
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A-14 A-14nmC

Figure 6.4: Optimized gas phase structures of the CAACM®- or SIDipp-stabilized germasilynes A-

14 and A-14NHC,

Table 6.3: Selected bond parameters of the calculated and experimental CAACM¢-stabilized ger-

masilynes A-14 and A-14.y, as well as the NHC-stabilized germasilynes A-14"1¢ and
A-5. Bond lengths are given in pm and angles in degrees. 7 and ¢ describe the inter-
planar twist angles between the CAACM® azolidine or SIDipp-imidazoline rings and the
(C1SiGeC2) plane, and between the central Tbb phenyl ring and the (C1SiGeC2) plane,
respectively.

Si-C1 Si-Ge  Ge-C2 Si-X  Si-Ge-C2
A-14 184.3 235.0 203.4 231.1 102.4
A-14y, 182.9(4) 232.7(2) 200.8(4) 227.5(2) 100.6(2)
A-14NHC 188.2 231.6 203.9 229.7 101.4
A-5 187.0 231.1 204.6 212.0 97.6
C1-Si-Ge-C2 X /(E) T )
A-14 —169.0 358.6 16.9 86.4
A-14, —175.2(2)  359.9(4) 11.9(2)  82.8(2)
A-14NHC —176.3 359.7 2.9 82.3
A-5 —177.1 359.8 5.7 88.5

7%(C1—N) NBO, caused by the 71(Si—Ge)— 71*(C1—N) delocalization. Typical bond polarizations
are found for the Si—Br (27 % Si), Si—C1 (25 % Si) and Ge—C2 (28 %) NBOs according to elec-
tronegativity trends. Notably, both the (Si—Ge) and 7(Si—Ge) bonds are polarized towards the

silicon atom with 63 and 72 %.

The silicon and germanium atoms bear positive NPA charges of +0.53 and +0.36 e, whereas the

electronegative bromine atom has a negative partial charge of —0.35 e. In contrast to the slightly

positive group charge of +0.06 e of the SIDipp ligand in A-5, that of the CAACM® carbene is neg-

ative with —0.12 e, which again underlines the back-donation of electron density from the silicon

atom as suggested by the MO and NRT results. The most negative NPA charge is found for the

Tbb group attached to the germanium atom (—0.42 e).
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HOMO—1[—4.54 V] HOMO [—4.08 eV] LUMO [—2.71 eV]
0.37 (Si), 0.16 (Ge), 0.11 (C1) 0.38 (Ge), 0.13 (Si)

HOMO—1 [—4.41 eV] HOMO [—3.90 eV] LUMO [—2.29 eV]
0.42 (Si), 0.21 (Ge), 0.07 (C1) 0.40 (Ge), 0.1 (Si)

Figure 6.5: Canonical MOs of A-14 (top) and A-14™¢ (bottom) and atomic Loewdin orbital
populations of the occupied orbitals.

Br

A-14-a (46 %) A-14-b (39 %)

Scheme 6.9: Most dominant resonance contributions of A-14 and their resonance weight from a
local NRT analysis comprising the N, C1, Si, Br, Ge and C2 atoms.

The results of further bond cleavage and bond dissociation analyses of compound A-14 are sum-
marized in Table @, which were carried out for the Si—Cgypcme and Si—Ge bonds. The cleavage
of the carbene is favoured to proceed via singlet fragments (413.9 kJ-mol~!) over triplet fragments

(551.1 kJ-mol~!). Thus, compared to the SIDipp cleavage in A-5 (392.5 kJ-mol~!, singlet frag-
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Table 6.4: Results of the NBO, local NRT (with the N, C1, Si, Br, Ge and C2 atoms) and NPA
analyses of the compound A-14.

NBO _ NHO (A,B) NRT-BO

A-B Occ/e pol./% (hyb.) WE tot/cov/ion NPA /e
LP(Ge) 1.88 (sp®?) Si +0.53
o(Si-C1) 1.95 25 (sp**), 75 (sp™) 1.1 1.4/0.9/0.5 Ge +0.36
0(Si—Ge) 1.93 63 (sp®?), 37 (p) Br —0.35
7i(Si—Ge) 1.39 72 (p), 28 (p) L3 15/10/05 [CAACMe]  —0.12
o(Si—Br) 1.97 27 (sp*’),74 (sp**) 0.8 0.9/0.5/0.4 [Tbb] —0.42
o(Ge—C2) 193  28(sp®?),72(sp*®) 0.8 0.9/0.5/0.4

m*(C1-N)  0.63 27 (p), 73 (p) 1.3 1.5/1.0/0.5

ments; see Table @), the cleavage of the Si—C, 5cme bond costs slightly more energy. Upon struc-
tural relaxation of the germasilyne fragment BrSiGeTbb, a direct isomerization into the silager-
menylidene GeSiBrTbb takes place, which is not observed during the structure optimization of the
CISiGeAr™ fragment in the case of A-5. Asa consequence, the BDE of A-14 is artificially lowered
to 257.1kJ-mol~! (177 kJ-mol ! for the BDG) and is smaller than that of A-5 (BDE: 272.1kJ-mol !,
BDG: 192.8 kJ-mol1).

Finally, the Si—Ge bond cleavage is found to be nearly identical for A-14 and A-5: The bond split-
ting into the two neutral doublet state fragments (carbene)SiBr and GeR shows BCEs of 274.4 and
269.4 kJ-mol !, respectively, and, upon structural relaxation, BDEs of 237.3 and 233.5 kJ-mol .
Notably, the BCEs for the Si—Ge cleavage are approximately 150 kJ-mol~! lower than those for
the Si—carbene bonds, which illustrates the strong donor-acceptor bonds of cyclic alkyl amino

carbenes and N-heterocyclic carbenes as mentioned in the introduction.

Table 6.5: Level of theory I-calculated bond cleavage (BCE) and bond dissociation (BDE) energies
for the CAACM® and Si—Ge cleavages of A-14 in kJ-mol ™!, entropies in J-K~!-mol L.
s = singlet, d = doublet, t = triplet multiplicity.

AFE mult. AE AU AH AS AdG

CAACMe cleavage BCE BDE (parent — CAACM¢ + BrSiGeTbb)
413.9 (s)
A-14 5511 (¢) (s—s,s) 2571 2479 2504 2461 177.0
Si—Ge cleavage BCE BDE (parent — (CAACM®)SiBr + GeTbb)
A-14 2744 (d) (s—d,d) 237.3 226.8 2293 2657 150.1

The approximately Cs-symmetric structure of A-14, that was found in the solid state by sc-XRD
and in the gas phase by calculations, is also observable in solution as detected by NMR-spectroscopy.
However, VT-NMR studies reveal a splitting of the TMS singlet signal from one to two signals
below 243 K, which corresponds to a hindered rotation of the Tbb substituent around the Ge—C2
bond. The lineshape analysis of the recorded spectra affords an experimental free Gibbs energy
AG* of 53.0(%1.9) kJ-mol ! for the rotation barrier at 298 K. To confirm this theoretically, a po-
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tential energy surface scan was carried out for the Si—Ge—C2—Cy, torsion angle that describes
the rotation of the Tbb substituent (Figure @). [ts highest point is located at —15° with an relative
energy of AE = 54.7 kJ-mol ™!, which is close to the experimental free Gibbs energy in solution.
To check for side minima, the PES scan was repeated in backwards direction and yields a similar

progression with its highest point at —25° (48.7 kJ-mol~1).

—a—forward backwards
60.0 T
500
F '] = g b

400 1

30.0

200 —E

Relative energy in kl'maol-t

100 +

0.0 fra

-90 -B0 -70 -60 -50 -40 -30-20 -10 O 10 20 30 40 50 6D 70 BOD 90
5i-Ge—C2-C,.y. torsionangle / degrees

Figure 6.6: PES scans of the Si—Ge—C2—C.y,, torsion angle for A-14 in forward (—90° to +90°)
and backward direction (+90° to —90°) with a step size of 5°.

6.4. CAACMe_stabilized disilavinylidene (A-17Si) and
silagermenylidene (A-17Ge)

The metathesis reaction between the Si(I) dimer A-13Br and the digermyne TbbGeGeTbb afforded
the unprecedented CAACM*-supported germasilyne A-14. In a similar manner, F. Gstrein tried
to initiate a reaction between compound A-13Br and the more reactive disilyne TbbSiSiTbb to
the CAACMe-stabilized disilyne (CAACM®)SiBrSiTbb, which, however, failed and only led to the
unselective decomposition of the disilyne without a reaction of A-13Br (Scheme ).

Thbb

A-13Br

Scheme 6.10: Attempted disilicon(I)-disilyne cross metathesis, which was not successful.
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Access to the targeted compound via the alternative 2-step process that already worked for A-14
(Scheme @) was unsuccessful. Here, the reaction between (CAACM®)EBr, (E = Si, Ge) and the disi-
lene  TbbSi(Br)Si(Br)Tbb  affords the = CAACM¢-supported  bromosilyltetrylenes
(CAACM®)E(Br)Si(Br), Tbb (A-16E) and not simply the targeted adducts (CAACM®)E(Br),Si(Br) Tbb
(A-16E’), as depicted in Scheme .

Br
Tbb Br 4-dmap, ® 5 ©) BI’\ \\S’Br
benzene, r.t. CAACMe Si CAACMe Si
Me ) i=Ssi — 7 > —
(CAACM®)EBr, + 0.5 Si=si ;E/ oo \-.Eg oo
Br Tbb BrY ¢
Br Br
A-16Si' (E = Si) A-16Si (E = Si)
A-16Ge' (E = Ge) A-16Ge (E = Ge)

Scheme 6.11: Reaction between (CAACM®)EBr, and the disilene TbbSiBrSiBrTbb to the silyl-
tetrylenes A-16E (E = Si, Ge). The simple adducts A-16E’ could not be detected in
the experiment due to the favoured 1,2-migration of the bromine atom. 4-dmap =
4-dimethylaminopyridine.

The reaction mechanism can be rationalized as follows: After the disilene is activated by the Lewis
base 4-dimethylaminopyridine (4-dmap), the in situ-generated 4-dmap-stabilized bromosilylene
(4-dmap)SiBrTbb and the dibromosilene (CAACM¢)SiBr, form the adduct A-16E’ under displace-
ment of 4-dmap, which in the final step isomerizes to A-16E by a bromine rearrangement. Cal-
culations reveal in this context that the isomerization from A-16E’ to A-16E is highly favoured by
—81.9 and —102.7 kJ-mol ™! for E = Si and Ge, respectively. The key structural features of A-16E’
are the elongated Si—Si bond of 241.4 pm for A-16Si’ and, in the case of A-16Ge’, the dissocia-
tion into the (CAACM¢)GeBr, and SiBrTbb fragments as evidenced by the long Ge- - - Si distance
of 298.4 pm (see the Appendix for more structural information on compounds A-16E’).

The calculated gas phase structures of the bromosilyltetrylenes A-16E are shown in Figure @ and
feature a strongly pyramidal orientation of the substituents around the three-coordinated tetrel
atoms (X Z(Si) =316.7°; Z£(Ge) = 292.1°, see Table @), where the sum of angles for the germanium
compound A-16Ge is similar to that of the reported NHC-stabilized bromosilylsilylene analogue
(SIDipp)SiBrSiBr, Tbb (A-16Sil5°, Z/(Si) = 287.4°).126¢) A5 a consequence, the more planarized
silicon atom in compound A-16Si allows for a better 71(Si1—C1) back-bonding, which is reflected
by the shape of the HOMO (Figure @ top) and in the shorter Si—Cl1 bond length of 187.2 pm com-
pared to 197.8(3) pm in A—16Siggc. In contrast, the azolidine ring of the CAACMe ligand in A-16Ge
is oriented perpendicular to the stereoactive lone pair and prevents a 71-back-bonding interaction.
This can also be seen in its HOMO (and the 7t*(C1—N) orbital density without an antibonding
germanium contribution in the LUMO, Figure @ bottom), and leads to a rather long Ge—Cl
bond of 210.8 pm. As the compound A-16Si shows a high degree of silene character due to the
strong 7t-accepting capability of the CAACM® ligand, it was recently suggested to term this class of

276

compounds pyramidal tetrelenes.”’! Accordingly, among the possible resonance structures A-16-a



A.6.4 CAACMe-stabilized disilavinylidene (A-17Si) and silagermenylidene (A-17Ge) 99

(ylidic form, see Scheme ) and A-16-b (tetrelene form), the first is more dominant for A-16Ge,

whereas the latter is more pronounced for the silicon compound A-16Si.

A-16Si A-16Ge

Figure 6.7: Calculated gas phase structures of the silyltetrylenes A-16Si and A-16Ge.

Table 6.6: Selected structural parameters of the calculated compounds A-16Si and A-16Ge as well
as of the sc-XRD structures of A-16Siexp, A-16Gecy, and (SIDipp)Si(Br)Si(Br),Tbb
(A-16Siy,°), taken from ref. [266]). Bond lengths and angles are given in pm and de-

grees, respectively. 7 is defined as the interplanar twist angle between the carbene and
(CI1ESi'C2) planes.

E—C1 E-S¢ E-Br Si'—C2 CI-E-Si’ ZXZ(E) T
A-16Si 187.2 238.7 233.0 191.0 113.6 316.7 58.5
A-16Siex, 187.9(8) 236.9(3) 230.3(2) 190.3(8) 112.7(3) 313.6(7) 58.0(3)
A—léSigf;c 197.8(3) 239.1(1) 234.2(1) 192.1(3) 102.1(1) 287.3(3) 72.8(2)
A-16Ge 210.8 254.9 248.8 189.9 96.6 292.1 63.2
A-16Ge.y, 208.6(9) 251.0(3) 246.1(2) 187.8(9) 97.9(2) 291.1(5) 61.1(4)

@/ R <> . R
N7 e NT e
Dipp ér Dipp ér
A-16-a A-16-b
ylidic form tetrelene form

Scheme 6.12: Conceivable resonance formulas for the pyramidal tetrelene class of compounds.
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HOMO [—4.46 eV] LUMO [—2.41eV]

HOMO [—4.56 eV] LUMO [—2.77 eV]

Figure 6.8: Selected canonical molecular orbitals of the silyltetrylenes A-16Si (top) and A-16Ge
(bottom) and their energy eigenvalues.

Scheme illustrates that the straightforward reductions of A-16Si and A-16Ge with two equiv-
alents of potassium graphite yield the CAACM¢-supported disilavinylidene (CAACM¢)SiSi(Br) Tbb
(A-17Si) and silagermenylidene (CAACM¢)GeSi(Br)Tbb (A-17Ge), which are the first examples of
CAACMe-stabilized ditetrelylidenes. Notably, both compounds still feature a E—Br bond which al-
low for further functionalization (vide infra), similar to their NHC-stabilized analogue
(SIDipp)SiSi(Br)Tbb (A-XXXIV). The latter compound will also be synonymously abbreviated

as A-17SiM€ in the following discussion for comparison reasons.

Br
o Br\ Br 2 KC, |
Me N dme, -50 °C to r.t. ) i
CAAC\E/SI\Tbb N/ @/SI\
~Eo —2KBr,—16C / E Tbb
Di
Br PP
A-16Si (E = Si) A-17Si (E = Si)
A-16Ge (E = Ge) A-17Ge (E = Ge)

Scheme 6.13: Reduction of the silyltetrylenes A-16E to the first CAACM¢-supported disilavinyli-
dene A-17Si and silagermenylidene A-17Ge.
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A-17Si A-17Ge A-17SiNHC

Figure 6.9: Optimized gas phase structures of the CAACM®-stabilized disilavinylidene A-17Si and
silagermenylidene A-17Ge. The depicted structure of the NHC-stabilized disilavinyli-
dene A-17SiMHC at the level of theory I is very similar to that of ref. [266] at the B97-
D3/TZVP level of theory.

The calculated gas phase structures of the compounds A-17Si and A-17Ge are depicted in Fig-
ure @, and Table @ provides an overview of selected structural parameters of the calculated
compounds A-17Si, A-17Ge, their well-agreeing experimental sc-XRD counterparts A-17E, and
the calculated structure of A-17Si¥HC, The latter was structurally reoptimized at the level of theory
I for consistency and in close agreement with the experimental and calculated structure of refer-

ence [266]. Some particularly notable trends are:

Table 6.7: Selected bond parameters of the calculated and experimental CAACM¢-stabilized heavier
vinylidenes as well as the NHC-stabilized disilavinylidene A-17Si""¢. Bond lengths are
given in pm and angles in degrees. T and ¢ describe the interplanar twist angles between
the CAACM® azolidine or SIDipp-imidazoline rings and the (C1ESi’C2) plane and the
central Tbb phenyl ring and the (C1ESi’C2) plane, respectively.

E—C1 E—-Si’ Si’'—C2 Si'—Br CI1—E—Si

A-17Si 186.7 220.7 188.9 231.2 107.7
ALTSi 187.8(5) 219.4(2) 187.4(5) 227.8(2) 106.8(2)

xp 186.8(6) 218.1(2) 187.9(5) 227.3(2) 105.6(2)
A-17SiNHC 192.3 217.8 189.2 230.7 99.0
A-17Ge 197.7 227.8 189.3 231.4 106.7
A-17Geey, 198.7(2) 2249(1) 189.0(2) 228.1(1)  105.5(1)

C1-E—Si'—C2 Z/(Si) T o

A-17Si —179.3 353.7 44.8 56.4
AL7SE 178.2(3) 354.1(4) 58.1(2) 53.8(2)

xp 176.9(2) 354.8(4) 46.3(3) 64.4(2)
A-17SiNHC —176.7 358.1 70.4 78.3
A-17Ge —178.4 353.8 43.7 57.1

A-17Geeyp 180.0(2) 354.8(2) 49.5(1)  81.4(1)
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+ In all compounds, the disubstituted tetrel atom adopts a V-shaped coordination with obtuse

C1—E—Si’ angles of 107.7° (A-17Si), 106.7° (A-17Ge) and 99.0° (A-17Si™¢), which indicate
the expected presence of a stereoactive lone pair of electrons that are clearly visible in the
HOMO-1 for each compound (Figure )

The SIDipp ligand in A-17Si"HC adopts an approximately orthogonal orientation with re-
spect to the (C1SiSi'C2) plane, as evidenced by the interplanar twist angle T of 70.4°, which
is even more pronounced in the solid state (85.2(1)°, c.f. ref. [266]) and leads to molec-
ular Cs-symmetry. In contrast, the CAACM® ligands in A-17Si and A-17Ge adopt a gauche-
orientation with 44.8 and 43.7°, respectively, resulting only in molecular C;-symmetry. How-
ever, this orientation allows for 7T((E—C1) back-bonding via a 7t(E—Si’)— 7t*(C1—N) dona-
tion that can further be observed in the HOMO of A-17Siand A-17Ge, but not for A-17SiH¢
(Figure ). In the case of the CAACMe-stabilized ditetrelylidenes, the LUMO corresponds
to the non-bonding combination (7*(C1—N) + p(Si’)), and for A-17Si™C only to the
7*(N—C1—N’) orbital of the SIDipp ligand.

As a consequence from the 7t(E—C1) back-bonding, it is expected that the E—C1 bond short-
ens and the E—Si’ bond elongates. In fact, the Si—C1 bond distance in A-17Si of 186.7 pm is
considerably smaller than that of A-17Si™¢ (192.3 pm), similar to that of the pyramidal si-
lene A-16Si (187.2 pm) and slightly longer than in the CA ACM¢-stabilized bromogermasilyne
A-14 (184.3 pm). Accordingly, the Si=Si’ bond length in A-17Si of 220.7 pm is somewhat
larger than in A-17Si"H¢ (217.8 pm). The Ge—ClI bond length of 197.7 pm is also short-
ened, for example compared to the CAACM¢-stabilized dibromogermylene (CAACM¢)GeBr,
(212.8(3) pm).127¢

The molecular C1—E—Si'—C2 skeleton has an antiperiplanar conformation as evidenced by
the C1—E—Si’—C2 torsion angles of —179.3° (E = Si) and —178.4° (E = Ge), which are almost
identical to that of A-17SiN¢ (—176.7°).

The Si'—C2 bond distance seems to be independent from the choice of the tetrel (A-17Si:

188.9 pm; A-17Ge: 189.3 pm) and carbene (A-17Si¥H¢: 189.2 pm). The Tbb substituent is

aligned almost orthogonally to the C1—E—Si'—C2 skeleton in A-17SiNH¢

with an interplanar
twist angle ¢ of 78.3°, whereas it is oriented more towards the plane in the case of A-17Si

(56.4°) and A-17Ge (57.1°).
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HOMO—1[—4.70 eV] HOMO [—3.95 eV] LUMO [—2.29 eV]

HOMO—1[—4.82 eV] HOMO [—3.83 eV] LUMO [—2.24 eV]

HOMO—1[—4.77 eV] HOMO [—3.68 V] LUMO [—1.75 eV]

Figure 6.10: Selected canonical MOs of compounds A-17Si, A-17Ge and A-17Si™¢, The MOs of
the latter are obtained very similarly as already depicted in reference [].



104 A.6 CAAC-stabilized Heavier Ditetrelynes and Ditetrelenylidenes

The electronic structures of A-17Si, A-17Ge and A-17Si¥¢ were further analyzed by NRT calcula-
tions with the NBO7 program package. NBO, NRT and NPA results for A-17Si™C with the NBO6
program package were already published in ref. [266], and the herein presented values obtained
with the NBO7 version for consistency are highly comparable to those presented before.

The calculated NRT bond orders of 1.1 and 1.9 for the Si—C1 and Si—Si’ bonds provided in Table @

NHC is consid-

confirm that the electronic structure of the NHC-stabilized disilavinylidene A-17Si
erably localized and close to the given Lewis structure depicted in Scheme E‘l, which was already
concluded in reference [266]. In contrast, the multiple bond character shifts in case of A-17Ge
with 1.3 (Ge—Cl1) and 1.8 (Ge—Si’), and is even more pronounced for the compound A-17Si where
the bond orders converge (1.5 and 1.7). Whereas the covalent and ionic shares are similar for the
E—CI1, Si'—Br and Si'—C2 bonds, the E—Si’ bond is almost exclusively of covalent character with
> 80 % covalency. The delocalized electronic structure can alternatively be deduced from the pro-
gressing depopulations of the 7((E—Si’) NBO (1.83, 1.64 and 1.63 e~) for A-17Si""C, A-17Ge and
A-178i, respectively.

The o(E—C1), 0(E—Si’), 0(Si'—Br) and o(Si'—C2) NBOs all show large occupations > 1.90 e~ with
the expected bond polarizations towards the more electronegative atom. Likewise, the electron
lone pairs on the dicoordinate tetrel atoms display lone-pair-typical occupation of ca. 1.75 e~ and
high s-character (ca. sp®? hybridization).

Finally, the calculated NPA charges support an increased charge-backflow from the tetrel to the
CAACMe ligand, as the NPA charges of the dicoordinated tetrel atom increase slightly to +0.14
(A-17Si) and +0.06 e (A-17Ge) in contrast to the neutral silicon atom (0.00 e) in A-17SiV¢. The
corresponding NPA charges of the carbenes decrease accordingly slightly from +0.01 e (A-17SiNH€)
to —0.04 e (A-17Si).

The strength of the E—C_,pene and E—Si’ bonds was assessed by BCE and BDE calculations. For

comparison, they were also computed for A-17SiNH¢

as they were not reported before.

Regarding the E—CI1 bond, its cleavage into the carbene and ESi'BrTbb singlet state fragments
is energetically favoured by more than 200 kJ-mol~! than into two triplet fragments (Table @)
This preference is dominated by the large AF,_,, splittings of the CAACM® (ca. 200 kJ-mol 1)
and SIDipp (ca. 315 kJ-mol!) carbene ligands. The largest singlet BCEs are obtained for the com-
pounds A-17Si and A-17Si" with 353.5 and 338.6 kJ-mol !, respectively, whereas that of A-17Ge
is slightly lower (314.5 kJ-mol~!). All singlet E—C_ypene BCEs are thus smaller than that of the
CAACMe_stabilized germasilyne A-14 (413.9 kJ-mol~!). After structural relaxation, it was found
that the singlet and triplet spin states of the ESi(Br) Tbb fragments are isoenergetic (AE_,, = —1.1,
—1.7 and +0.9 kJ-mol ™! for A-17Si, A-17Si"¢ and A-17Ge, respectively).? Separate calculations

on the model disilavinylidene system SiSi(Br)Ph afforded a singlet-triplet spin state gap AFE ., of

2 After cleaving off the carbenes CAACM® and SIDipp from the compounds A-17Si and A-17Si¥1€, both resulting frag-
ments are technically the same, namely SiSi(Br)Tbb. However, as the starting point for the structure optimizations
is based on the parent molecule, there may be small conformation changes that lead to (minor) differences in the
energies between the optimized fragments, as seen here for the singlet-triplet state splittings.
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Table 6.8: Results of the NBO, local NRT (N, C1, E, Si’, Br, C2) and NPA analyses of the compounds
A-17Si, A-17Ge and A-17SiVHC,

NBO _ NHO (A,B) NRT-BO
A-B Occ/e pol./% (hyb.) WBI tot/cov/ion NPA /e

A-17Si
LP(Si) 1.69 (sp®*) Si +0.14
o(Si-C1) 194  23(sp*®),77 (sp™) 1.0  1.5/0.9/0.6 Si’ +0.67
o(Si-Si’) 192 39(sp®?), 62 (sp®*’ Br —0.36
7(Si-Si’) 1.63 52 (p), 48 (p) L6 17/15/02 [CAACMe]  —0.04
o(Si'~Br) 1.97  25(sp>?),75(sp*’) 0.8 1.1/0.5/0.6 [Tbb] —0.41
0(Si'-C2) 1.94  28(sp**),72 (sp**) 0.8 0.9/0.5/0.4
m*(CI-N)  0.50 27 (p), 73 (p) 1.3 15/0.9/0.5

A-17Ge
LP(Ge) 1.76 (sp®?) Ge +0.06
o(Ge-C1) 193 24 (sp®1), 76 (sp™°) 1.0 1.3/0.8/0.5 Si’ +0.67
0(Ge-Si) 1.91 38 (p), 62 (sp®?) Br —0.36
n(Ge-Si)  1.64 s2p),48(p) O LSS0 oM L0
o(Si’™-Br) 1.97 25 (sp*®), 75 (sp>?) 0.8  1.0/0.4/0.6 [Tbb] —0.42
o(Si'-C2) 1.94 28 (sp**),72(sp**) 0.8 0.9/0.5/0.4
*(C1I-N)  0.45 26 (p), 74 (p) 1.3 1.7/1.0/0.6

A-178iNHC

LP(Si) 1.77 (sp*?) Si 0.00
o(Si-C1) 1.93 22 (sp’7),78 (sp™*) 0.8  1.1/0.6/0.5 Si’ +0.61
o(Si-Si’) 1.91 41 (sp®7), 59 (sp'?) Br —0.36
n(Si-Si)  1.83 50(p),50(0p) 8 VT2 gnisl oot
o(Si'-Br) 1.97 26 (sp*®),74 (sp>*’) 0.8 0.8/0.4/0.4 [Tbb] —0.26
o(Si-C2) 1.94 28 (sp*?), 72 (sp**) 0.8  1.0/0.6/0.4
*(C1I-N)  0.53 78 (p), 22 (p) 1.2 1.4/0.9/0.5

—14.4kJ-mol !, which is in contrast to the clear singlet ground state of the parent disilavinylidene,
SiSiH,, with AF,_,, = +43 kJ-mol ! according to high-level ab-initio calculations by J. F. Stanton
et al 27! However, M. Z. Kassaee et al. reported in 2019 calculations of a series of differently substi-
tuted disilavinylidenes SiSiR, which comprise A F_,, gaps ranging from 3.8 to —11.2 kJ-mol~!.[28¢]
These fit well to the present observations for the disilavinylidene fragment SiSi(Br)Tbb. The
hereby resulting BDEs are formally of (s—s,t) type for A-17Si and A-17Si"€ and of (s—s,s) type
for A-17Ge and comparable to A-17Si (307.5 kJ-mol~!) and A-17Si¥€ (292.0 kJ-mol ). The cal-
culated BDE of A-17Ge is slightly smaller with 272.1 kJ-mol~!, which follows the observed trend
of the BCEs. As expected due to the entropic term, the resulting BDGs are lowered compared to

the BDEs and lie in the range of 187 to 222 kJ-mol '
A similar spin state uncertainty was observed for the (carbene)E fragments within the calcula-
tion of the E—Si’ dissociation energies (Table ). When cleaving the bond in two fragments

of the same spin, singlet state fragments are clearly favoured in all cases with similar BCEs for
A-17Si (272.5kJ-mol ') and A-17Ge (264.6 kJ-mol 1), but a significantly higher BCE for A-17Si™C
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Table 6.9: Level of theory I-calculated bond cleavage (BCE) and bond dissociation (BDE) energies
for the carbene cleavages in the compounds A-17Si, A-17Ge and A-17Si""C in kJ-mol !,
entropies in J-K~1-mol L. s = singlet, t = triplet multiplicity.

carbene BCE BDE (parent — carbene + ESi’'(Br)Tbb)
cleavage AFE mult. AE AU AH AS AG
) 353.3(s)
A-17Si 548.4 (1) (s—s,t) 307.5 294.8 2973 2525 222.0
314.5 (s)
A-17Ge 513.9 (¢) (s—s,s) 2721 258.4 260.9 2483 186.9
. 338.6 (s)
_{7Q;NHC
A-17Si 6473 (1) (s—s,t) 292.0 276.6 279.1 268.8 198.9

(336.9 kJ-mol~!). The lower singlet state BCEs in the CAACM¢-supported ditetrelenylidenes can be
rationalized by the competitive 7t(Si—C1) back-bonding as discussed above. The triplet BCEs are ca.
100 kJ-mol ! higher in energy, ranging from 387.9 to 429.2 kJ-mol~!. Upon structural relaxation,
the silylene fragment Si'BrTbb displays in every case a clear singlet ground state
(AE,_, ~ +128 kJ-mol~!). However, the (CAACM®)E fragment has virtually isoenergetic singlet
and triplet spin states with AFE_,, values of +8.4 and +2.4 kJ-mol~! for E = Si and Ge, respec-
tively, whereas the triplet state of the (SIDipp)Si fragment is preferred (A E_,, = —19.4 kJ-mol1).
For comparison, several theoretical studies show that the parent system, 1-silenylidene SiCH,, un-
equivocally has a singlet ground state with calculated A F); ., spin state gaps in the range of +127
to +149 kJ-mol .28 Notably, the analogous carbon vinylidene H,CC features a singlet ground
state, whereas it was recently shown by M. M. Hansmann et al via quantum chemical calcula-
tions and EPR experiments that carbene-derived vinylidenes (carbene)C possess a triplet ground

(292] It is therefore assumed that the triplet state stabilizing effect of carbene ligands is

spin state.
also present for the heavier tetrelenylidenes ECR, and thus responsible for the observed spin-
degeneracy of the (carbene)E fragment.

Overall, the E—Si’ BDEs are similar with 234.6 to 266.6 k]-mol~! and comparable to that of A-14
(237.3 kJ-mol ). Interestingly, the obtained free Gibbs bond dissociation energies of 158.9, 146.3
and 172.1 kJ-mol ™! for A-17Si, A-17Ge and A-17Si™C, respectively, are slightly smaller than the
above-discussed E—C_,y;, dissociation energies by approx. 30 to 60 kJ-mol~!, which again corrob-
orates the ligand properties of the NHC and CAACM® substituents.

The experimental 'H-, BC{'H}- and ?°Si{'"H}-NMR spectra of the compounds A-17Si and A-17Ge
reveal an averaged Cs-symmetric structure in solution, in contrast to the C;-symmetric structure
found in the solid state by sc-XRD analysis and in the gas phase by DFT calculations. This can be
rationalized by a rapid rotation of the CAACM® and Tbb substituents about their respective E—C
and Si—C bonds."?’¥! With VT-NMR spectroscopy below 253 K a splitting of the signal of the TMS
groups was found, corresponding to the hindered rotation of the Tbb substituent. Subsequent line-
shape analyses of recorded VT-'H-NMR spectra afforded free Gibbs energies of activation AG*

exp

of 53.3(%1.7) kJ-mol ! and 51.6(=%3.8) kJ-mol ! at 298 K for A-17Si and A-17Ge, respectively. In
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Table 6.10: Level of theory I-calculated bond cleavage (BCE) and bond dissociation (BDE) energies
for the E=Si’ cleavages of the compounds A-17Si, A-17Ge and A-17Si™C in kJ-mol~?,
entropies in J-K~-mol~!. s = singlet, t = triplet multiplicity.

E=S{’ BCE BDE (parent — (carbene)E + Si’'(Br)Tbb)
Y
cleavage AFE mult. AE AU AH AS AG
) 272.5 (s)
A-17S1 402.3 (¢) (s—s,s) 242.6 2299 2324 246.5 158.9
264.6 (s)
A-17Ge 387.9 (¢) (s—s,s) 2346 221.0 223.5 258.7 1463
] 336.9 (s)
_17Q:NHC
A-17S1 4292 (1 (s—t,s) 266.6 251.0 253.5 273.0 172.1

contrast, the rotation of the CAACM® ligand could not be frozen out, even at 193 K.

The Si'—C2 bond rotation was assessed by PES scans of the torsion angle E—Si'—C2—C4, from
—60 to 120° in A-17Si and A-17Ge, yielding the Tbb rotation profile depicted in Figure . The
curve progressions appear similarly with a slight shift of ca. 15°, and one maximum is clearly found
for both compounds, with their relative energies of +52.8 (A-17Si) and +65.4 kJ-mol ! (A-17Ge)

fitting well to the observed experimental barriers.

—e—A17Si = A-17Ge
700 ¢
60.0 +
50.0 §
400 +
30.0 +

20.0 +

Relative energy in kd-mol -

10.0 +

0.0 : e e e e i
-60-50-40-30-20-10 0 10 20 30 40 50 60 70 80 90 100110120

E-Si'-C2-C,no torsion angle / degrees

Figure 6.11: PES scans of the E—Si'—C2—Cg,y, torsion angle for the compounds A-17Si and
A-17Ge to study the rotation of the Tbb substituent.

Complementary, the rotation profile of the Si—C1 bond (CAACM® rotation) was studied by PES
scans of the N—C1—E—Si’ torsion angle from —180 to 170° (180° = —180°) that are given in Fig-
ure . The diagram is again similar for both compounds and reveals that a full rotation has to
proceed via the maxima at ca. —60 and +60°. However, their relative energies of ca. 40 (A-17Si)
and 30 kJ-mol~! (A-17Ge) are too high to be not observable by the experiment. Instead, a partial
rotation of the CAACM® ligand is suggested from —140° to +140° via a (—)180° conformation with
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Cs-symmetry (assuming an orthogonally oriented Tbb substituent) that is lying only 14.2 (A-17Si)
and 8.3 kJ-mol~! (A-17Ge) higher in energy (Scheme ).

== A-17Si A-17Ge
500 T
5 400
E L
2 [
% 300 f
>
2 [ \
g [ ¥
$ 200 f
@ L
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1(_04 L
T 100
e
0.0 - 1 + t —t—— t t 1 —
jen (=] o o o o (=] o o
3 % 3 5 % 5 & B

N-C1-E-Si' torsion angle / degrees

Figure 6.12: PES scans of the N—CI1—E—Si’ torsion angle for the compounds A-17Si and A-17Ge
to study the rotation of the CAACM® ligand.

™S tBu ™S tBu TMS tBu

Cy-symmetry Cg-symmetry Cy-symmetry

Scheme 6.14: Suggested partial rotation of the CAACM® ligand via a Cs-symmetric conformer.
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6.5. Calculations on the Reactivity of the
CAACMe_supported Bromogermasilyne A-14

All three compounds A-14, A-17Si and A-17Ge feature a reactive Si—Br bond, which can be used

for further functionalization. In this section, accompanying theoretical results to the experimental

286 will be presented. The next section will then

reactivity studies of compound A-14 by P. Paluil
cover the insight into the reactivity of A-17Si.

The reduction of the compound A-14 with two equivalents of potassium graphite directly leads to
(CAACM®)Si(K)GeTbb (A-18), which can be viewed as the first example of a potassium salt of a

CAACMe-stabilized heavier analogue of an acetylide ion [HCC] ™.

2 KCa,

benzene, r.t.
—>

—KBr,-16 C

A-14 A-18

Scheme 6.15: Synthesis of (CAACM®)Si(K)GeTbb (A-18) as reported by P. Palui.28¢!

The gas phase structure optimization was carried out for the neutral (CAACM®)Si(K)GeTbb
molecule, including the potassium cation. The structure is depicted in Figure and agrees
well with the experimental solid state structure, as the comparison of selected structure param-
eters from Table shows. The only large difference concerns the calculated Si—K bond distance
of 326.8 pm, which is longer than their sum of the Pyykké single bond radii (312 pm),’22¢ but
still considerably shorter than in the solid state structure (344.2(3) pm). As single molecule gas
phase structures tend to minimize charge accumulations, a shortening of the Si—K distance com-
pared to the solid state result seems plausible. Furthermore, a closer inspection of the solid state
structure revealed a chain-like arrangement of [(CAACM¢)SiGeTbb] ~ anions, which are connected
via Si- - - K- - - Ge bridges that further contribute to the Si—K bond lengthening, as the potassium
atoms are effectively two-coordinated.

The compound A-18 is structurally close to its precursor A-14: It features an antiperiplanar
C1—Si—Ge—C2 core (172.5°) with a V-shaped dicoordinated germanium atom as evidenced by
the Si—Ge—C2 angle of 99.1° (102.4° in A-14). This again suggests the presence of an electron lone
pair at the germanium atom which can indeed be found in the HOMO of A-18 (Figure ). The
Tbb substituent is approximately orthogonally oriented (¢ = 75.4°), whereas the inclination of the
CAACMe ligand of 32.9° is more pronounced than in A-14 (16.9°). This leads to a weakening of the
71(Si—Cl1) back-donation found in the HOMO—1 (with its non-bonding and anti-bonding com-
binations in the LUMO and LUMO+4, respectively) and is reflected in the slight increase of the
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Figure 6.13: Optimized gas phase structure of compound A-18.

Si—Cl1 bond from 184.3 pm in A-14 to 186.1 pm in A-18. The calculated Si—Ge and Ge—C2 bond
lengths of 236.9 pm and 205.4 pm are also similar to those of A-14 (235.0 pm and 203.4 pm).

Table 6.11: Selected structural parameters of the calculated gas phase and experimental sc-XRD
structures A-18 and A-18.,,. Bond lengths are given in pm and angles in degrees. 7 and
¢ describe the interplanar twist angle between the CAACM® azolidine ring or Tbb ring
planes and the (C1SiGeC2) plane, respectively.

Si—Cl1 Si—Ge Si—K  Ge—C2 C1-Si—Ge
A-18 186.1 236.9 326.8 205.4 105.7
A-18cxp 186.5(2) 234.6(3) 344.2(3) 202.5(1) 104.8(3)
Si—Ge—C2 C1-Si—Ge—-C2 T 0]
A-18 99.1 172.5 329 75.4
A-18cxp 103.4(2) 171.9(4) 33.3(4)  78.9(3)

LUMO [—1.82 eV] LUMO+4 [—0.42 eV]

Figure 6.14: Selected canonical molecular orbitals of the compound A-18 and their energy eigen-

values.
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The HOMO of compound A-18 displays lone pair density at both tetrel atoms with the same phase
and corresponds to an average of one electron per tetrel. It is expected that another MO showing
heavier tetrel lone pair density with different orbital phases should be present in the canonical
MOs, however, an unambigous example for this was not found. As each heavier tetrel atom should
bear a lone pair consisting of two electrons, which could not be identified due to the delocalized
nature of the canonical set of molecular orbitals, the wave function was further analyzed by the
IBO localization and NBO methods.

In fact, the set of localized IBOs comprises a 2-electron lone pair orbital for each heavier tetrel
atom (Figure ). The Loewdin orbital populations reveal a slightly lower localization of the Si
lone pair at Si (0.71) than for germanium (0.87), which can be explained by the contribution of the
potassium atom at the Si lone pair (0.14) and indicates some Si—K orbital interaction. Beside the
expected 0(Si—C1), 0(Si—Ge) and 0(Ge—C2) bond orbitals, The IBO method can also reproduce
the 7To0, (C1—Si—Ge) 3c-2e™ bond well.

LP(Si) LP(Ge) o(Si—Ge)
0.71(Si), 0.14 (K) 0.87 (Ge) 0.45 (Si), 0.44 (Ge)

0(Ge—C2) o(Si—C1) T(C1—Si—Ge)
0.35 (Ge), 0.53 (C2) 0.35 (Si), 0.56 (C1) 0.41 (Si), 0.27 (C1), 0.18 (Ge)

Figure 6.15: Selected intrinsic bond orbitals (IBOs) of the CAACM¢-stabilized heavier acetylide
salt A-18 and their atomic Loewdin orbital populations.

Further support comes from the NBO results: The most dominant contributions to the NRT res-
onance hybrid are A-18-a (52 %) and A-18-b (38 %) that feature electron lone pairs on each heavier
tetrel atom, no Si—K bond and differ only in the position of the double bond, underlining the
presence of the aforementioned 77,,,(C1—Si—Ge) 3c-2e~ bond (Scheme ).

Alternatively, the bromine substituent can be abstracted by a halide scavenger instead of reduction.
In this regard, the reaction of A-14 with Na[B(ArF),] would afford the cation [(CAACM®)SiGeTbb]*
(A-19%), however, only the constitutional isomer [(CAACM®)Si(Tbb)Ge]* (A-20%) is observed
(Scheme ). Its formation can be rationalized by the abstraction of the bromide ion to the cation
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e
N Si” © > Thb N si” Tob
Dipp DK Dipp ®K
A-18-a (52 %) A-18-b (38 %)

Scheme 6.16: Most dominant resonance contributions of A-18 and their resonance weights from
a local NRT analysis comprising the N, C1, Si, K, Ge and C2 atoms.

A-197, followed by the immediate migration of the Tbb substituent to the silicon atom, leaving
behind a bare germanium atom. The last step from A-19* to A-20" was calculated to be favoured
in terms of energy (AFE = —64.3 kJ-mol~') and free Gibbs energy (AG = —57.3 kJ-mol~!). The
reaction path was then modelled by the double-ended growing string method (GSM)"2 at the
level of theory I that yields the transition state A-19*-TS (Figure ). Herein, the Tbb substituent
lies between the silicon and germanium atom (Si—C2: 241.8 pm, Ge—C2: 228.4 pm), reminiscent
of a Wheland complex via an arenium ion. A subsequent frequency calculation confirms that the
cation A-19*-TS has an imaginary frequency of 114i cm™! that describes the motion of the Tbb
group well. However, it also contains a second frequency at 72i cm~! which shows the vibration
of several methyl groups within the molecule. Unfortunately, all attempts to remove the second
negative vibration have been unsuccessful so far. A-19*-TS lies 60.3 kJ-mol ! higher in electronic
energy than A-19* (AG = 66.0 kJ-mol '), but is expected to decrease further in energy if a proper

transition state optimization is successful.

"
~ N+ iPr —‘ [B(AI’F)4]_
[B(AF)I” -
Vip
Na[B(Ar),], ®'\“ v
CeHgF, I.t. _Ge'
i > Si
|
L ] Tbb
A-14 A-19[B(ArF),] A-20[B(ArF),]

Scheme 6.17: Synthesis ~ of  the = CAACM¢-stabilized  heavier  acetylium  cation
[(CAACM®)Si(Tbb)Ge]* A-20* via the presumed intermediate A-19*.

Compound A-20* represents the first example of a CAACM¢-stabilized heavier analogue of the
acetylium ion [HC=C]"*, but can also be viewed as silagermenylidenium cation. Its calculated gas
phase structure, depicted in Figure , compares generally well with the experimental sc-XRD
structure A-20;,, although the Si—C1 bond length of 184.4 pm was found slightly longer than in
the solid state (179.3(2) pm, see Table ), but identical to that of compound A-14 (184.3 pm).

The silicon atom adopts a trigonal-pyramidal orientation with a sum of angles X/(Si) = 359.9°,
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A-19" (+64.3) [+57.3] A-197-TS (+124.6) [+123.3] A-20* (0.0) [0.0]

Figure 6.16: Optimized gas phase structures of the compounds A-19", A-20" and the transi-
tion state A-19°-TS as well as their relative electronic energies in kJ-mol!(AG in
square brackets). Selected structural parameters of A-19*: Si—Cl: 185.9 pm, Si—Ge:
224.2 pm, Ge—C2: 193.4 pm, C1—Si—Ge: 119.0°, Si—Ge—C2: 128.3°, C1-Si—Ge—C2:
—173.0°. Selected structural parameters for A-19*-TS: Si—Cl: 185.4 pm, Si—Ge:
226.7 pm, Si—C2: 241.8 pm, Ge—C2: 228.4 pm, C1—Si—Ge: 129.2°.

forming bonds with the terminal germanium atom (Si—Ge: 232.1 pm) and the Tbb substituent
(Si—C2: 188.5 pm). The (CAACM¢),(C1SiGeC2) interplanar twist angle 7 of 1.4° indicates an almost
perfect coplanarity of the azolidine ring with the (C1SiGeC2) core, whereas the Tbb substituent
adopts an almost perfect orthogonal orientation (88.6°). The coplanarity once again enables a
71(Si—C1) back-bonding by delocalization of the 77,,,(Si—Ge) bond into the 7t,,,*(C1—N) orbital
of the CAACM¢ ligand, which can be identified in the HOMO, and its non-bonding combination in
the LUMO (Figure ). The HOMO—3 (and HOMO—2, albeit less pronounced) correspond to
aresidual electron lone pair at the germanium atom and the o(Si—Ge) bond. Further stabilization
of the germanium atom stems from the 7t-system of the Dipp substituent of the CAACM® ligand,
as the rather close Ge—C;p,, contact of 276.7 pm enables a 71(C—C)—p(Ge) interaction. This is
supported by the HOMO—14 and, more impressively, by the anti-bonding combination visible in
the LUMO+1, which is mostly the empty p orbital at the Ge atom.

Table 6.12: Selected bond parameters of the calculated and experimental sc-XRD CAACMe-
stabilized silagermenylidenes A-20" and A-20;, . Bond lengths are given in pm and an-

gles in degrees. 7 and ¢ describe the interplanar twist angle between the CAACM® azo-
lidine ring or Tbb ring planes and the (C1SiGeC2) plane, respectively.

Si—C1  Si—C2 Si—Ge C1-Si—C2 X/(Si) T 0]
A-20* 184.4 188.5 232.1 122.4 359.9 1.4 88.6
A-207 179.3(2) 190.8(2) 230.6(1) 121.6(1) 359.9(2) 5.9(1) 87.1(1)

exp

The two most dominant contributions to the NRT resonance hybrid of A-20* are depicted in
Scheme . The Si—Ge doubly-bonded Lewis structure A-20*-a has the highest share of 55 %,
followed by A-20*-b, where the double bond is shifted to the Si—C1 bond (35 %).
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HOMO—14 [-9.44 eV] HOMO—-3 [—8.46 eV] HOMO-2 [-7.73 eV]

HOMO [—7.06 eV] LUMO [—5.63 eV] LUMO+1 [—5.41 eV]

Figure 6.17: Selected canonical molecular orbitals of compound A-20* and their energy eigenval-
ues.

Thbb

A-20*-a (55 %) A-20%-b (35 %)

Scheme 6.18: Most dominant resonance contributions of A-20" and their resonance weights from
a local NRT analysis comprising the N, C1, Si, Ge and C2 atoms.

Thus, the total NRT bond orders of 1.6 and 1.4 for the Si—Ge and Si—C1 bonds are similar and
mostly of covalent character (0.9, 1.3). The NBOs of the 0(Si—C1), 0(Si—C2) and o(Si—Ge) bonds
as well of the lone pair at the germanium atom have large occupations > 1.93 e~ (Table ),
whereas it is considerably lower for the delocalized 71(Si—Ge) NBO (1.47 e~ ). The NPA analysis of

the cationic compound reveals large charge accumulations on the silicon (+0.72 e) and germanium
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Table 6.13: Results of the NBO, local NRT (Si,Ge,C1,N,C2 atoms) and NPA analyses of compound

A-20".
NBO _ NHO (A,B) NRT-BO
A-B Occ/e pol./% (hyb.) WBI tot/cov/ion NPA /e
LP(Ge) 1.96 (sp®®) Si +0.72

o(Si—C1) 1.95 25 (sp*®), 75 (sp®) 1.0 1.4/0.9/0.5 Ge +0.43
1.95 31 (sp"®), 69 (sp*®) 0.8 0.9/0.6/0.4 [CAACM] +0.11

o(Si—C2)

0(Si—Ge) 1.93 59 (sp™®), 41 (sp”®) [Tbb] —0.26
(Si—Ge) {47 62 (p). 38 (p) 1.4  16/13/03

LV(Ge) 0.17 (p)

m*(C1—N)  0.54 27 (p), 73 (p) 1.3 1.6/1.0/0.6

atoms (+0.43 e), whereas the CAACM® ligand bears only a low positive charge of +0.11 e. The Tbb
substituent is found to even contain a negative group charge of —0.26 e.

Interestingly, a re-addition of a bromide ion to the cation A-20" results in the formation of the neu-
tral CAACMe-supported bromogermasilyne A-21, which is a constitutional isomer of the CAACMe-
supported bromogermasilyne A-14 and differs in the positions of the bromine and Tbb substituents
(see the appendix for its calculated structure). Relative to A-14, it lies —10.1 kJ-mol~! lower in
energy, but +3.3 kJ-mol~! higher in terms of the free Gibbs energy AG. However, heating of
compound A-21 does not yield the CAACM-supported germasilyne A-14, but instead its other
constitutional isomer, the CAACM®-supported heavier silagermenylidene (CAACM®)GeSi(Br)Tbb
(A-17Ge), is obtained (Scheme ). Calculations reveal that such a reaction is indeed slightly
favoured thermodynamically, as the computed reaction energy AFE and free Gibbs energy AG
amount to —5.2 and —14.4 kJ-mol~!. However, the detailed mechanism of the isomerization re-

action could not be studied yet.

Dipp * ~ Dipp
s W [B(A),] Br
[NEt,4]Br, .. |
. ° toluene, 105 °C .
~Ce PR L, 5708 ’ N 2" 1o
Sll - INEtJ[B(AF)J] |' ' e T
oi
Thb Tbhb PP
[A-20][B(ArF),] A-21 A-17Ge

Scheme 6.19: Reaction scheme for the bromide addition to A-20" yielding compound A-21
and subsequent thermally-induced isomerization to the CAACM®-supported silager-
menylidene A-17Ge.
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6.6. Calculations on the Reactivity of the
CAACMe_supported Disilavinylidene A-17Si

The CAACMe-supported disilavinylidene A-17Si features a reactive Si—Br bond that can be used for
further functionalization, just as with compound A-14. F. Gstrein carried out the reduction of the
compound A-17Si with two equivalents of potassium graphite in dimethoxyethane (dme) in order
to obtain the heavier potassium acetylide (CAACM®)Si(K)SiTbb (A-22),27¢) which would be the
lighter homologue to compound A-18. However, only the selective formation of the C—H bond
activated potassium silenide salt (CAACM®)Si(K(dme))SiTbb (A-23) is observed (Scheme ).
In this compound, the Tbb-bonded silicon atom has activated the C—H bond of one of the bisyl

(CH(SiMej;),) groups of the Tbb substituent.
TMS
TMS
Br H
| 2 KCg, dme, B :
%/ %&Si\ _ocwory (K])/ Si/(sai\ _— N \Si/Si tBu

/ ! A :
(dme)K DiPP (gme)k

S Thb  _kBr,—16C Thbb

Dipp Dipp
T™MS TMS
A-17Si A-22 A-23
Scheme 6.20: Reduction of the disilavinylidene A-17Si via the putative heavier potassium acetylide
A-22 to the C—H-bond activation product A-23.

The structure of the elusive molecule A-22 was optimized as neutral compound in the gas phase
with the dme-coordinated potassium atom (Figure , Table ). The obtained Si—Si’ bond
length of 228.9 pm is longer than that in the disilavinylidene A-17Si (220.7 pm), but shorter than
in the Si(I) dimer A-13 (236.0 pm), lying in between typical Si—Si single (234 pm) and Si=Si dou-
ble bonds (214 pm)."% The Si—C1 bond length of 185.9 pm is still quite short and indicates some
multiple-bond character, which is supported by the HOMO—1 depicted in Figure . Therein,
the 7t(Si—Si’) orbital is slightly delocalized into the 7t*(C1—N) as discussed before for other com-
pounds. In the LUMO and LUMO+4 the corresponding non- and anti-bonding orbital combi-
nations can be observed. Similar to compound A-18, each silicon atom of the molecular core is
expected to bear one electron lone pair. In fact, the out-of-phase and in-phase combinations of
those can be found in the HOMO—2 and HOMO, respectively. Overall, this mainly results in the
electronic structure depicted in the Lewis formula of Scheme for A-22.

Finally, the reaction energy for the activation of A-22 to A-23 was also calculated and amounts to
—56.6 kJ-mol~! (—55.4 k]-mol~! for AG), which renders the observed reaction thermodynami-
cally reasonable. More information on the calculated structure of the activation product A-23 is

deposited in the appendix.
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Figure 6.18: Optimized gas phase structure of the elusive intermediate A-22.

Table 6.14: Selected structural parameters of the calculated heavier potassium acetylide A-22. Bond
lengths and angles are given in pm and degrees, respectively. 7 and ¢ describe the
interplanar twist angle between the CAACM¢ azolidine ring or Tbb ring planes and the
(C1SiGSi'C2) plane, respectively.

Si—Ct Si—Si" Si—K Si'—C2 C1-Si—-Si' 7 0]
A-22 1859 2289 3315 1941 105.7 37.4 732

HOMO-2 [—4.34 eV] HOMO—1[—2.99 eV] HOMO [—2.55 eV]

LUMO [—1.60 V] LUMO+4 [—0.25 eV]

Figure 6.19: Selected canonical molecular orbitals of compound A-22 and their energy eigenvalues.
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7. Digermyne Cobalt Complexes

7.1. Introduction

Since their discovery almost 25 years ago, the heavier ditetrelynes REER (E = Si to Pb) prove to
be fascinating compounds and their potential in main group catalysis and the activation of small

(232,246, 247) I contrast, the coordination chemistry of

molecules is subject of eager investigation.
heavier ditetrelynes to transition metals is still underdeveloped and only a few theoretical and ex-
perimental studies on the unique ligand properties of this class of compounds exist. Already in
the year 1995, R. Stegmann and G. Frenking reported calculations that show that the energetical
order of the Si,H, isomers (see Scheme @ in chapter A6) is completely changed when coordinated

(293 In fact, the lowest-lying isomer for the disilyne tungsten complex

to a [WF,] metal fragment.
[WF,(Si,H;)] (B-I, Scheme @) was found to display a cis-bent arrangement of the disilyne frag-
ment and metallacyclopropene character. Another early theoretical report by S. Sakaki et al from
the year 2005 adressed the coordination and energetics of the Si;H, isomers in the platinum com-
plexes [Pt(PH3),(Si,H,)] (B-II) and [Pt(PMe;),(Si,H,)] (B-III) as well as of the rhodium complex
[RhCI(PMe;),)(SiH,)] (B-IV).2%4) Therein, the most favoured coordination mode of the disilyne
Si,H, was calculated to be its disilavinylidene or hydrogen-dibridged isomers, with the 7*-disilyne
coordinated complex lying 20 to 40 kJ-mol~! higher in energy.

The first experimental evidence of a heavier ditetrelyne acting as a Lewis base towards a transition
metal comes from the group of P. P. Power from the year 2010.2°% The digermyne ArP"?GeGeArP?
was reacted with the silver salt Ag[SbF¢] to afford the digermyne-silver complex
[Ag(ArPPPGeGeArPPP][SbF4] (B-V) in which the digermyne acts as a 77>-donor towards the sil-
ver cation. By subsequent DFT calculations on a model system, the authors concluded that B-V is
best described by both the 7t-complex and o-metallacyclopropene Lewis structures.

In the same year, A. Sekiguchi et al reported the push-pull complex (E)-[RSi(IMe,)Si(ZnCl,)R]
(B-VI, R = Si(iPr)(CH(TMS),)), where the disilyne was first coordinated by the small NHC IMe,

296l A disilyne was also used by T. Iwamoto

and then, in the second step, reacted with ZnCl,.!
et al as ligand in the monophosphane palladium and platinum complexes [M(PCy;)(R’SiSiR’)]
(M = Pd (B-VII-Pd), Pt (B-VII-Pt); R’ = C(TMS),(CH,Bu)), which feature an almost symmetrical
n*-disilyne coordination with trans-bent and slightly bent-back substituents R’ as well as dominant
metallacycle character according to quantum chemical calculations. 2?7

Finally, the heavier ditetrelyne 7t-complexes [M(CO)s(Ar®PPEEArP®P)] of group 6 transition met-

als (M = Cr, Mo, W; E = Ge, Sn) were presumed to be intermediates in the reactions between the
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Scheme 7.1: Various heavier ditetrelyne transition metal complexes studied by theory and exper-
iment. ArP®P = 2 6-(C4H;3-2,6-iPr,),-C¢Hs, IMey = 1,3,4,5-tetramethylimidazol-2-
ylidene, R = Si(iPr)(CH(TMS),), R’ = C(TMS),(CH,Bu).

ditetrelynes Ar°PPEEArP"P and the metal carbonyl complexes [M(CO);], although they could not
be observed. 2

However, no reports of heavier ditetrelynes as ligands are known for cobalt. This is in stark con-
trast to the well-known alkyne chemistry, where cobalt is part of important organometallic re-
actions such as the alkyne cyclotrimerization2?2% or the Pauson-Khand reaction.?%3% The
absence of studies on heavier ditetrelyne complexes of cobalt makes these complexes a valuable
target, and, due to their trans-bent character, an alkyne-unlike reactivity is expected for this com-

pound class.

7.2. Digermyne Cobalt Complexes
[CoCp(CO)(RGeGeR)] (B-1R)

In this context, P. Palui from our group succeeded with the reaction of [CoCp(CO),] with one
equivalent of the digermyne TbbGeGeTbb, affording the first cobalt digermyne complex
[CoCp(CO)(TbbGeGeTbb)] (B-1Tbb, see Scheme ).[286] This outcome is remarkable as there are
only two examples known for carbon where an alkyne substitutes a carbonyl ligand of [CoCp(CO),]

and forms a alkyne cobalt complex. (205 8%

The structure of B-1Tbb was calculated using the ORCA 4.1.1 program package on level of theory
I starting from the available sc-XRD structure B-1Tbb,,,, and selected structural parameters are
summarized in Table @
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Thb Cp
Thb n-pentane, r.t., \ /

; AN 5 min GeCo
/Co\ + Ge=—Ge > ® \G/
N _ e
ocC co Tbb co g \@ co
Tbb
B-1Tbb

Scheme 7.2: Synthesis of the digermyne cobalt complex B-1Tbb by P. Palui. ¢!

B-1Me B-1Ph

Figure 7.1: Optimized gas phase structures of the digermyne cobalt complexes B-1R with R = Tbb,
H, Me and Ph. All hydrogen atoms are omitted for clarity except in B-1H.

As visible from Figure @, the digermyne ligand in B-1Tbb coordinates in a 7*-fashion, as already
seen in the complexes B-V and B-VII-M, and retains its trans-bent orientation (C1—Gel—Ge2—C2:
159.7°). However, the different Gel—Co and Ge2—Co bond lengths of 257.0 and 236.2 pm reveal
a pronounced asymmetric coordination with Ad = |d(E1—M) — d(E2—M)| = 20.8 pm of the di-
germyne, which was not described in the case of B-V (Ad = 0 pm) and only slightly for B-VII-M
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Table 7.1: Selected bond parameters of the calculated and experimental digermyne cobalt com-
plexes B-1R. Bond lengths are given in pm and angles in degrees.

Gel-Ge2 Gel-Co Ge2-Co3 Gel-C1 Ge2-C2
B-1Tbb 238.9 257.0 236.2 200.0 200.4
B-1Tbbcy, 234.5(1) 250.1(1) 236.8(1)  198.0(2) 197.3(2)
B-1H 242.1 258.0 228.7 159.4  158.3%
B-1Me 241.3 250.7 235.0 202.3 201.4
B-1Ph 241.5 246.1 238.0 198.7 199.1
Gel-Co-Ge2 Cl1-Gel-Ge2-C2 X/(Gel) X/(Ge2)
B-1Tbb 57.8 159.7 290.3 315.5
B-1Tbb,, 57.5(1) 155.9(2) 306.6(2)  316.9(2)
B-1H 59.3 165.8” 250.4 3213
B-1Me 59.5 164.4 284.1 310.5
B-1Ph 59.8 165.6 289.9 298.0

a) Ge—H distance; b) H1—Gel—Ge2—H2 torsion angle.

(Ad=2pm). Whereas the Ge2—Co bond lengths in the calculated structure B-1Tbb (236.2 pm) and
the experimental structure B-1Tbbey, (236.8(1) pm) are nearly identical, a considerable deviation
is found for the Gel—Co bond (B-1Tbb: 257.0 pm, B-1Tbbey,: 250.1(1) pm), which is indicating a
rather flat energy hypersurface with respect to the Gel—Co bond. In fact, a two-dimensional PES
scan shows only a negligible change of energy below 10 kJ-mol~! when both Ge—Co bond lengths
are varied in a wide range from 230 to 260 pm (Figure ), and a symmetric coordination can be

easily obtained below 5 kJ-mol~*.

The large Ad values are also rather independent of the substituent at the digermyne, as calcula-
tions on the model complexes [CoCp(CO)(RGeGeR)] reveal similarly asymmetrically coordinated
digermyne ligands for R = H (Ad = 29.3 pm), Me (15.7 pm) and Ph (8.1 pm, see Figure @ and
Table @ for their calculated structures and bond parameters).

The Gel—Ge2 bond length in B-1Tbb of 238.9 pm lies in the upper range of typical Ge=Ge double
bonds, 2" whereas the Tbb groups are bonded to the germanium atoms via classical Ge—C single
bonds (Gel—Cl1: 200.0 pm, Ge2—C2: 200.4 pm). Due to the intact trans-bent character of the
digermyne moiety in complex B-1Tbb, both three-coordinated germanium atoms are considerably
pyramidalized (X /(Gel): 290.3°, £/(Ge2): 315.5°), with a smaller sum of angles found for the Gel
atom.

The electronic structure of complex B-1Tbb was first assessed by the analysis of their canonical
MOs, depicted in Figure @, which, however, appear strongly delocalized and hard to interpret.
Evidence for 0(Ge—Co) bonding can be found in the HOMO—8 and HOMO—7, which also con-
tain huge contributions of the Tbb substituents. The HOMO—1 shows the 71(Ge—Ge) orbital,
which is slightly delocalized towards the cobalt center (with its anti-bonding combination in the
LUMO+1), whereas the HOMO indicates electron lone pair density at the Gel and Ge2 atoms,

which is slightly larger at the Gel atom as a consequence of the longer Gel—Co bond distance.
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Figure 7.2: Two-dimensional energy hypersurface plot of the Gel —Co and Ge2—Co bond lengths
of the digermyne cobalt complex B-1Tbb.

The analysis of the localized MOs via the intrinsic bond orbital (IBO) method underlines that
the digermyne ligand acts as a 2e”-donor and 2e™ acceptor in B-1Tbb: Along with the expected
0(Gel—C1) and 0(Ge2—C2) orbitals, depicted in Figure @, two different IBOs are found for the
Ge-Co bonding that resemble the respective canonical MOs HOMO—8, HOMO—7 and HOMO—1.
Two strongly polarized IBOs are also present for the Ge—Ge bonding that can be described as
complimentary LP(Ge)—p(Ge) donor-acceptor bonds with remaining lone pair character on the
germanium atoms, which is slightly higher on the Gel atom according to the Loewdin population

analysis.

Overall, the analysis of the canonical and localized molecular orbitals indicates that two resonance
structures are possible to describe the complex B-1Tbb (Scheme @): a zwitterionic Lewis stucture
B-1Tbb-a with two Ge—Co bonds, a Gel—Ge2 bond as well as a lone pair at the Gel atom, and
B-1Tbb-b with two Ge—Co bonds and a Gel=Ge2 double bond. NBO calculations were carried
out on both Lewis structures with the NBO6 program and show that B-1Tbb-a fits better to describe
the complex B-1Tbb as it has a lesser amount of non-Lewis electrons (9.26 nLe™) than B-1Tbb-b
(10.74 nLe ™).

Accordingly, the results of the NBO and NPA analysis on Lewis structure B-1Tbb-a are provided in
Table . The lone pair NBO at the Gel atom has a lowered occupation of 1.65 e~ and is almost ex-
clusively of s-character (sp®?). Accordingly, the Gel—Ge2 bond is polarized towards the Ge2 atom
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HOMO [—4.19 eV]

LUMO [—3.09 eV]

LUMO+1 [—2.07 eV]

Figure 7.3: Selected canonical MOs of the digermyne cobalt complex B-1Tbb and their energy
eigenvalues.

Tbb
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Scheme 7.3: Two possible resonance formulas for complex B-1Tbb.

(71%) and employs a pure p orbital at Gel and a sp"! hybrid orbital at the Ge2 atom, as expected from

the LP(Ge2)—p(Gel) donor-acceptor interaction as mentioned above. The Gel—Co and Ge2—Co

bonds both display lowered occupations of 1.62 and 1.71 e, respectively, and are polarized towards

22.6

the Co atom (73 %, 64 %). Whereas the Gel atom uses an almost pure p-orbital for the bond (sp***°,

the s-character is almost exclusively located in the LP(Gel) NBO), the s-character is larger for the

Ge2 atom (sp*!), which directly corresponds to the found shorter Ge2—Co bond distance according

to Bent's rule.’52 The presumed contribution of the double-bond resonance structure B-1Tbb-b
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0(Gel—C1) 0(Ge2—C2) 01(Gel—Ge2)
0.37 (Gel), 0.48 (C1) 0.37 (Ge2), 0.48 (C2) 0.18 (Gel), 0.68 (Ge2)

0,2(Gel—Ge2) 01(Gel—Ge2—Co) 0,(Gel—Ge2—Co)
0.74 (Gel), 0.14 (Ge2) 0.07 (Gel), 0.06 (Ge2), 0.72 (Co) 0.13 (Gel), 0.16 (Ge2), 0.54 (Co)

Figure 7.4: Intrinsic bond orbitals (IBOs) of B-1Tbb, their ascribed bond type and atomic
Loewdin orbital populations.

can also be seen in the considerable occupation of 0.53 e~ of the lone valence (LV) orbital at the
Ge2 atom with pure p-character, that serves as the acceptor orbital for the LP(Gel)—p(Ge2) in-
teraction.

The calculated NPA charges for the complex B-1Tbb yield two positively charged germanium atoms
(Gel: +0.42 e, Ge2: +0.51 e) and an almost electroneutral cobalt atom (—0.02 e). The group charge
of the digermyne [TbbGeGeTbb] is positive with +0.23 e, revealing that its charge donation to-
wards the [CoCp(CO)] fragment outweighs the back-donation.

Stereodynamics of B-1Tbb

The trans-bent structure of the digermyne ligand in B-1Tbb generates two prochiral faces, (Re) and
(Si), and thus the position of the [CoCp(CO)] fragment determines which enatiomer is formed,
(R,R)-B-1Tbb or (S,S)-B-1Tbb. The (R,R)-B-1Tbb enantiomer was used for the analysis of the
electronic structure discussed above, whereas the reaction outcome in solution and by sc-XRD

analysis in the solid state affords a racemic mixture of both stereoisomers.
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Table 7.2: Results of the NBO and NPA analysis of the digermyne cobalt complex B-1Tbb.

NBO NHO (A,B)
./e” NPA
A-B Oce. /e pol. / % (hyb.) /e
LP(Gel) 1.65 (sp®'©) Gel +0.42
0(Gel—Ge2) 1.86 29 (p), 71 (sp') Ge2 +0.51
0(Gel—Co) 1.62 27 (sp**®), 73 (sd*) Co —0.02
0(Ge2—Co) 1.71 36 (sp*!), 64 (sd*?)  [Ge,Tbb,]  +0.23
0(Gel—Cl) 1.88 28 (sp'®¢) 72 (sp*°) [CoCp(CO)] —0.23
0(Ge2—C2) 1.92 31 (sp*?) 69 (sp*°)
LV(Ge2) 0.53 (p)
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Figure 7.5: Stack plot of the excerpts of VT-'"H-NMR spectra of B-1Tbb in ds-thf in the tempera-

ture range of 233 to 313 K showing three chemical exchange processes. The spectrum
is adapted from reference [286].

A VT-'H-NMR spectroscopic study was carried out between 233 and 333 K and an excerpt of the

resulting stack plot is shown in Figure @.[286] At the lowest temperature, two singlet signals for

the tBu groups of the diastereopic Tbb substituents (arbitrarily labelled as Tbbyx and Tbby) are

obtained as well as 6 TMS signals (4x Tbby, 2x Tbby). The latter set of signals is rationalized by

a rotation of the Tbb substituent around the Ge—C bond, which is frozen out at 233 K for Tbby

but not for Tbby. At higher temperatures, the tBu proton signals merge to one singlet signal at

the coalescence temperature T, = 273 K, which shows that the tBu groups exchange. Also, the
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4 Tbbx TMS signals are found to merge to a very broad signal between 233 and 273 K, which
again coalescence with the 2 Tbby TMS signals to only one signal for all eight TMS groups of the
complex B-1Tbb. In addition, in the fast exchange limit spectrum at 333 K a time-averaged local
C,-symmetry is observed.

The experimental barriers for the three conceivable processes (Tbb rotation, tBu exchange, TMS
signal equilibration) were estimated using the Gutowsky-Holm and Eyring-Polanyi formulae and
found to be similar with AGY gy = 54 kJ-mol ™!, AG] o,y = 59kJ-mol ' and AG} oy = 64.5kJ-mol .
The first and second processes could further be analyzed via full line shape analysis resulting in
AGH g = 55.6(+£4.1) kJ-mol ™! and AGj | = 58.2(%2.5) kJ-mol !, whereas it was unsuccessful for
the third stereodynamic process.

The first process is rationalized to occur due to the rotation of the Tbb substituents, however,
the tBu group exchange and the coalescence of the TMS groups to a single singlet signal can be
rationalized by several mechanisms, which is why computational theory was employed to search

for the most favoured stereodynamic pathways. The results will be summarized in the following:

Dissociation of the digermyne ligand

The simplest process to explain the observed stereodynamics in solution would be the complete
dissociation and re-coordination of the digermyne ligand from and to the [CoCp(CO)] fragment.
In the free digermyne TbbGeGeTbb the Tbb groups are homotopic and thus only one signal is
observed for each of the tBu and TMS protons in the "H-NMR spectrum.%! However, the cal-
culated bond dissociation energy and free Gibbs energy for the digermyne dissociation (breaking
both Ge—Co bonds) amount to 244.6 and 143.9 kJ-mol !, respectively, when cleaving the com-
pound B-1Tbb into the triplet [CoCp(CO)] and singlet TbbGeGeTbb spin ground state fragments.
This is far off the experimentally estimated values of ca. 60 kJ-mol~!, and accordingly such a pro-
cess is not likely to occur at room temperature. Additionally, the re-coordination would require the
spin state change of the [CoCp(CO)] triplet state fragment back to the energetically higher-lying
singlet state (DeltaF_,, = —51.4 kJ-mol ™! at level of theory I), which is expected to be unlikely to

fit to the present stereodynamics.

CO-bridged structure [CoCp(TbbGeC(0)GeTbb)] (B-2)

The NMR-spectroscopic results can also be explained by a C,,-symmetric intermediate that is
formed in solution. This molecular symmetry is realized by migration of the carbonyl ligand to
a bridging position between the germanium atoms after Ge—Ge bond cleavage, leading to the
complex [CoCp(TbbGeC(O)GeTbb)] (B-2, see Figure @)

The complex B-2 is lying 85.2 kJ-mol ! higher in energy than the minimum structure B-1Tbb with
arelative Gibbs energy of 64.6 kJ-mol~!. The latter is quite close to the experimental values, but B-2

was found to be a minimum structure, thus the transition state connecting the molecules B-1Tbb
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Figure 7.6: Optimized gas phase structure of the possible stereodynamics intermediate B-2. Se-
lected structural parameters: Ge:--Ge: 282.6 pm, Gel—Co3: 223.0 pm, Ge2—Co3:
222.7 pm, Gel—Cco: 209.0 pm, Ge2—Cc¢p: 210.4 pm, Gel—C1: 198.1 pm, Ge2—C2:
198.4 pm, Gel—Co—Ge2: 78.7°, L £(Gel): 359.7°, X £(Ge2): 359.9°, L/(Cco): 359.4°.

and B-2 is expected to lie clearly higher in energy, as a larger reorientation of the molecule and
a Ge—Ge bond breaking is involved in the rearrangement. This is underlined by a NEB calcula-
tion at the B97-D3(BJ)-ATM/def2-SVP level of theory that yields a preliminary reaction barrier of
+248 kJ-mol ! compared to B-1Tbb. However, a proper transition state connecting the complexes
B-1Tbb and B-2 could not be obtained so far.

Cis-bent structure B-3 by synchronous C1-Gel—Ge2—-C2 torsion

Another conceivable stereodynamic process, albeit without bond breaking, is represented by the
synchronous C1—Gel—Ge2—C2 torsion, leading to the cis-bent digermyne complex B-3 (Fig-

(8951 and it was also calculated in

ure @). This structural motif is typical for alkyne complexes,
the theoretical studies of G. Frenking et aL. ¥ and S. Sakaki et al'?*!! The gas phase structure opti-
mization of the complex B-3 only converges back into the complex B-1Tbb. Instead, a constrained
optimization with a fixed C1—-Gel—Ge2—C2 torsion angle of 0.0° and subsequent transition state
optimization yields a first-order saddle point (transition state) with one imaginary frequency at
141.4i cm ™!, and relative AE and AG values of +75.2 and +66.7 kJ-mol !, respectively.

The energy of the transition state B-3 matches well with the experimentally estimated barrier,
however its C-symmetry combined with the assumed Tbb rotation can not explain the observed
NMR spectrum, as the mirror plane, going through the Co and carbonyl atoms and the midpoints
of the Cp ligand and Ge—Ge bond, makes the opposing Tbb groups equal, but not the TMS groups
of the bisyl unit within one Tbb substituent, thus only leading to two TMS proton signals.

To obtain only one TMS proton signal, an additional rotation of the [CoCp(CO)] fragment is
necessary. This was investigated by calculating a Cs-symmetric structure, where the [CoCp(CO)]
fragment is rotated by 90° around the Co-digermyne axis and the resulting mirror plane passes

through the atoms Gel, Ge2, Co, Cco and O. However, despite several attempts a structurally
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Figure 7.7: Optimized gas phase structure of the conceivable stereodynamics transition state
B-3. Selected structural parameters: Gel—Ge2: 221.1 pm, Gel—Co: 249.9 pm,
Ge2—Co: 241.9 pm, Gel—Cl1: 197.5 pm, Ge2—C2: 198.1 pm, Gel—Co—Ge2: 53.4°,
C1—Gel—Ge2—C2: 7.6°, Z£(Gel): 360.0°, Z£(Ge2): 359.5".

optimized structure could not be obtained which indicates that such a rotation is not favoured and

only results in an artifical higher-energy structure.

Combined topomerization and enantiomerization via germylidene complexes

Finally, the equilibrated NMR signals can also be explained by a combination of topomerization
and enantiomerization that occur simultaneously. Their mechanisms are schematically depicted in
Scheme @ Herein, a topomerization to the complex B-1Tbb* is achieved by the rotation of the
[CoCp(CO)] fragment around the Co—m(GeGe) axis where m(GeGe) denotes the midpoint of the
GeGe bond. This does not change the stereoconfiguration of the complex but exchanges the ger-
manium atoms and Tbb groups, and is often observed in transition metal alkyne complexes. 214512
For an enantiomerization, either the [CoCp(CO)] fragment needs to move to the other prochiral

face of the digermyne or the digermyne ligand needs to rotate around the Ge—Ge bond axis.

1 2 . Thb? C C
Tob /Cp TbT co e Tob! /7"
Gel7co Ge2—Co topomerization ‘Ge\Z:—;CO enantiomerization Ge\z' —Co
= < - _ _—

\Gez o \Gel cp topomerization 773" gl co ’2 Gel co
| | | . (\1 enantiomerization Tob
Thb? Thb! Tbb™ ~ *
(R,R)-B-1Thb* (R,R)-B-1Tbb (S,S)-B-1Tbb

Scheme 7.4: Visualization of the conceivable topomerization and enantiomerization process in the
complex B-1Tbb. Electron lone pairs and formal charges are omitted for simplicity.

At first the topomerization was studied by calculating the structure B-4 where the [CoCp(CO)]
fragment is rotated by 90° (Figure @). Additionally, the Ge2—Gel—Co—Cc¢ torsion angle was

confined to 180.0° to prevent the optimization from converging back to the minimum conformer.
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The hereby obtained structure B-4 has several imaginary frequencies and lies +68.0 kJ-mol ! higher
in energy than B-1Tbb.

Figure 7.8: Optimized gas phase structure of the conceivable stereodynamics higher-order tran-
sition state B-4. Selected structural parameters: Gel—Ge2: 234.0 pm, Gel—Co:
2713 pm, Ge2—Co: 254.7 pm, Gel—CIl: 202.7 pm, Ge2—C2: 200.2 pm,
Gel—Co—Ge2: 52.7°, C1—Gel —Ge2—C2: 158.3°, £ /(Gel): 300.7°, Z/(Ge2): 318.9°.

The rotation is further studied by a PES scan of the Gel—Ge2—Co—Ccq torsion angle from 80
to 180° in a clockwise direction (looking towards the [CoCp(CO)] fragment from the digermyne).
There it was observed that the long Gel—Co bond is cleaved and the [CoCp(CO)] fragment moves
to the in-plane position of the digermyne ligand. By this 2 — k-Ge slippage, the germylene-
germylidene complex (E)-[CoCp(CO)Ge(Tbb)GeTbb] (B-1Tbb-E2) is formed (see Scheme @).
In contrast, the anticlockwise PES scan of the torsion angle from 80 to 0° yields the diastereomer,
(Z)-[CoCp(CO)Ge(Tbb)GeTbb] (B-1Tbb-Z2).

C oC
"\ [CoCp(CO)]  Tbb? Cp . [CoCp(CO)] \
Co—CO torsion scan /,/ . torsion scan Co—Cp
anticlockwise Ge’——, Co\ clockwise
- AN —_—
Tbbz/G\ez m 6 o m Tbe/G{E2
Get~Tbb? TbLl Get~Tbb?
B-1Tbb-Z2 (R,R)-B-1Tbb B-1Tbb-E2

Scheme 7.5: Formation of germylene-germylidene complexes as outcome of the [CoCp(CO)] tor-
sional PES scans.

Similarly, PES scans of the Ge—Ge—Co bond angles from 60 to 120° also reveal the formation of
germylene-germylidene complexes where the cobalt fragment sits at the Gel (B-1Tbb-E1) or Ge2
atoms (B-1Tbb-Z2) (see Figure @) Notably, the C1—Gel—Ge2—C2 torsion angle stays roughly
constant for all scan steps in both the [CoCp(CO)] torsion and Ge—Ge—Co bond angle PES scans,
and thus no mixing of the digermyne slippage and torsional stereodynamics is expected. The for-

mation of the remaining (Z)-configured germylene-germylidene complex with the cobalt fragment
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residing at the Gel atom (B-1Tbb-Z1) is considered to be likewise accessible, due to the very shal-
low stretching potential of the Ge—Co bonds in complex B-1Tbb (c.f. Figure ). However, this
was not directly observed in the above-mentioned PES scans.

The structures of the two diastereomeric germylene-germylidene complexes B-1Tbb-Z1 and
B-1Tbb-E1 could be calculated (see Figure @) and the subsequent frequency calculations confirm
them to be minimum structures, with only a negligible imaginary frequency of 8.7i cm ™! found for
the isomer B-1Tbb-E1. The other diastereomeric pair of complexes, B-1Tbb-Z2 and B-1Tbb-E2
are topomers of B-1Tbb-Z1 and B-1Tbb-E1, respectively, and thus must have the same energy by
symmetry considerations. The calculated relative electronic energies show that the germylene-
germylidene complexes are easily accessible intermediates with +29.5 kJ-mol~! (B-1Tbb-Z1) and
+33.9 kJ-mol~! (B-1Tbb-E1).

B-1Tbb-Z1 (+29.5 kJ-mol 1) B-1Tbb-E1 (+33.9 kJ-mol 1)

Figure 7.9: Optimized gas phase structures of the two intermediate germylene-germylidene com-
plexes B-1Tbb-Z1 and B-1Tbb-E1 as well as their electronic energies relative to complex
B-1Tbb.

Selected structural parameters of the germylene-germylidene intermediates B-1Tbb-Z1 and
B-1Tbb-E1 are summarized in Table @ The V-shaped arrangement of the substituents at the
two-coordinated germanium atom Ge?® with narrow Ge*“—Ge?“—C bond angles of 103.4 and
108.0° indicates the presence of an electron lone pair, which can be found in the HOMO (Fig-
ure ). The three-coordinate Ge*© atom displays an almost trigonal planar arrangement of the
substituents (/£ (Ge*°) = 357.0°, 359.4°) as expected. The Ge*“—Co bonds of 222.9 and 223.1 pm
are considerably shorter than in the digermyne complex B-1Tbb (238.9 pm, 257.0 pm), which is
rationalized by the presence of a 71(Ge—Co) orbital that can be found in the HOMO—1.

The Cs-symmetric germylene-germylidene complexes feature a mirror plane that lies in the
Gel—Ge2—Co plane and are hence achiral. Using complex B-1Tbb-Z2 as example, Scheme @ il-
lustrates that four isomers are conceivable for each intermediate: the original enantiomer (R,R), its
topomer, its (S,S)-enantiomer and the topo-enantiomer. Their formation depends on the out-of-

plane rotation of the [CoCp(CO)] fragment (clockwise or anticlockwise) and if the [CoCp(CO)]
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Table 7.3: Electronic and free Gibbs energies in kJ-mol ™! relative to the minimum structure
B-1Tbb and selected structural parameters of the intermediate germylene-germylidene
complexes B-1Tbb-Z1 and B-1Tbb-E1. Ge?*“ and Ge’“ refer to the two- and three-
coordinated germanium atoms in the complexes, respectively. Bond lengths are given
in pm and angles in degrees. The structures of the topomers B-1Tbb-Z2 and B-1Tbb-E2
have to be identical to those of B-1Tbb-Z1 and B-1Tbb-E2 due to symmetry.

AE AG Ge€—Co Ge¥—Ge¥¢ GeC—Gel—C C—Ge’—Ge—C  I/(Ge°)

B-1Tbb-Z1 295 229 222.9 256.4 103.4 176.8 357.0
B-1Tbb-E1 33.9 28.6 223.1 261.4 108.0 173.4 359.4

HOMO-—1[—4.53 eV] HOMO [—4.27 eV]

Figure 7.10: Selected canonical MOs of the germylene-germylidene complex B-1Tbb-Z1 and their
energy eigenvalues. The MOs of the other isomers B-1Tbb-E1, B-1Tbb-Z2 and
B-1Tbb-E2 appear very similarly.

fragment moves below or above the symmetry plane. Due to the mentioned Cs-symmetry and
the stereochemic relationship of the four resulting digermyne complexes, each pathway must have
the same barrier and thus an equal population of all isomers. Overall, this leads to 4 germylene-
germylidene complexes X 4 isomers = 16 isomerization pathways. Combined with the assumed
Tbb rotation (the exchange of the Tbb substituents and TMS groups), only one signal for the {Bu
groups and also only one signal for the TMS protons is expected, which rationalizes well the ob-
served results from the experimental NMR spectra.

Despite all efforts, optimized transition states connecting the digermyne complex B-1Tbb and the
germylene-germylidene complexes could not be located due to the flat PES of the Gel—Ge2—Co
moiety. However, as the barriers are expected to lie only slightly above the relative energy of the
germylene-germylidene complexes of approx. 30 k]-mol !, the > — k-Ge slippage is found to be
the energetically lowest and thus most favoured stereodynamic process studied here and is there-

fore very likely to be responsible for the observed stereodynamics in solution.
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o /P
Tbbz’Gef/‘ 'o Tbbz’Gef‘Co
cp’ Gel—Tbb? oc” >Gel-Tbb*
(R,R)-B-1Tbb (R,R)-B-1Tbb*

c co
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v+ Co
Tbe/Gez‘\/:;' TbeIGeZ\/:E
oc’ Gel~Thb' Cp’ " Gel~Tbb!
(S.S)-B-1Tbb* (S,S)-B-1Tbb

Scheme 7.6: Access to the enantiomerization and topomerization products of B-1Tbb starting
from the germylene-germylidene complex B-1Tbb-Z2. up and down refer to a mo-
tion of the [CoCp(CO)] fragment above or below the digermyne plane, respectively.

7.3. Carbonyl-free cis-bent Digermyne Cobalt Complex
[CoCp(TbbGeGeTbb)] (B-5)

The digermyne ligand in B-1Tbb acts as a two electron-donor towards the 16 valence electron cobalt
fragment [CoCp(CO)]. In cis-bent alkyne ligands both 71(C—C) bonds are available for the coordi-
nation to the metal, allowing to donate overall four electrons. Thus, it was tried experimentally to
remove the carbonyl ligand to generate a 14 valence electron [CoCp] fragment which can thus re-
ceive four electrons by donation from the digermyne. However, the attempts to decarbonylate the

286] An alternative synthetic route com-

complex B-1Tbb thermolytically and photolytically failed.!
prises the reduction of the carbonyl-free bisgermylidene precursor complex [CoCp(GeBrTbb),]
which in turn was obtained via the reaction between the digermene (TbbGeBr), and the ethylene
cobalt complex [CoCp(C,H,);] (Scheme @). Thereby the carbonyl-free digermyne cobalt complex

[CoCp(TbbGeGeTbb)] (B-5) was obtained selectively and could be fully characterized. ¢

n-pentane, r.t. B benzene, 16 h

Co + Ge=—Ge > Co > Co
/ \ ~2CoH, Tobowy 7 . aTbb - 2KBr,-16C AN\
AN /e Tbb Ge  Ge _Ge=Ge
\ : Thb Thb
Br Br
B-5

Scheme 7.7: Alternative synthetic route to the carbonyl-free digermyne complex B-5.
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Figure 7.11: Optimized gas phase structure of the carbonyl-free digermyne cobalt complex B-5.

The calculated gas phase structure of the complex B-5 (Figure ) agrees well with that obtained by
sc-XRD analysis (B-5.x,) and features an approximately C,,-symmetric digermacobaltirene hetero-
cycle. The structural parameters, summarized in Table @, reveal in fact a cis-bent arrangement of
the digermyne (C1—Gel—Ge2—C2: 29.8°) with considerable bending angles C—Ge—Ge’ of 152.9°
and 146.8° at the trigonal planar Gel (X/(Gel) = 358.7°) and Ge2 (X/(Ge2) = 357.9°) atoms, re-
spectively. Noteworthy, the only larger difference between the structures B-5 and B-5., is the
difference in the C1—Gel—Ge2—C2 torsion angle, which was found to be smaller with 4.3(2)° in
the solid state structure.

The Gel—Ge2 bond distance of 232.2 pm is considerably longer than in the free digermyne Tb-
bGeGeTbb (calculated structure: 223.0 pm; sc-XRD structure:2%€ 223.2(1) pm), but shorter than
in the complex B-1Tbb (238.9 pm), indicating some Ge—Ge multiple bond character. The Gel—Co
and Ge2—Co bonds in B-5 of 223.8 and 222.8 pm are also much shorter than in complex B-1Tbb
(257.0 pm, 236.2 pm, c.f. Table @) and point towards a stronger, now symmetric digermyne-cobalt
bonding.

Table 7.4: Selected bond parameters of the calculated and experimental carbonyl-free digermyne
complexes B-5 and B-5.,. Bond lengths are given in pm and angles in degrees.

Gel—Ge2 Gel—Co Ge2—Co Gel—Cl1 Ge2—C2
B-5 232.2 223.8 222.8 197.2 196.4
B-5¢xp 231.4(1) 222.7(1) 222.2(1)  195.3(2)  195.5(2)
Gel—Co—Ge2 C1—-Gel—Ge2—C2 X/(Gel) ZX/(Ge2)
B-5 62.6 29.8 358.7 357.9
B-5¢xp 62.7(1) 4.3(2) 360.0(2) 359.6(2)

These considerations are reflected in the canonical MOs and localized IBOs that were calculated for
complex B-5: Two 0(Ge—Co) bonding orbitals can be identified in the HOMO—7 and HOMO—2
(Figure ). Whereas the first can be seen as back-donation of a cobalt-centered d,, lone pair into
the anti-bonding 7r*;,(Ge—Ge) orbital, the higher-lying HOMO—2 constitutes the weakly over-
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HOMO—4 [—4.95 eV] HOMO-3 [—4.77 eV]

HOMO-2 [—4.66 V] HOMO-—1[—4.51eV]

LUMO [—2.78 eV] LUMO+1 [—2.04 eV] LUMO+2 [—1.69 eV]

Figure 7.12: Selected canonical molecular orbitals of the complex B-5 and their energy eigenvalues.

lapping combination of the 7r;,(Ge—Ge) orbital with a d,.-type orbital at cobalt. A remarkably
clear 7t,0,(Ge—Ge—Co) 3-center-2-electron bond is identified in the HOMO—3 and two cobalt-
centered electron lone pairs are located in the HOMO—4 and HOMO—1 of complex B-5. In princi-
pal, the latter orbital has the correct symmetry to form a d-type bond with the digermyne fragment
viaa dy— Wzop(Ge—Ge) donation, which is however not observed in this complex, as no orbital

contribution is present on the germanium atoms.'

Particular attention should be paid to the HOMO of complex B-5: At first glance, the orbital shape

A note regarding the proof of the symmetrical consideration: When the isosurface value for the HOMO—T1 is de-
creased to unreasonably low values, the -type bond indeed appears. The § bond in the complex B-5 is accordingly
so weak that it is effectively just the cobalt electron lone pair.
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may tempt one to classify this interaction to be of bonding 7t,,(Ge—Ge)—d(Co) type, similar to
that one found in the HOMO—2. However, a deeper analysis of the underlying orbitals reveals the
presence of a d,2_,2-type orbital at the cobalt, and the resulting interaction between this orbital and
the 71;,(Ge—Ge) bond of the digermyne has to be non-bonding. Thus, the HOMO should rather be
seen as a parallel presence of 71(Ge—Ge) bond character and a d,>_,2-type electron lone pair at cobalt.
The unoccupied LUMO, LUMO+1 and LUMO+2 represent the antibonding 7r*,,,(Ge—Ge—Co),
%,(Ge—Ge—Co) and 7% ,,,(Gel—Ge2) orbital interaction, respectively.

Further support stems from the localized IBOs, depicted in Figure . Aside from the expected
0(Gel—Ge2) bond orbital, the presence of two 0(Ge—Co) bond orbitals as well as the 3¢c-2e™ -
Tloop(Gel—Ge2—Co) interaction can be confirmed. Notably, also in the IBO that is showing the
cobalt-centered d,, orbital, there is no significant overlap with fitting germanium-centered orbitals

visible, effectively ruling out d-type bonding in complex B-5.

0(Gel—Ge2) 0(Ge1—Co) 0(Ge2—Co)
0.46 (Gel), 0.40 (Ge2), 0.05 (Co) 0.57 (Gel), 0.07 (Ge2), 0.27 (Co) 0.07 (Gel), 0.59 (Ge2), 0.26 (Co)

Toop(Gel—Ge2—Co) dyy(Co)
0.14 (Gel), 0.14 (Ge2), 0.58 (Co)  0.02 (Gel), 0.02 (Ge2), 0.89 (Co)

Figure 7.13: Selected intrinsic bond orbitals (IBOs) of the complex B-5 and their atomic Loewdin
orbital populations.

Finally, the calculated NPA charges in complex B-5, given in Table @, are in accordance with the
molecular orbital analysis. They reveal that the donation of electron density from the cis-bent di-
germyne ligand outweighs the received back donation from the cobalt fragment, as the NPA group

charge of the digermyne fragment [TbbGeGeTbb] is positive (+0.22 e). Both germanium atoms
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are found to be quite positively charged with +0.41 and +0.43 e, respectively, whereas the cobalt
atom is electroneutral (+0.02 e). The cyclopentadienyl ligand (—0.24 e) and the Tbb substituents

(both —0.31 e) are center of negative charge accumulation.

Table 7.5: Calculated atomic and group NPA charges of the complex B-5 in fractions of the ele-
mentary charge e.

Gel Ge2 Co [Tbb@Gel] [Tbb@Ge2] [Cp] [TbbGeGeTbb] [CoCp]
+0.41 4043 +0.02 —0.31 —0.31 —0.24 +0.22 —0.22

Calculation of the nucleus-independent chemical shift (NICS)

As discussed above, the HOMO—3 of complex B-5 corresponds to a 3c-2e™ 7Ty, (Gel —Ge2—Co)
bond, which is found to be the only contribution to delocalized electron density out of the diger-
macobaltirene plane. Thus, this raises the question if an aromatic ring current is present in the
three-membered ring, as Hiickel’s rule suggests aromaticity with 4*n + 2 = 2 71-electrons for n = 0,
which is valid here. To study this further, the popular nucleus-independent chemical shift (NICS)
method was used. 2

First introduced by P. v. R. Schleyer et al in 1996, the NICS method uses calculated negative ab-
solute magnetic shieldings at selected points in the space around the cyclic compound in question

314

as a criterion for aromaticity or anti-aromaticity.?¥ Over the years, the NICS method was subject

313, 815318 for example by

to steady improvement by the group of Schleyer and other researchers,’
varying the position of the probe from the geometrical center of the ring (denoted as NICS(0)) to
1.0 A above the ring plane (NICS(1)), or splitting the isotropic shielding tensors in their directional
contributions (i.e. using NICS,, instead of NICS;,,). Particularly the work of A. Stanger should be
mentioned, who suggests to use one-dimensional NICS scans, where the NICS values are calcu-
lated at varying positions on a vector orthonormal to the ring plane. Then the resulting curve is

316l This procedure can also be expanded to multidimen-

319, p2d]

analyzed instead of just one single value.!
sional scans to get a full NICS-based density map.!
The aromaticity of complex B-5 was studied by calculating NICS,,(r) values between r = 0.0 and

5.0 A using gauge including atomic orbitals (GIAOs) 2!

as implemented in ORCA 4.1.1. For com-
parison, the same was carried out for the classical aromatic compounds benzene and the cyclo-
propenium cation [C3H;3]*. Their NICS,,(r) curves in Figure show a smooth asymptotic con-
vergence with the distance in the region of negative NICS values, which corresponds to an aro-
matic ring current in these compounds. Note that the NICS values between 0.0 and 1.0 A are given
here for completeness, but should not be interpreted, as they are biased by off-center and o-type

effects. 320

I This effect is expected to be even more pronounced for heterocycles involving heavier
atoms, which is why the values for complex B-5 are inconclusive as no clear asymptotic progres-

sion is visible as observed for benzene and the cyclopropenium cation.
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A detailed inspection of the molecular structure shows that the space above and below the digerma-
cobaltirene plane is occupied by the Tbb substituents and thus a severe bias due to them is expected.
To overcome this problem, the CH(TMS), and {Bu groups of the Tbb substituents were replaced
by hydrogen atoms and only their positions relaxed. The NICS scan of this model compound B-5’
has a completely different progression than that of B-5, as now a smooth convergence is observed,
however from positive NICS,,(r) values to zero. In conclusion, the Tbb-unbiased, weakly positive
NICS,,(r) values between 2 and 5 A do not support an aromatic ring current in complex B-5, but

rather a nonaromatic (or even weakly anti-aromatic) electron delocalization.

+B'5 B-5' [C3H3]+ CBHG

Figure 7.14: NICS,,(r) scan plots with variable distance r between the midpoint of the studied ring
and the probe for B-5, the model complex B-5’, and the cyclopropylium cation and
benzene for comparison.

7.4. Digerma-cobaltacyclopentatrienes
[CoCp(TbbGe(RCCR)GeTbb)] (B-6 and B-7)

So far, the experimental and theoretical studies suggest a germanium-centered reactivity for the
digermyne cobalt complex B-1Tbb. In fact, its reactions with several homo- and heterosubsti-
tuted alkynes happen at the germanium atoms and lead to the formation of carbonyl-free 2,5-
digermacobaltacyclopentatrienes [CoCp(TbbGe(RCCR)GeTbb)] (Scheme @).[286]

This compound class of heavier tetrel metallacyclopolyenes is rather rare and there are no exam-
ples for five- and six-membered rings. However, several silametallacyclobutadienes are known, for
example compounds B-VIII to B-X (Scheme @), that are all obtained as [2+2] cycloaddition prod-

151,p22-523

ucts from the reaction of silylidyne complexes with alkynes.| ] Thus, the now-synthesized

germanium compounds are the first examples of heavier ditetrelametallacyclopolyenes.
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Tbb Cp

GeCo Rl;—Rz /CO
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CHNIAN > Tbb—Gé  Ge—Thb
Geg co -co
\ —
Tbb
R R?
1_p2-
B1Thb R! = R? = Me (B-6)

R! = NMe,, R? = Ph (B-7)

Scheme 7.8: Synthesis of the digermacobaltacyclopentatrienes B-6 and B-7. Further reaction con-
ditions: n-hexane, 60 °C (B-6); toluene, 95 °C (B-7).

e I =

Iy Tripp " .
ocC IMo% ./Ar |Pr3P IIOs /Trlpp }W\ /Elnd
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Me
Me
B-VIII B-I1X B-X
O. Chernov, 2012 T. D. Tilley et al., 2013 H. Tobita et al., 2020

Scheme 7.9: Selected examples for silametallacyclobutadiene complexes from O. Chernov,! T.
D. Tilley et al®??) and H. Tobita et al®?4) More complexes can be found in the refer-
ences [151, 323-325]. Ar™"PP = 2 6-(Tripp),-Cs¢H,; Tripp = 2,4,6-(iPr);-C¢H,; Eind =
1,1,3,3,5,5,7,7-octaethyl-s-hydrindacene-4-yl; A~ = [HB(C4Fs);] .

Two of the experimentally accessible compounds, the symmetrically and asymmetrically substi-
tuted complexes [CoCp(Ge(Tbb)C(Me)C(Me)Ge(Tbb))] (B-6) and
[CoCp(Ge(Tbb)C(NMe,)C(Ph)Ge(Tbb))] (B-7),22¢ were calculated in good agreement starting
from the sc-XRD structures B-6.x, and B-7p, respectively, and are depicted in Figure .

B-6 B-7

Figure 7.15: Optimized gas phase structures of the digermacobaltacyclopentatrienes B-6 and B-7.



142 B.7 Digermyne Cobalt Complexes

The triene-character in the five-membered ring of both complexes is supported by short Gel—Co
and Ge2—Co bond distances of 218.9 and 219.7 pm (B-6, see Table @), and 219.7 and 216.4 pm
(B-7), which are even shorter than in the complex B-5 (223.8 and 222.8 pm, see Table E‘l). Fur-
thermore, the C3—C4 bond distances of 134.8 and 138.4 pm are in the range of typical C=C double
bonds. The Ge—C bonds are found to be similar in length with a range 0f 199.2 to 202.1 pm except
for the Ge—C4 bond in the complex B-7 (207.1 pm), which also appears longer than in the sc-XRD
structure (200.5(7) pm). The rather long Ge—C distances suggest no multiple bond character, but
instead localized Gel—Co, Ge2—Co and C3—C4 double bonds.

Table 7.6: Selected bond parameters of the calculated and experimental digermacobaltacyclopenta-
trienes B-6, B-6y;,, B-7 and B-7.,. Bond lengths are given in pm and angles in degrees.

Gel-Co Ge2-Co Gel-C1 Ge2-C2 Gel-C3

B-6 218.9 219.7 199.2 199.5 200.9
B-6ex, 217.9(1) 218.5(1) 196.5(2) 197.4(2) 197.4(2)
B-7 219.7 216.4 198.8 198.8 199.0

B—7eXP 218.0(1) 216.7(2) 196.7(5) 197.8(5) 197.9(7)
Ge2-C4 Gel---Ge2 C3—C4 X/(Gel) X/(Ge2)

B-6 202.1 2923 134.8 360.0 359.4
B-6ex, 199.2(2) 289.5(1) 132.5(2) 360.0(2) 359.4(2)
B-7 2071 286.6 138.4 359.9 360.0

B-7exp 200.5(7)  284.4(1) 136.6(8) 360.0(7) 360.0(7)

This consideration is reflected in the canonical MOs, exemplarily depicted in Figure for the
2-butyne adduct complex B-6: Whereas the HOMO—12 and HOMO—4 describe the combined or-
bitals of the 0(Ge—Co) bonds (in-phase and out-of-phase combinations), out-of-plane 7t-electrons
can clearly be identified in the HOMO—10 (77,0,(C3—C4)) and HOMO (71,,,(Gel—Co—Ge2)). The
remaining two electrons are suspected to be part of a weak d-type interaction between the germa-
nium and cobalt atoms (HOMO—2). Although this orbital interaction looks similar to that of
the HOMO—1 of complex B-5, here the orbital coeflicients on the germanium atoms are slightly
higher.”? The HOMO—3 and HOMO—1 show electron lone pairs centered at the cobalt atom.

The calculated IBOs (Figure ) not only comprise the presence of the expected o(Gel—Co),
0(Ge2—Co), 0(Gel—C3), 0(Ge2—C4) and o(C3—C4) orbitals, but also the 7T,,(C3—C4),
Tloop(Gel—Co—Ge2) and §(Gel—Co—Ge2)-type interactions. The latter is again strongly polar-
ized towards the cobalt atom with atomic Loewdin populations of 0.05, 0.05 and 0.83 for the Gel,
Ge2 and Co atoms, thus this interaction should rather be seen as between a weak 0 bond and an
electron lone pair at the Co atom. The canonical and localized MOs of the complex B-7 are ob-
tained similarly as for B-6, although they are more polarized due to the asymmetric substitution

and can be found in the appendix.

2In analogy to complex B-5, if the isosurface value for the HOMO—2 is lowered, the suspected 5(Gel—Co—Ge2)
interaction is clearly observed.
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HOMO—10 [—6.13 eV] HOMO—4 [—5.14 eV]

HOMO-3 [—4.83 eV] HOMO-2 [—4.58 eV] HOMO—1[—4.16 eV]

HOMO [—4.05eV] LUMO [—2.52 eV] LUMO+1 [—1.94 eV]

Figure 7.16: Selected canonical molecular orbitals of the complex B-6 and their energy eigenvalues.

The complex B-6 was also studied using the NBO7 program to obtain further insight in its elec-
tronic nature. A local NRT analysis reveals the dominant Lewis structure for the ring to be B-6-a
with 52 % (Scheme ), where two Ge=Co double bonds, two Ge—C single bonds and a C=C
double bond are present, which reflects the results of the MO/IBO analysis. However, the re-
maining NRT resonance hybrid consists of various individual structures, each with low contribu-
tions that cannot be reasonably summarized. Those with the highest weight are also depicted in
Scheme .

The results of the NBO analysis of Lewis structure B-6-a are summarized in Table @ Two NBOs

each are found for the 0(Ge—Co) and 7t(Ge—Co) bonds, where the first are rather polarized to-
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0(Gel—Co) 0(Ge2—Co) Tloop(Gel—Ge2—Co)
0.60 (Gel), 0.04 (Ge2), 0.26 (Co) 0.04 (Gel), 0.60 (Ge2), 0.26 (Co) 0.10 (Gel), 0.11 (Ge2), 0.69 (Co)

5(Gel—Ge2—Co) / dyxy(Co) 0(C3—C4) Tloop(C3—C4)
0.05 (Gel), 0.05 (Ge2), 0.83 (Co) 0.46 (C3), 0.46 (C4) 0.41 (C3), 0.41 (C4)

Figure 7.17: Selected intrinsic bond orbitals (IBOs) of the complex B-6 and their atomic Loewdin
orbital populations.

: o
Co AN VZ © 20 @
Tbb_GZ Nce—Tbb < Tbb—Ge Ge—Tbb <> Thb—Ge \g;e—Tbb <> Thb: & ®Ge—Thb
® -
— —\9@
B-6-a (52 %) B-6-b (8 %) B-6-C (7 %) B-6-d (6 %)

Scheme 7.10: Most contributing NRT resonance structures of complex B-6 and their resonance
weight. The local NRT subset comprises the Gel, Ge2, Co, C3, C4 and the phenylic
carbon atoms of the Tbb substituents.

wards the germanium atoms (62 %, 64 %). The 7t-type NBOs are strongly polarized towards the
cobalt atom (88 %, 88 %) and describe localized 2-center-2-electron bonds in contrast to the 3-
center-2-electron-7t-type MOs and IBOs. Their large polarization towards the cobalt atom and
the non-negligible occupation of the corresponding anti-bonding NBOs (0.27 e~) again indicates
a borderline case between a bond and a free electron lone pair on the cobalt atom. Accordingly,
the calculated total NRT bond orders for the Gel—Co (1.6) and Ge2—Co (1.8) bonds are smaller
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than 2 in the case of an ideal metallacyclotriene structure. Although the C3—C4 bond also has a
total NRT bond order slightly smaller than 2 (1.8), an identical Wiberg bond index is calculated. In
contrast, the WBIs of the Ge—Co bonds are considerably smaller with 0.8.

The total NRT orders of 0.8 to 1.0 and similar WBIs also confirm the presence of typical Ge—C
single bonds for the Ge—C™ and Ge—C™ pairs and show typical NBO occupations and polar-
ization of approx. 1.9 e~ and 70 % towards the more electronegative carbon atom, respectively.

Thus, a considerable electron delocalization within the five-membered ring is not observed.

Table 7.7: Results of the NBO, local NRT and NPA analyses of complex B-6.

NBO _ NHO (A,B) NRT-BO

A-B Oce. /e pol. / % (hyb.) tot/cov/ion NPA /e
0(Gel—Co) 1.77 62 (sp'?), 38 (sd!) Gel +1.02
m(Gel—Co)  1.89 2Gp), 88 08 LOOIO0T L 09
0(Ge2—Co) 1.77 64 (sp''), 36 (sd?) Co —0.13
m(Ge2—Co) 190 12(p), 88 O 18/10/07 C3 038
0(Gel—Cl) 1.92 29 (sp*®), 71 (sp**) 0.7  0.9/0.5/0.4 C4 —0.37
0(Ge2—C2) 1.92 29 (sp*7),71(sp*?) 0.7  0.8/0.5/0.3 (Cp] —0.33
0(Gel—C3) 1.91 28 (sp*®), 72 (sp*°) 0.7  0.9/0.5/0.4 [Tbb@Gel] —0.38
0(Ge2—C4) 1.91 28 (sp*?), 72 (sp*’) 0.7  1.0/0.5/0.5 [Tbb@Ge2] —0.38
0(C3—C4) 1.98 50 (sp'?), 50 (sp™*) [MeCCMe] —0.79
(C3—C4) Ls6 50 (p), 50 (p) 1.8  1.8/1.8/0.0

The calculated atom and group NPA charges reveal the expected negative charge accumulations
on the Tbb (both —0.38 e) and Cp (—0.33 e) substituents, but more positively-charged germa-
nium atoms with +1.02 and +0.99 e than in the complexes B-1Tbb (+0.42, +0.51 ) and B-5 (+0.41,
+0.43 e). This is caused by the alkyne fragment, which bears a rather large negative group charge
of —0.79 e. The NPA charge on the cobalt atom (—0.13 e) is slightly more negative than that of
complex B-5 (+0.02 e) and suggests a similar charge transfer between the cobalt and germanium
atoms.

Finally, the question should be adressed, if there is a transannular interaction present between the
germanium atoms in the complex B-6. Whereas the bond motif of a 0(Ge—Ge) single bond is only
observed with 4 % in the overall resonance hybrid (leading to a very low total NRT bond order of
0.04), the calculated WBI amounts to 0.3, which is only slightly less than half of the WBIs for the
Ge—Cbonds and would indicate a weak Ge- - - Ge interaction. Considering the large Ge: - - Ge dis-
tance of 292.3 pm, which is far above the sum of the Pyykkoe single bond radii for Ge (242 pm),22¢!
an effective binding transannular interaction between the germanium atoms is ruled out further.
Additionally, an Atoms In Molecules (AIM)2¢) analysis with the AIM2000 program/®2”! does not
find a bond-critical point between the germanium atoms, but only the expected ring-critical point

for the digerma-cobaltacyclopentatriene and bond-critical points between the adjacent ring atoms.
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7.5. First insights into the reaction pathways involving

complex B-6

The reaction of the digermyne cobalt complex B-1Tbb with 2-butyne affords the digermacobaltacy-
clopentriene B-6 (Scheme @), but not its conceivable constitutional isomer, the
n*-digermacyclobutadiene complex [CoCp-7*-(Ge(Tbb)C(Me)C(Me)Ge(Tbb))] (B-8). Instead,
compound B-8 is observed as side product in the reaction of B-5 with 2-butyne (Scheme ),

and can be interconverted quantitatively to B-6 by a thermally induced isomerization at 80 °C

(Scheme ).[286]

: Me —=—=—Me ,
Co (10 equiv), n-hexane Co 0
/o~ ' ! Vi NS 1
Ge/\Ge 60°C, 5h Thb—G&  Ge—Tbb . Thb~go i g TPP
- ’ g =2
Tob™~ > Tbb — . Me
B-5 B-6 1.03:1 B-8

Scheme 7.11: Observed reaction of complex B-5 with 2-butyne, leading to the digermacobaltacy-
clopentatriene complex B-6 and the digermacyclobutadiene cobalt complex B-8.

Co

Co
o 20
Tbb Ggee/Tbb benzene, 80°C, 34h  Tbb—Geé Ge—Tbb
Me~ Me >
B-8 B-6

Scheme 7.12: Experimental thermally induced isomerization of complex B-8 to complex B-6.

The digermacyclobutadiene cobalt complex B-8 was calculated starting from the available sc-XRD
structure and can be found in the appendix. The calculated thermodynamic parameters for the
reaction of Scheme indeed support the experimental finding, as the reaction is found to be
favoured by —52.0 and —52.8 kJ-mol~! in terms of the electronic energy AE and Gibbs energy
AG.

In contrast, the reaction of the complex B-1Tbb with 2-butyne proceeds very selectively to B-6,
and in Scheme two major conceivable mechanistic pathways for its formation are provided.
In the following discussion, the calculated free Gibbs energies (all calculated at 298 K) are given in
square brackets after the respective electronic energies. The full table with more thermodynamic
reaction parameters (AU, AH, AS) for each step can be found in the appendix.

The first pathway a) is cobalt-centered and starts with the dissociation of the carbonyl ligand, form-
ing the digermacobaltirene complex B-5, which then reacts with 2-butyne to the digermacobalta-

cyclopentatriene B-6. However, the separate reaction of the carbonyl-free compound B-5 with
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Tbb\ /cp oc\

: pathway a): pathway b): Co—Cp
/Co cobalt-centered @Ge\---';Co\ germanium-centered
7\ - > —Ge
Ge=Ge__ _co 'C‘Ese co ca. +30 [ca. +25] Tbb \
Tbb Tbb +169 [+100] Thb Ge— b
B-5
B-1Tbb B-1Tbb-(E,2)
‘ + 2-butyne
~136 [-54] l_lss [-107] + 2-butyne l [C;_jg]
< oc oc
CIO CIO Co—Cp Co—Cp
N 77X +25 [-16] -9[-31]
Tbgeige ™ thh—ad  Sce—Thh - v - 4
A -Cco Tbhb—G€ . Tbh—Ge
Me Me Ge
~ Q Ge— Thb
Tbb H
NS
B-8 B-6 B-10 B-9

Scheme 7.13: Conceivable mechanisms for the reaction of the digermyne cobalt complex B-1Tbb
to the digermacobaltacyclopentatriene B-6. The germylene-germylidene complex B-
1Tbb-Z2 is used here as representative. The numbers without and within square
brackets give the reaction electronic and free Gibbs energies, respectively.

2-butyne, as seen before in Scheme , yields a traceable amount of the digermacyclobutadiene
complex B-8, which is not observed in the reaction between B-1Tbb and 2-butyne. A direct in-situ
isomerization from B-8 to B-6 is also unlikely to happen at 60 °C, as this reaction could not be
observed below 80 °C (see Scheme ).

Instead, the germanium-centered pathway b) via the above-discussed germylene-germylidene com-
plexes B-1Tbb-(E,Z) is proposed, which are easily accessible at 60 °C as they are lying only up to
30 kJ-mol~! higher in electronic and Gibbs energy (vide supra). Therein, the germylene center can
add the alkyne via a [2+1]-cycloaddition (B-9), which is favoured in terms of energy
(AE =~ —70kJ-mol~!) and easily accessible in terms of the free Gibbs energy AG (= +15kJ-mol 1),
and was already observed before at other germylene centers known in the literature, 283 328333
The alkyne fragment then inserts into the Ge—Ge bond (—9.2 [—30.8] kJ-mol~!), forming again
a germylene-germylidene complex (B-10). As the final step in the formation of B-6, the car-
bonyl ligand leaves the cobalt atom. This dissociation reaction is, in contrast to the first step of
pathway a), much more favoured with electronic and free Gibbs reaction energies of +24.5 and
even —16.4 kJ-mol~!. Overall, the full reaction B-1Tbb + 2-butyne — B-6 + CO as depicted
in Scheme @ is calculated to be only slightly favoured (AE = —18.7 kJ-mol~!) and exergonic
(AG = —6.9 kJ-mol 1) at 298 K.

Transitions states for the proposed mechanism shown in Scheme , that would elucidate the
kinetic regime, could not be obtained so far, but are subject to further investigations on this topic

in the future.



8. Group 10 Tetrylidyne Complexes

The work presented in the this chapter was already published and is reprinted (adapted) with per-

mission of the other authors from

L. R. Maurer, J. Rump, A. C. Filippou, The Electronic Nature of Cationic Group 10 Ylidyne Complexes,
Inorganics 2023, 11,129; DOI 10.3390/inorganics11030129.

My own manuscript contributions comprise
« Interpretation of the results regarding the canonical, fragment and localized MOs

+ Performing the calculations regarding the compounds by T. Hadlington et al. and interpre-

tation of the results

« Co-writing the manuscript (especially chapters 1, 2.1, 2.2, 2.5, 3 and 4) and proof-reading

The following chapter is supposed to provide an overview of the main results and conclusions of
the topic, and thus, the complete publication is summarized. Apart from my own contribution
listed above, which are in the focus, this also includes contributions of the other authors, mainly

by Jens Rump. The complete publication can be found in the appendix.
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8.1. Introduction

Transition metal complexes of the general formula [L,M=E—R] (E = Si to Pb, R = singly-bonded

substituent, L, = ligand sphere) represent the heavier homologues of Fischer-type carbyne

(834-338] featuring a triple bond between the transition metal M and the tetrel E. Af-

339, B40)

complexes,

the group of
(341, B42)

ter the first report of a germylidyne complex by P. P. Power et al in 1996,!

A. C. Filippou succeeded in isolating the first tetrylidyne complex representatives for tin,

*46l Herein, the M=E functionality needs to be carefully protected by

[347]

lead,®3243) and even silicon.|
electronic or steric stabilization to circumvent head-to-tail dimerizations*™** or intra- and inter-
molecular 0-bond activation, similarly to the electrophilic low-valent tetrel centers also discussed
in part A of this thesis.

Quantum chemical studies of the heavier tetrylidyne complexes reveal that they are electronically
337, B43-B44, B4d-B54

similar to Fischer-type carbyne complexes,! ) having a 6(M—E) bond polarized to-

wards the tetrel and two (M —E) bonds polarized towards the metal atom. Using the Dewar-

Chatt-Duncanson model, 5% 25¢

] the M=E bonding can be well rationalized by a combination of
one 0(ER*—ML, ) donation and two 7t(ML,~—ER") back donations (Scheme @ a). Alterna-
tively, the bond situation in tetrylidyne complexes can be described by b) the interaction of two
neutral fragments [ML,] and ER in their electronic doublet state, or c) in their quartet electronic

[B50

state.?>¥ The latter is typically found in Schrock-type alkylidyne complexes and results in two

rather unpolar 1(M—E) bonds. [B57, 58]

a) b) C)

6D~ O D> D> 0
=8 B-§ B4
O < @ O - > R <> o
[ML,]~ ER* [ML,] ER [ML,] CR

"Fischer type" "Fischer type" "Schrock type"
(singlet) (doublet) (quartet)

Scheme 8.1: Schematic representation of the dominant orbital interactions in the heavier group 10
tetrylidyne complexes and Fischer-type carbyne complexes using a) charged, closed-
shell fragments or b) neutral fragments in the doublet state; ¢) dominant orbital inter-
actions in the Schrock-type alkylidyne complexes using neutral, open-shell fragments
in their quartet spin states.

Whereas the initial development of heavier tetrylidyne complexes is focussed on group 6 transi-
tion metals, today examples exist for the groups 4 to 10 where a heavier tetrel could be successfully
incorporated into triple bonding with a metal atom.[35%-26¢!

Particular of interest are group 10 tetrylidyne complexes, as only a few representatives exist and
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even for the lightest homologue, a group 10 carbyne complex, only one compound is known for 40

7 The first heavier group 10 tetrelylidyne complex cations

years by E. O. Fischer et all
[(PMe;);sM=ER]" could be isolated by I. Papazoglou during his doctoral studies for M = Ni (E = Si
(NiSiTbbey,), Ge (NiGeAr™*..), Sn (NiSnArM®,.)) and Pt (E = Si (PtSiTbbey,), Ge
(PtGeArMesexp)).[%g] Scheme E illustrates the two-step synthetical route via the corresponding
tetrylidene complexes [(PMe;); M=E(X)(R)], which are then transformed into the targeted tetryli-
dyne complexes after abstraction of the halide X with Na[B(Arf),]. The same route was also em-
ployed very recently by T. J. Hadlington et al. for the analogues triphenylphosphane nickel complex

cations [(PPh;);Ni=EN(Si(iPr);)(Dipp)]* (E = Ge (B-XI-Geyp), Sn (B-XI-Snyp)). B

.
R
R X | - [B(ArF)]”
~_~
L E E
|\|/| +0.5 [E(XRI HA + Na[B(AF),] Ihl/lI
ot EEE— Lt e Lt
MesP ™y oo L MeP ™y e — NaX MesP "y e
MesP MesP MesP
Scheme 8.2: [

B(Ar"),] developed by I. Papazoglou.] Two-step synthesis of the group 10 metal tetrylidyne
complexes [(PMe;);MER][B(Ar"),] developed by I. Papazoglou.?*8) M = Ni, Pt; L = PMe;,
Ga(Cs(CH,)s); E = Si, Ge, Sn; X = Cl, Br; R = Tbb, ArM<s; ArF = 3,5-(CF;),-CH.

A basic rationalization of the bond description in the complexes by I. Papazoglou and T. J. Hadling-
ton et al is given in their respective references. However, no extensive theoretical study about the
whole series of the group 10 tetrylidyne complex cations [(PMe;);MER]* (MER: M = Ni, Pd, Pt;
E = C, Si, Ge, Sn, Pb; R = ArM*, Tbb (only for Si)), that outlines the electronic structure of the
hitherto unknown complexes and puts them into context with each other and the known ones,

was available before this work, and will be presented in the following.

8.2. Structural Results

The experimentally available tetrylidyne complex cations by I. Papazoglou were chosen as anchor
points of this study and were complemented by the experimentally missing MER combinations
with M = Ni, Pd, Pt; E = C, Si, Ge, Sn, Pb; R = ArM*, resulting in a total of 15 compounds. Ad-
ditionally, the Tbb substituent was used for the silicon complexes to compare them with the ex-
perimentally known systems NiSiTbb.y, and PtSiTbb.,,. The structures of all MER complexes
and the compounds by T. J. Hadlington et al. (B-XI-Gegyp, B-XI-Sney,) were calculated with the
ORCA 5.0.3 program package at level of theory I and confirmed as minima by successive numeri-
cal or analytical frequency calculations. Whereas the most important results of the MER complexes
are summarized in the following, the discussion of the results regarding the complexes B-XI-E is

omitted here, but can be found in the full publication text included in the appendix.
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Table 8.1: Selected structural parameters of the calculated and experimentally obtained group
10 tetrylidyne complex cations MER. Experimental sc-XRD bonding parameters of
the MER., complexes are obtained from reference [368]. For the compounds
NiGeArMeseXp and PtGeArMeseXp, the bonding parameters of two independent complex
cations found in the unit cell are listed. Bond lengths and angles are given in pm and
degrees, respectively.

M-E E-C1 M-E-C1

NiCArMes 169.1 141.3 168.4
NiSiTbb 204.5 184 167.2
NiSiTbbey, 203.11(7) 183.8(2) 172.40(8)
NiSiArMes 204.2 186.6 163.8
NiGeArMes 213.3 197.1 165.3
) . 210.40(6) 194.6(4) 164.9(1)
NiGeAr" ey 210.20(6) 195.0(4)  166.5(1)
NiSnArMes 235.1 219.4 150.9
NiSnArMe,.,  228.08(9) 214.0(5) 165.1(2)
NiPbArMes 244.9 229.7 142.7
PdCArMes 182 140.9 168.4
PdSiTbb 215.1 184 163.1
PdSiArMes 216.1 187.6 150.7
PdGeArMes 227.9 199.5 144.9
PdSnArMes 251.6 222.9 134.4
PdPbArMes 263.1 232.4 129.6
PtCArMes 179.9 141.2 175.1
PtSiTbb 215.8 183.8 168.1
PtSiTbbey, 213.43(7) 184.2(3) 173.83(9)
PtSiArMes 215.7 186.3 166.1
PtGeArMes 228.4 198.9 149.7
Mes 222.42(7) 194.7(7) 161.8(2)
PIGeAr™ exp  50269(8) 195.2(7)  163.3(2)
PtSnArMe 255.1 223.9 132.1
PtPbArMes 267.7 233.1 127.3

The evaluation of selected structural parameters, summarized in Table @, indicates several trends,

which are briefly discussed in the following:

« The calculated structures generally agree well with the experimental solid-state structures,
however the deviation for the M—E bond lengths is found to increase slightly with an in-
creasing atomic number of the tetrel and transition metal and ranges between 1.4 and 7.0 pm.
The same is true for the E—C1 bond lengths with differences ranging from 2.3 to 5.4 pm.
Also for the M—E—C1 bond angles significant deviations are observed for the heavier com-
plexes. This is attributed to the inherent contrast of experimental solid state structures ob-
tained by single-crystal X-ray diffraction at 100 to 123 K and single molecule gas phase cal-
culations at 0 K, but also due to the very flat hypersurface of the M—E—R moiety as found
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by PES scans. (see the full publication for more information). The influence of the level of

theory and relativistic effects was also checked but did not yield any salient effects.

« The calculated (and experimental) M—E bond distances are considerably shorter than ob-

368 and indicate

served in the preceding tetrylidene complexes presented by I. Papazoglou!
the presence of M=E triple bonds. As expected, complexes with heavier metals and tetrels
feature longer M—E bond lengths, although this trend is weakened for the transition from

palladium to platinum due to the lanthanide contraction effect.

+ Interestingly, the calculated M—E—CI angles show a high degree of variability with val-
ues ranging from 175.1° (PtCAr™®) down to 127.3° (PtPbAr™®). All carbyne and silylidyne
complexes show rather large angles around 170° in the range of typical heavier tetrylidyne
complexes (156 to 179°).262.874) Thijs is also observed for NiGeArM® (165.3°), but for M = Pd,
Ptand E = Ge, Sn, Pb the calculated M—E—C1 angles are considerably smaller, decreasing in

the order Ge > Sn > Pb, which suggests a different electronic structure in these complexes.

8.3. Molecular Orbital Analysis

Selected canonical MOs of the complexes NiSiAr™® and PtPbAr™® are depicted in the Figures El]
and , respectively, being the anticipated extremes regarding the bonding situation. For
NiSiAr™e, the energetically low-lying delocalized HOMO—11 corresponds to a o(Ni—Si) bond
with accompanying 0(Si—Cl1) bond character in this MO. Two metal-centered 7t(Ni—Si) bonds
could be identified in the HOMO—7 and HOMO—8, with their anti-bonding combinations present
in the LUMO and LUMO+1, resulting in an overall Ni=Si triple bonding.

In the complex PtPbAr™*, also an energetically low-lying o(M—E) interaction is found
(HOMO—11). However, in contrast to the complex NiSiAr™® no clear 7t(Pt—Pb) orbitals can be
identified, but rather metal-centered dy, and dy, orbitals in the HOMO—10 and HOMO—9, respec-
tively, without significant orbital contribution from the lead atom. Accordingly, the LUMO and
LUMO+1 mainly correspond to the empty p, and py orbitals at the tetrel atom, with only a small
participation of the metal. A lead atom triply-bonded to the metal is thus not observed here, but
instead the absence of 7T(M—E) orbitals and the strongly bent Pt—Pb—C1 moiety (127.3°) suggest
the presence of metallotetrylene character with a platinum-lead single bond and an electron lone
pair on the Pb atom. However, a convincing MO for the latter could not be found, presumably due

to the large relativistic stabilization, which causes a downward energetic shift.
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HOMO—8 [—8.61 V] HOMO-7 [—8.40 eV]

@0

LUMO [—5.37 eV] LUMO+1 [—4.93 eV]

Figure 8.1: Selected canonical MOs of NiSiArM® and their respective orbital energies.

HOMO—9 [—9.03 eV]

LUMO [—5.24 eV] LUMO+1 [—4.85eV]

Figure 8.2: Selected canonical MOs of PtPbAr™ and their respective orbital energies.
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Further support for these different bonding descriptions is derived from the analysis of the lo-
calized Pipek-Mezey MOs. Localized MOs for the c(M—E), 7t,,(M—E) and 7t,,(M—E) bonds are
found for the complex NiSiArM® (Figure @) in accordance with the canonical MO analysis. The
corresponding atomic Mulliken orbital populations reveal a strong polarization of the o-bond to-
wards the silicon atom (0.81) and strongly Ni-centered 7t bonds (0.80 for both 71y, and 71y,), rem-
iniscent to the Fischer-type carbyne complexes (vide supra). The remaining filled d-orbitals of the
d"°-configured nickel atom are also observed in the LMOs and have no significant orbital contri-
bution at the silicon atom (< 0.04).

In contrast, for PtPbArM* no 7t(Pt—Pb) binding LMOs are found in agreement with the canonical
MO analysis, but instead almost pure filled dy, and dy, orbitals at the platinum atom (Figure E‘I).
The assumed metallotetrylene situation is further confirmed by the presence of a o(Pt—Pb) LMO
polarized towards the Pt atom (0.82) and an electron lone pair, which is completely localized at the

lead atom without visible Pt—Pb overlap.

o(Ni—Si) Tlxy(Ni—Si) 7ty,(Ni—Si)
0.20 (Ni), 0.81 (Si) 0.80 (Ni), 0.16 (Si) 0.80 (Ni), 0.17 (Si)

dyy (Ni) d»(Ni) de_2(Ni)
0.93 (Ni), 0.01 (Si) 0.93 (Ni), 0.03 (Si) 0.93 (Ni), 0.00 (Si)

Figure 8.3: Pipek-Mezey-localized MOs of NiSiArM®, their assigned orbital type and
corresponding atomic Mulliken orbital populations.

From the structural and MO-analytical results, two types of bonding situation can be proposed,

which are illustrated by fragment MO interaction diagrams in Scheme @ On the one hand, there
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o(Pt—Pb) d,,(Pt) dy,(Pt)
0.82 (Pt), 0.13 (Pb) 0.95 (Pt), 0.01 (Pb) 0.89 (Pt), 0.06 (Pb)

a

ey (PY) de_,2(PY) LP(Pb)

X

0.92 (Pt), 0.00 (Pb) 0.92 (Pt), 0.00 (Pb) 0.02 (Pt), 0.96 (Pb)

Figure 8.4: Pipek-Mezey-localized MOs of PtPbArMe, their assigned orbital type and
corresponding atomic Mulliken orbital populations.

are a) tetrylidyne complexes with M=E triple bonding that can be described by the classical Dewar-
Chatt-Duncanson model. The neutral ML; fragment interacts with the ER™ fragment in the sin-
glet state, forming metal-tetrel bonds by a 0(E—M) donation and two 7t(M—E) back donations.
Herein, both the empty metal sp, and the filled d, orbitals can interact with the filled sp hybrid or-
bital of the tetrel, which leads to a 0-bonding, a 0*-antibonding and a non-bonding 6™ MO, where
the latter can be regarded as metal-centered d,? orbital. The 7t-bonds result from d,,(M)—p(E)
and d,,(M)—p,(E) interactions, and the remaining orbitals are responsible for metal-ligand or
tetrel-substituent bonding.

On the other hand, case b) describes metallotetrylenes with only a M—E single bond by a 6(M—E)
donation, and an electron lone pair at the tetrel center of the bent M—E—C moiety, which is further
stabilized by relativistic effects.

After investigating the structures, MOs and LMOs of all studied MER complexes, they can be classi-

fied according to Scheme E‘I: All carbon and silicon compounds as well as the complex NiGeAr™e

are considered as tetrylidyne complexes (case a), whereas the complexes PdSnArMe, PAPbAr™e,
PtSnAr™® and PtPbArM* show clear metallotetrylene character (case b). The germanium sys-
tem PdGeAr™® and PtGeAr™* as well as the nickel-tin and nickel-lead complexes NiSn Ar™* and
NiPbArM are borderline cases between a) and b). They show a similar 0-bonding as the tetryli-

dyne complexes, albeit with weakened 71(M—E) bonds and more bent M—E—CI1 units (142.7 to
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Scheme 8.3: Qualitative MO interaction diagram depicting the bonding situations of a) the tetryli-
dyne complex (similar to the diagram for [L3;M=CR] by P. Hofmann®") and b) the

metallotetrylene case.

150.9°) compared to the carbon and silicon compounds (see the appendix for more information on

these complexes).

The extensive analysis of the canonical and localized MOs of the compounds B-XI-Ge and B-XI-

Sn suggests an electronic structure very similar to Fischer-type aminocarbyne complexes and the

presence of both ylidyne and allenic Lewis resonance forms due to the amino substituent attached

to the tetrel atom. A detailed discussion can be found in the full publication text.

NicArMes  NisiR
PdcArMes  pgsir
PtcArMes  pigiR

NiGeArMes
PdGeArMes

PtGeArMes

NisnarMes — NipparMes
PdSnarMes  pgpparMes
PtsnArMes  ptpparMes

tetrylidyne complex

Scheme 8.4: Classification of the compounds assessed throughout this study: R = Ar™®, Tbb. The
hatched complexes also exhibit characteristics of the metallotetrylene type.
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8.4. Bond Dissociation Energies and Natural Population
Analysis

To assess the M—E bond strength in the MER complexes, bond cleavage (BCE) and bond dissocia-
tion energies (BDE) were computed. Due to the positive charge of the complex cations, two differ-
ent fragmentation schemes are reasonable: First, the splitting [(PMe;); MER]* — [M(PMej);] +
[ER]* into two closed-shell singlet fragments' with large singlet-triplet excitation energies rang-
ing from 191.4 to 214.3 kJ-mol~! for the metal fragments and 140.8 to 174.7 kJ-mol~! for the
tetryliumylidene ions. Alternatively, the [(PMe;);MER]" — [M(PMe;);]* + [ER] cleavage into
two open-shell doublet spin state fragments is conceivable, where the doublet state is preferred for

all fragments by 120.3 to 284 kJ-mol ! over the quartet spin state.

Table 8.2: Calculated BCEs and BDEs of the M—E bonds of the MER complexes in kJ-mol ! at the
level of theory II to give the ML; + ER" and ML;" + ER fragment combinations. BCEs
and BDEs of the energetically more favourable fragmentation scheme are highlighted in

bold.
BCE BDE
ML, + ER* ML;* + ER ML, + ER* ML;* + ER
NiCArMes 718.6 544.3 521.8 461.6
NiSiTbb 470.4 427.9 402.5 377.5
NiSiArMes 491.5 421.4 392.3 368.9
NiGeArMes 4593 387.7 365.0 340.0
NiSnArMes 383.9 346.0 316.9 304.5
NiPbArMes 342.7 328.6 291.7 285.6
PdCArMes 625.1 469.7 404.2 340.1
PdSiTbb 415.3 395.0 333.0 304.1
PdSiArMes 427.4 387.9 322.5 295.3
PdGeArMes 383.2 349.2 289.4 260.5
PdSnArMes 321.9 319.5 253.6 237.3
PdPbArMes 293.3 309.0 240.4 230.4
PtCArMes 799.3 618.3 486.0 411.3
PtSiTbb 504.0 462.5 373.5 334.0
PtSiArMes 520.3 450.2 362.1 324.1
PtGeArMe 444.0 386.3 314.5 274.9
PtSnArMes 354.6 332.6 2741 247.2
PtPbArMes 313.5 307.8 251.1 230.5

The comparison of the fragmentation schemes reveals that the bond dissociation is favoured into
open-shell doublet fragments for all complexes except PASnArM® in terms of the BCE and for all
complexes in terms of the BDE (see Table @) If only the more favoured fragmentation pathway
is discussed, both the BCEs and BDEs follow the trend C » Si > Ge > Sn ~ Pb. Thus, the strongest

Mes ]

1A triplet ground state is only observed for the structurally relaxed [CAr™®]* fragment due to an bond activation of

the Mes substituent.
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M —E bonds are obtained for the triply bonded carbyne complexes, and the heavier complexes with
large metallotetrylene character as discussed before show weaker bonds.

Furthermore, the charge distribution of the complex cations was studied with the natural popula-
tion analysis method (NPA) in the NBO7 framework using natural atomic orbitals (NAOs) and the
results are summarized in Table @ and Figure @ Interestingly, the metal atoms Ni, Pd and Pt are
almost electroneutral for E = Si and Ge (—0.03 to +0.05 e) or even slightly negatively charged for
the heavier Sn and Pb tetrels (—0.21 to —0.09 e). Accordingly, most of the cationic charge residues
on the tetrel atoms in a range between +0.58 (PtGeAr™*) and +1.07 e (NiPbAr™®), following the
order Si &~ Ge < Sn & Pb. The entire ML; units carry total charges of +0.46 (NiPbAr™*) to +0.76 e
(PtGeArM®), whereas the heavier ER groups have on average slightly smaller charges from +0.24
(PtGeAr™®) to +0.54 e (NiPbArMe),

In contrast, the high electronegativity of carbon leads to a completely different charge distribution
in the carbyne complexes, which is reflected by its negative partial charges (—0.13 to —0.24 e) and
a considerably higher group partial charge of the ML; unit (+1.18 to +1.28 e) than observed in the

heavier congeners.

Table 8.3: Calculated NPA charges in e for the M and E atoms and the [ML;] and [ER] units in the
complex cations [L3;MER]".

M E [ML;] [ER]
NiCArMe  4+0.35 -0.13 +1.18 -0.18
NiSiTbb +0.00 +0.76 +0.62 +0.38
NiSiArMe  £+0.00 +0.78 +0.67 +0.33
NiGeArM® +0.05 +0.66 +0.59 +0.41
NiSnArMe  —0.09 +1.05 +0.48 +0.52
NiPbArMe  -0.09 +1.07 +0.46 +0.54
PAdCArMe 4031 -0.15 +1.18 -0.18
PdSiTbb -0.03 +0.73 +0.66 +0.34
PdSiArMe  -0.03 +0.75 +0.71 +0.29
PdGeArM® -0.01 +0.65 +0.71 +0.29
PdSnArMe  —0.15 4098 +40.56 +0.44
PdPbArMe  -0.17 +1.02 +0.53 +0.47
PtCArMe 4035 -0.24 +1.28 -0.28
PtSiTbb -0.02 +0.65 +0.71 +0.29
PtSiArMes  -0.02 +0.68 +0.75 +0.25
PtGeArM® 40.00 +40.58 +40.76 +0.24
PtSnArMes  -0.19 4096 +40.67 +0.33
PtPbArMe  -0.21 +1.00 +0.55 +0.45
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Figure 8.5: Illustration of the calculated NPA charges for the M and E atoms and the [ML;] and
[ER] units in the complex cations [L;MEAr™*]*. The connecting lines have no phys-
ical meaning and are only drawn to visualize the trends.

8.5. ETS-NOCV and EDA Analyses

The ETS-NOCV bond analysis represents the combination of the extended transition state (ETS) 143

method and natural orbitals of chemical valence (NOCV)!46 147]

and was employed here to ob-
tain a deeper understanding of the metal-tetrel bonding in the MER complexes. It was carried
out on the level I-optimized structures using the ADF 2021.103 program package?’) at the B97-
D3(BJ)/TZ2P%” Jevel of theory, which is comparable to the level of theory I. The overall interac-
tion energy (A Fy,) of the studied complexes is decomposed via an energy decomposition analysis

(EDA) according to Equation @:

AEjint - AE1orb + AE1P31u1i + AEjels'cat + AE1clisp - _BCE (81)

Herein, the AFy, represents the attractive interaction between the occupied and virtual MOs of
the fragments, A F'p,y; the Pauli repulsion energy between the occupied orbitals of the fragments,
and A E e and A E g, their electrostatic and London dispersive interaction energies. The elec-
tronic reference state of the fragments is usually defined by their lowest |A E,;| contribution. 147
In contrast to the favoured doublet state M—E fragmentations by the BCE/ BDE analysis discussed
above, most of the electronic reference states calculated from the ETS-NOCYV analysis are the low-
spin singlet states, leading to a fragmentation into the ML; and ER" fragments. The exceptions are
all carbyne complexes as well as NiGeAr™® and PtGeAr™®, for which the doublet spin states are
found to be their reference states. The overview about the EDA components of all MER complexes
given in Equation El] and their discussion is accessible in the full publication text in the appendix.
Of particular interest is the decomposition of the orbital interaction energy AF,; into its dom-
inant NOCV contributions that allow for visual inspection. The hereby obtained deformation

densities are exemplarily depicted for the complexes NiSiTbb, NiGeAr™® and PtPbAr™*, and
the NOCVs of the other tetrylidyne complexes and metallotetrylenes appear similar to those of
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NiSiTbb/NiGeArM® and PtPbArM*, respectively (c.f. Scheme @)

For NiSiTbb, the two largest contributions (ca. —200 kJ-mol~!) can be identified as 7t-back dona-
tions from the metal to the tetrel fragment, whereas the third contribution is considerably weaker
(—54 kJ-mol~!) and represents the o-type [SiTbb]*—[ML;] donation. The interpretation of the
NOCYV interactions in NiGeAr™® appears more complicated due to the separation into the - and
[3-spin contributions. However, in essence a similar situation as for NiSiTbb is observed, with
two 7i-type donations with a lower strength of —179.6 and —135.7 kJ-mol ! than in the silylidyne
complex.” The found o([GeAr™*]—[ML;]*) interaction of —77.4 kJ-mol~! is slightly stronger
than in NiSiTbb as the charge donation does not proceed against the charge gradient of the frag-
ments.

Mes are rather weak with —74.7

In contrast, the visible 7t-type donations in the complex PtPbAr
and —26.8 kJ-mol ™ for AFE ., and AF .y 5, respectively, whereas a strong 0-type donation from
the [Pt(PMes);] to the [PbAr™*]* fragment is identified (—180.1kJ-mol '), which directly reflects
the earlier assigned metallotetrylene character in this complex type.

Finally, Scheme @ provides an overview over the three conceivable bonding situations that were
obtained by the analysis of the structure, canonical and localized MOs, bond dissociation energies
and ETS-NOCVs of cationic group 10 tetrylidyne complexes studied in this work. Complimen-
tary to the description of one 0(E—M) donation and two T(M—E) back donations in tetrylidyne
complexes, their M=E triple bond can also be rationalized by one 7t-type electron spin-pairing
interaction bond, which replaces one of the 7t back donations. In contrast to those, the metal-

lotetrylene type involves a cationic tetrylidyne fragment [ER]* with an electron lone pair on the

tetrel atom that is bonded via a metal-centered o bond.
TT TT
oD — O oD ~— O
R-§ B=Y oo
O <= @ CO <= @
[ML3] ER"* [ML]* ER [ML3] ER*

tetrylidyne complex type metallotetrylene type

Scheme 8.5: Schematic representation of the bonding situations found in the herein studied MER
complexes.

Due to the interaction of two doublet spin state fragments, only the second 7t-type donation A F, , stems exclusively
from the metal. The first 7t-type interaction is given as both the 71-donation from the singly occupied SOMO of
[GeAr™*] to the SOMO of [Ni(PMe;);]* and from the SOMO of [Ni(PMe;);]* to the SOMO of the [GeAr™*]
fragment.
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Figure 8.6: Isosurface plots (isosurface value = 0.002 e Bohr* of deformation densities Ap,, in
e-Bohr—* of complementary NOCVs (\p_,, and \,,) of NiSiTbb (top), NiGeAr™Mes
(middle, split into c- and 3-spin derived deformation densities) and PtPbAr™es
(bottom), given with their respective eigenvalues. Regions of charge depletion (Ap,,
< 0 e Bohr™?) are shown in red and regions of charge accumulation (Ap,, >
0 e Bohr™?) are shown in grey.
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8.6. Metallotetrylene Isomers

During the structure optimizations of the MER complexes the surprisingly flexible M—E—C1 bond
angle was found, which significantly deviates from 180° for most of the structures (c.f. Table @).
PES scans of the M—E—C1 bond angle revealed particularly flat hypersurfaces for E = Sn and Pb,
and remarkable isomers with angles below 100°, denoted as MER-2, could be observed and iden-
tified to be minimum structures. Whereas these MER-2 isomers are unfavoured for the case a)-
assigned tetrylidyne complexes by more than 45 kJ-mol ! (see the appendix for the PES scan plots),
the strongly bent isomers PdASnArM®-2, PAPbArM*-2, PtSnArM®-2 and PtPbAr™*-2 were found
to be energetically favoured by 13 to 29 kJ-mol L.

As the most extreme example, the optimized gas phase structure of PtPbAr™e

-2 is depicted in Fig-
ure @ and selected structural parameters are provided in the caption. Accordingly, the decrease
of the M—E—CI1 angle to 94.3° is accompanied with a considerable M—E bond elongation from

267.7 pm in PtPbATr™® to 281.9 pm, and the metal adopts a distorted square-planar coordination.

Figure 8.7: Optimized minimum gas phase structure of the even more bent isomer PtPbArMe-2,
Selected structural parameters: Pt—Pb: 281.9 pm, Pb—Cl: 233.7 pm, Pt—Pb—C1: 94.3".

The analysis of the LMOs reveals a pronounced electron lone pair at the lead atom as well as a metal-
centered o(Pt—Pb) bond with atomic Mulliken populations of 0.75 and 0.20 at the Pt and Pb atoms,
respectively (Figure @). The absence of any significant 7t-type interactions is also visible from the
NOCYV analysis of PtPbArM®-2 that only reveals one 6(M—E) donation, but with a remarkable
strength of —299.1 kJ-mol !, which exceeds that of PtPbAr™* by 119 kJ-mol~!. Ultimately, this
leads to a net preference of the strongly bent isomer PtPbAr™®-2 by 67.2 kJ-mol ! based on A E 4,
Until now, only class a) group 10 tetrylidyne complexes were synthesized so far, with the metal-
lotetrylene combinations remaining elusive. The strongly bent M—E—R moiety and the energet-
ical preference of the even more bent isomers MER-2 in particular make them exciting molecules

to study further by experiment and theory.
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LP(Pb) o(Pt—Pb) AE g1 = —299.1 kJ-mol !
0.00 (Pt), 0.98 (Pb) 0.75 (Pt), 0.20 (Pb) Apy = —0.99P_;2 + 0.99 ),

Figure 8.8: Left and middle: Pipek-Mezey LMOs of PtPbAr™-2 (isosurface value
0.04 e!/2 Bohr—*2), their attributed bond type and corresponding atomic Mulliken
populations. Right: Isosurface plots (isosurface value = 0.002 e-Bohr > of
deformation densities Ap,, in e-Bohr—* of complementary NOCVs ({_,, and {.,,),
given with their respective eigenvalues. Regions of charge depletion (Ap,, <
0 e Bohr—3) are shown in red and regions of charge accumulation (Ap,, > 0 e Bohr =)
are shown in grey.
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9. Fundamental Principles of Mass

Spectrometry

Mass Spectrometry (MS) is an analytical method to generate and separate ions in the gas phase
based on their mass-to-charge ratio by applying electrical and/or magnetical fields.?”! The rela-
tive abundance of isotopologues allows for qualitative and quantitative insight of a given ion.
Since 1908, the pioneering work of Nobel prize laureates J. J. Thomson #5277 and F. W/. Aston!27 874
paved the way for several decades of development to further refine this valuable method. Nowa-
days, mass spectrometry is regarded as an indispensable tool in various scientific communities,
such as chemistry, biochemistry, medicine and more. [28% 31!

Every mass spectrometric measurement consists of three steps: the ionization of the sample (for

neutral analytes) and transfer into the gas phase, the separation of the generated ions by a mass

analyzer and the ion detection (Figure @).

Y,

lonization lon separation lon detection
(ion source) (mass analyzer) '/ (detector)

r

Figure 9.1: Illustration of the key steps of a mass spectrometric measurement.

In contrast to non-destructive analytical methods like infra-red or nuclear magnetic resonance
spectroscopy, for mass spectrometry the analyte is consumed during the measurement and needs
to be safely injected into the mass spectrometer. Fortunately, the necessary sample amount is very
low (< microgram range typically).?!

Regarding all three components of a MS measurement (Figure @), the tremendous effort of sci-
entists in the last century introduced a pronounced methodological variability. Many techniques
are available on how to ionize a given sample depending on its molecular properties, what type of
mass analyzer is used for the ion separation and which detector method. Two particular ionization

methods, Atmospheric Pressure Chemical Ionization (APCI) and Liquid Injection Field Desorp-

tion Ionization (LIFDI), are briefly introduced in the following as they are relevant for the herein
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presented work. A detailed discussion of the ion separation and detection topics is omitted here,

but can readily be found in standard textbooks.?4!

Atmospheric Pressure Chemical lonization (APCI)

The underlying method of APCI is Chemical Ionization (CI), which is a soft ionization method,
i.e. the generated ions have a rather low internal energy and are thus less prone to fragment during

382) and later on

the ionization. CI was originally developed in the year 1950 by V. L. Tal'roze et al.!
established as a method by M. S. B. Munson and F. H. Field.2*%¢ Herein, ions are generated in
high vacuum via contacts of neutral gaseous analyte molecules M with reagent ions [B+H]* (Equa-

tion @), where the latter are formed in the first instance from a reagent gas B by autoprotonation.

proton transfer : M + [B+H]" — [M+H]' + B (9.1)

In the APCI modification, the analyte solution is injected at atmospheric pressure into a nebulizer
gas, typically dinitrogen, to form an aerosol (Figure @) After passing a heater (ca. 500 °C),
the obtained vapor gets in contact with a corona discharge needle (ca. 5 kV) and leads to the
protonation of the analyte M by a cascade of ion-molecule reactions involving the nebulizer gas

and water/proton clusters:

corona discharge + Ny — N; +e
Ny + Ny — N
N; + HyO — 2Ny + H,0F
H,O" + H,0O — H;0" + OH'
H30" +n Hy,O — [(Hy0), + H]"
[(Hy0), +H]" + M — [M+H]" + n H,0

Liquid Injection Field Desorption lonization (LIFDI)

Also during the mid of the last century, in the year 1959, H. D. Beckey presented the first focusing
field ionization (FI) source.®”! Here, the volatile analyte is desorbed from surfaces in high vacuum
and then ionized by an electric field (ca. 10 V-nm™!). Subsequently, the desorption and ionization
step was combined in such a way that the sample is directly applied on the emitter, which acceler-

ates the formed ions by the electric field (Figure @ a).[B88, B84l

M— M +e” (9.3)

As no excess energy is transferred to the resulting analyte ion after the electron loss (Equation @),

field desorption (FD) mass spectra generally feature an exceptionally low amount of observed ion
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heater .
) orifice to
nebulizer mass analyzer
liquid analyte (
nebulizer gas
vacuum

corona needle

Figure 9.2: Schematical illustration of an APCI source. Adapted from reference [374].

fragmentation, and thus FD belongs to the softest ionization methods. However, FD has the dis-
advantage that the emitter needs to be loaded before inserting it into the ion source chamber. This
disables the possibility of continuous-flow experiments, and it is also especially problematic for
water- and oxygen-sensitive analytes that decompose during the sample preparation and emitter

loading.

extraction voltage extraction voltage

|7

FD probe FD probe
ion beam ion beam
Z S B ey l e >
capillary
emitter with liquid sample emitter
—’7 with sample —’7 \
a) FD Ion source b) LIFDI source

Figure 9.3: Schematical illustration of the FD and LIFDI source setups. Adapted from refer-
ence [B74].

The idea of LIFDI is to transport the liquid analyte solution through a thin capillary directly onto
the field emitter before the measurement is started (Figure @ b).2%% The droplets that impinge
from the capillary on the emitter are then distributed by adsorption over the entire emitter surface.
Due to the high vacuum within the ion source chamber, the solvent evaporates directly, and the
analyte remains on the emitter ready for the measurement.

With this modification the risk of analyte decomposition is lowered significantly if the capillary is
connected with an inert sample vial, achievable with Schlenk techniques. Alternatively, the LIFDI
source can also be connected with a glove box apparatus. LIFDI mass spectrometry is thus a remark-

able analytical method for the soft ionization of air- and moisture-sensitive compounds. 2%¢2%3



10. Mass Spectrometric Studies of
Group 6 Germylidyne Complexes

The work presented in the this chapter was already published and is reprinted (adapted) with per-

mission of the other author from

L. R. Maurer, M. Engeser, Group 6 germylidyne complexes in the gas phase by LIFDI and APCI mass spec-
trometry, European Journal of Mass Spectrometry 2023, 29, 44-57; DOI 10.1177/14690667221137465.

My own manuscript contributions comprise
+ Measuring all complexes of this study via LIFDI and APCI mass spectrometry
+ Interpretation of the experimental results
+ Writing of the manuscript

The following chapter provides an overview of the topic’s main results and conclusions. The com-

plete publication can be found in the appendix.
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10.1. Introduction

The first triple bonds between a group 14 tetrel atom and a transition metal were achieved by E. O.

334, B33

Fischer et al in the year 1973 (Fischer-type carbyne complexes)! J'and R. Schrock et al. only two

years later (Schrock-type alkylidyne complexes),”! followed by a plethora of studies on these fas-
cinating compounds. ¥ 8% 85% 8% The first heavier transition metal tetrylidyne complexes were
successfully isolated since 1996 for E = Ge by P. P. Power et al,3% and for E = Sn, Pb, and Si by the
group of A. C. Filippou, 241344346 This field of chemistry has been expanded nowadays to include
many more metal tetrel combinations, 2% 362 364,393, 3]

Typically, these complexes are difficult to handle in solution and suffer from an extreme suscep-
tibility towards moisture and oxygen, rendering it exceptionally challenging to explore molecular
properties and reactivity in the gas phase using mass spectrometric measurements. In this regard,
mass spectrometry was not employed so far for heavier tetrylidyne complexes, but only observed

149,897-400] Here, advanced

for analytical purposes in some cases to confirm a successful synthesis.!
Schlenk and glove box techniques as well as inert sample injection methods are crucial to transfer
the sensitive compounds from the safe vessel into the gas phase within the mass spectrometer.

As a first entry point, the four group 6 germylidyne complexes [Cp(PMe;),M=GeAr™*] (M = Mo
(C-1Mo), W (C-1W))10% 202} and [Tp(CO),M=GeAr™*] (M = Mo (C-2Mo), W (C-2W)),267 102l
were selected (ArM® = 2 6-dimesitylphenyl; Tp’ = x*-N,N,N"-hydridotris(3,5-dimethylpyrazolyl)-
borate, see Scheme ). By keeping the GeAr™® unit unvaried, the observation of trends caused

by the metal and its coordination sphere is facilitated.

\ W
. X
: N
M N
Me3P-"“‘l \\Ge Q
Me3P \ArMes
M = Mo (C-1Mo), M = Mo (C-2Mo),
W (C-1W) W (C-2w)

Scheme 10.1: Lewis formulae of the complexes C-1M and C-2M (M = Mo, W) studied in this work.
ArMes = 2 6-dimesitylphenyl.

Toluene solutions of these complexes were studied by two mass spectrometric procedures: On
the one hand, the mildly ionizing LIFDI technique for inert sample injection was coupled with
a MAT90 sector instrument and the samples were transferred via a fused silica capillary into the
ion source. On the other hand, APCI mass spectra of C-1M and C-2M were recorded in positive
mode and standard conditions on a LTQ Orbitrap XL instrument. In the latter case, also collision-
induced dissociation (CID) and higher-energy collisional dissociation (HCD) experiments were

carried out (see the complete instrumental details in the full publication in the appendix).
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10.2. Results and Discussion

Figures and depict the LIFDI spectra of the complexes C-1Mo and C-1W, respectively, and
reveal the successful detection of the intact molecular ions [M]*" as base peaks with the expected
isotope patterns and masses (C-1Mo: found m/z 700.2, calculated 700.2 u for [C3sH,3GeMoP,]";
C-1W: found m/z 786.3, calc. 786.2 u for [C3sH,3GeW,]*"). Degradation products are absent in the
LIFDI spectrum of the complex C-1Mo and the only other considerable signal is found to corre-
spond to toluene (found m/z 92.0, calc. 92.1 u for [C;Hg]™"). In contrast, the tungsten germylidyne
complex C-1W turned out to be more sensitive, and the second most intensive signal is observed
to belong to the ion [ArM*®+H]* at m/z 314.3 (calc. 314.2 u for [C,4Hy]"), suggesting the cleavage
of the Ge—C bond.

rel. Int.
100 700.2 7002
1 (M) 698.2 calculated for
[CsHisGeMOP,]"™
80
60 ‘ ‘
| | |1
698.2 700.2
40
20 4 m\
92.0 L 690 ‘ 710
0+ \.. A " " il -~ R " i -
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m/z

Figure 10.1: LIFDI-MAT90 spectrum of the complex C-1Mo as summation over 23 scans. The
insert shows a zoom of the [M]*" m/z region and the calculated isotope pattern for
comparison.

The obtained LIFDI spectra for the complexes C-2Mo (Figure ) and C-2W (Figure ) appear
similarly and feature the molecular ions [M]*" as base peaks (C-2Mo: found m/z 836.2, calc. 836.2 u
for [C4H4,BGeMoNO,]*; C-2W: found m/z 922.2, calc. 922.3 u for [CyH4sBGeWNO,]*.
However, in contrast to the Cp-coordinated germylidyne complexes, hydrogen and oxygen adducts
[M+2H+30]*" at m/z 886.3 and 971.8 are present here for C-2Mo and C-2W, respectively. This
can be rationalized as the [M+H,0+0,]*" species, present despite careful sample preparation. In-
terestingly, the single adducts of dioxygen and water, [M+0,]*" and [M+H,0]*" are not detected.
The high-resolution APCI-Orbitrap mass spectra of all four complexes are highly comparable to
the LIFDI-MAT90 spectra with signals for the molecular ion [M]*" as clear base peaks and low
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Figure 10.2: LIFDI-MAT90 spectrum of C-1W as summation over 5 scans. The insert shows a
zoom of the [M]*" m/z region and the calculated isotope pattern for comparison.

rel. Int. .
100 M
| 836.2 836.3

calculated for
[CM H478 GeMo NsOg]‘“

80

|
1 |

Il

921

Ml

n
836.3

[M+2H+30]"

T = : J
200 400 500 800 1000
m/z

Figure 10.3: LIFDI-MAT90 spectrum of C-2Mo as summation over 17 scans. The insert shows a
zoom of the [M]*" m/z region and the calculated isotope pattern for comparison.

degradation of the complexes (e.g. [ArM®+H]* and [M+H,0]""). Noteworthy, signals are observed
for the germylidyne fragment [Ar™*Ge]* in the APCI mass spectra of the compounds C-1Mo and
C-1W (exemplarily depicted in Figure ) that suggests the cleavage of the M=Ge triple bond
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Figure 10.4: LIFDI-MAT90 spectrum of C-2W as summation over 21 scans. The insert shows a
zoom of the [M]* m/z region and the calculated isotope pattern for comparison.

in the gas phase in the mass spectrometer (found m/z 387.114 (C-1Mo) and 387.116 (C-1W), calc.

387.117 u fOI' [C24H25Ge]+).
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Figure 10.5: APCI-Orbitrap spectrum of C-1W. The insert shows a zoom of the [M]* m/z region
and the calculated isotope pattern for comparison.
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Of particular interest is the behaviour of the [M]*" ions within collision-induced excitations and
the influence of the ligand sphere of the transition metal atom. For C-1Mo, a CID energy of 15 eV
leads to an almost exclusive fragmentation to the ion [M—2PMe;]* at m/z 548.056 under the loss
of two trimethylphosphane ligands (Figure ) The further activation of this ion in a three-
staged tandem MS experiment (MS?) experiment does not lead to a further ligand cleavage off the
metal centre, but instead only induces a cascade of several dihydrogen eliminations and cleavage of
CHj;'.
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Figure 10.6: APCI-Orbitrap CID spectra for the fragmentation of C-1Mo with mass selection of
the most abundant signal in the isotope pattern (m/z 700) at a) 0 eV and b) 15 eV, and
the further activation of the m/z 548 ion at c) 15 eV in an MS® experiment.

In contrast, in the CID spectra of C-1W the most dominant fragment is found to be the elimination
of a methyl radical to m/z 771.171 (Figure ), which is observed to be negligible for the CID
experiment of the molybdenum analogue C-1Mo. The MS® experiment of the resulting [M—CH;]*
cation reveals a complex fragmentation pattern, with cleavages of the phosphane PMe,H to m/z
709.143, of PMe; and H, to m/z 693.112 (base peak) and of a presumable diphosphane P,Me, to m/z
649.129. The latter may be followed by a methyl group elimination to m/z 634.106 ([M—2PMe;]*)
with low intensity and suggests an interesting P—C bond activation of the trimethylphosphane
ligands by the tungsten center in the ion [M—CHj;]*, which rationalizes this more complicated
fragmentation behaviour.

As carbonyl ligands are prone to dissociation in MS experiments,’®¥! the CID spectra of the com-
plexes C-2Mo (Figure ) and C-2W (Figure ) feature the expected carbonyl expulsions
[M—COJ]*" at m/z 808.220 and 894.267, respectively. Whereas a double carbonyl loss is only
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Figure 10.7: APCI-Orbitrap CID spectra for the fragmentation of C-1W with mass selection of the
most abundant signal in the isotope pattern (m/z 786) at a) 0 eV and b) 15 eV, and the
further activation of the c¢) m/z 771 ion at 15 eV and d) m/z 634 ion at 14 eV in MS?
experiments.

observed for the protonated molecular ion [M+H]* ion to [M+H—2CO]* at m/z 781.232 (calc.
781.232 u for [C30H4sBGeMoNg]*) for C-2Mo, the mass-selected molecular ion of C-2W shows the
sequential carbonyl loss to [M—2CO]*" at m/z 886.269 (calc. 866.269 u for [C3yH,;BGeNgW ),
followed by the elimination of dihydrogen to the ion [M—2CO—H,]*" at m/z 864.254. For both
complexes however, residual water in the ion trap is observed to coordinate to the free metal bind-
ing sites of the [M—CO]"" ions and forms the stabilized [M—CO+H,0]"" ions at m/z 826.229 and
912.275, respectively.

As an alternative to the CID method, HCD experiments were also performed for this class of com-
pounds for the very first time, which mostly reproduce the fragmentation pattern already observed
in the CID spectra of the herein-studied germylidyne complexes. The depiction of the HCD spectra

and their detailed discussion can be found in the complete publication in the appendix.
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Figure 10.8: APCI-Orbitrap CID spectra for the fragmentation of complex C-2Mo with mass se-
lection of the whole m/z 836 isotope pattern at a) 0 eV and b) 12 eV.
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Modern computational chemistry is a versatile tool for the investigation of the electronic struc-
ture of molecules and proves to be especially valuable for chemical questions that cannot or only
with great effort be answered by the experiment. It is therefore both the supporting and predictive
character of this method that makes it indispensable for modern chemistry.

Of particular interest in the challenging but also rewarding research field of low-valent main group
and transition metal chemistry, computational chemistry was employed in this thesis to study
the electronic structure and thermodynamics of various organometallic and elementorganic com-
pounds synthesized in our group. In this regard, their unique bonding patterns could be success-
fully elucidated and were put into context with available experimental and literature data.
Dispersion-corrected meta-GGA density functional theory combined with a triple-( basis set was
employed as the working horse of this thesis due to its beneficial ratio between accuracy and com-
putational cost. In some cases the results were further supported by high-level double hybrid den-
sity functional theory combined with a quadruple-( basis set. The obtained molecular wave func-
tion was readily analyzed by a toolbox of sophisticated methods, including intrinsic bond orbital
(IBO) analysis, natural bond orbital (NBO) analysis or the extended transition state method com-
bined with natural orbitals of chemical valence (ETS-NOCV).

As a side topic, group 6 transition metal germylidyne complexes were experimentally studied by
mass spectrometry in the gas phase and their behaviour towards induced dissociations could be
revealed for the first time.

In the following, the main conclusions from each chapter are summarized. As (computing) time is
limited, not every aspect of these fascinating molecules could be brought to light, and thus, this
chapter is accompanied by recommendations on the next steps to fully understand these com-

pounds and their reactivity.

Calculations on the first isolable iminosilenylidene (SIDipp)SiCNArMes

The free iminosilenylidene SiCNH is an energetically high-lying isomer of the [H,C,N,Si] hyper-
surface and was not observed so far experimentally. By stabilization with an N-heterocyclic car-
bene, the first iminosilenylidene (SIDipp)SiCNAr™® could be successfully isolated by our group
after reduction of the silyliumylidene salt [(SIDipp)Si(Br)CNAr™*][B(3,5-(CF;),)4]. The aim was
here to explore the electronic structures of the reaction products and rationalize the observed stere-

odynamics in solution.
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Theoretical calculations on the latter cation revealed a strongly pyramidalized silicon atom that is
connected to the SIDipp, CNAr™® and Br substituents via typical o-type single bonds. The ob-
served molecular orbitals support the presumed presence of an electron lone pair at silicon, and
the quite localized structure is further confirmed by NBO and NRT analyses.

Mes 5 its 3-center-

In contrast, the electronic key feature of the iminosilenylidene (SIDipp)SiCNAr
2-electron-7to,, (Cyuc —Si—Cenr) back bond as found in the HOMO (Figure 1.1 right), which is re-
sponsible for a significant shortening of the Si—Cyyc and Si—Ccnr bonds compared to the cationic
precursor. The further computational analysis did not only afford the presumed in-plane lone pair
at the silicon atom (Figure left), but could also show the considerable charge flow from the
silicon atom to both the SIDipp and isocyanide ligands with NPA charges of —0.01 and —0.39 e
as result of the 7t back-bonding. The well-known strongly o-donating properties of NHC lig-
ands could be reproduced by calculating a higher bond dissociation energy of the Si—Cypc bond

(252.6 kJ-mol~!) compared to the Si—Ccyg bond (216.9k]-mol~1).

HOMO-1 [—4.52] HOMO [-3.32]

Figure 11.1: Selected canonical molecular orbitals of (SIDipp)Si(CNAr™®) and their energy eigen-
values in eV.

The fluxional structure of the iminosilenylidene, as evidenced by NMR spectroscopy in solution,
could also be elucidated: Mechanistic calculations revealed a two-step topomerization-
enantiomerization process viaan NHC rotation and an energetically easily accessible Ccyg —N—Cg -
linear structure, that is clearly favoured over a concerted pathway. Here, energies of the calculated
transition states and intermediate structures fit well to the experimental barriers derived from the
NMR experiments.

Finally, the iminosilenylidene (SIDipp)SiCNAr™® was successfully used as a (SIDipp)Si transfer
reagent to afford the first NHC-stabilized chlorogermasilyne (SIDipp)Si(Cl)GeAr™, Herein, the
subsequent theoretical analyses not only confirmed the presence of an electron lone pair at the
two-coordinated germanium atom (HOMO—1, see Figure ), but also a 3-center-2-electron-
Tloop(Cnuc—Si—Ge) bond in the HOMO, as also indicated by the short Si—Cyyc and Si—Ge bond
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distances of 187.0 and 231.1 pm. Interestingly, although the NRT analysis shows a higher resonance
weight for the Si=Ge doubly-bonded Lewis structure of 51 % than for the Si=Cg;p;p, resonance mo-
tif (31 %), the calculated bond dissociation energy of the Si—SIDipp bond was found to be clearly
higher.

HOMO—1 [—4.49] HOMO [—3.74]

Figure 11.2: Selected canonical molecular orbitals of (SIDipp)Si(Cl)GeAr™* and their energy
eigenvalues in eV.

Further studies on iminosilenylidenes

Additional experimental work by our group also afforded the differently substituted iminosilenyli-
denes (SIDipp)Si(CNR) with R = Me and Mes. As the synthesis of the pTolyl-substitued imi-
nosilenylidene (SIDipp)Si(CNpTol) only led to the formation of its head-to-head dimer, the unusual
stability of the smaller methyl-substituted iminosilenylidene attracts attention.

In this work, the spatial and electronic structure of the iminosilenylidenes (SIDipp)Si(CNR) was
elucidated also in comparison to the experimental results, and it was shown that the influence of
the isocyanide substituent is only minor. As expected, the dimerizaton of the iminosilenylidenes
to their 1,2-disiletan-bisylidenes was calculated to be strongly favoured thermodynamically despite
the increased sterical repulsion in the four-membered ring compounds.

As an alternative route, some iminosilenylidenes could also be synthesized starting from the
disilicon(0) compound (SIDippSi),. The calculation of the thermodynamics confirmed an ener-
getic and enthalpic preference of this reaction, which could be attributed to London dispersion

forces in the case of the sterically demanding ArMe

substituent. The reaction is postulated to pro-
ceed via the 3-membered disilirane-1,2-ylidene-3-imines (SIDippSi),CNR, which was supported

by calculating a plausible mechanistic pathway leading to this intermediate.

However, the calculations on this topic so far gave no clear indication why the methyl-substituted

iminosilenylidene (SIDipp)SiCNMe can be obtained as a monomer, whereas the pTolyl-substituted
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derivative dimerizes directly. Thus, further theoretical work should concentrate on the formation
mechanism of the iminosilenylidenes, both by substitution and from (SIDippSi),.

Experimental work in our group on this topic recently led to the isolation of cyclic alkylamino car-
bene (CAAC)-stabilized iminosilenylidenes (CAACM¢)Si(CNR). As also shown in this thesis, the
donating and accepting properties of CAACM® ligands compared to NHCs are capable of altering
the spatial and electronic structure of a given molecule. In this regard, preliminary calculations on
the CAACM¢-stabilized iminosilenylidenes reveal shortened Si—CAACM® and elongated Si—CNR
bonds, that confirm the higher 7t-acidity of the CAAC ligands. The analysis of their canonical MOs
reveals the expected electron lone pair at the silicon atom (HOMO—1, see Figure ) and the
Tloop(Ccanc—Si—Cenr) bond (HOMO). Thus, the electronic structure of the CAACM®-supported

iminosilenylidenes is suggested to be similar to their NHC-stabilized analogues.

HOMO—1 [—4.60] HOMO [—3.52]

Figure 11.3: Selected canonical molecular orbitals of (CAACM®)Si(CNArV®) and their energy
eigenvalues in eV.

Furthermore, experimental studies show that the meta-Xylol- and mesityl-substituted CAACM-
stabilized iminosilenylidenes undergo dimerization, but in a head-to-tail fashion, contrary to the
head-to-head dimerization observed for (SIDipp)Si(CNpTol). A direct comparison cannot be made
as the synthesis of the CAACM¢-stabilized iminosilenylidene (CAACM®)Si(CNpTol) was unsuccess-
ful so far. Quantum chemical calculation indeed evidence that a dimerization of the CAACMe-
substituted iminosilenylidenes is strongly thermodynamically favoured. However, the calculated
electronic and free Gibbs energies for the head-to-head dimerization reaction are still more nega-
tive by approximately 20 kJ-mol ! than those for the experimentally observed head-to-tail isomers.
It should thus also be within the scope of further theoretical work on this topic to elucidate the
dimerization mechanism to explain the overall formation of the head-to-tail dimers for the CAAC-
stabilized iminosilenylidenes. As the HOMO of these compounds features 7t(Si—C) contributions,

this might indicate an electronic structure similar to silenes R,Si=CR;, which are known to dimer-
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ize either head-to-head or head-to-tail, depending on the polarization of the 7t(Si—C) bond and the

substituents R[04, 403

Theoretical studies on siladicarbenes and siladiimides

Carbodicarbenes, CL, are a relatively new compound class, which have been studied for approx. 15
years with theoretical and experimental approaches. They can be regarded to be based on the car-
bodiphosphorane class of compounds, which is known since the 1960s. A key feature of carbodicar-
benes is the two-coordinated carbon atom, which displays carbone character, that is formally having
a carbon atom with two free electron lone pairs. In reality, the 7t-type electron lone pair at the car-
bon atom is substantially delocalized towards the ligands and better described by a 7T, (L—C—L)
multi-center bond.

Siladicarbenes as heavier homologues of carbodicarbenes share many structural and electronic fea-
tures of carbodicarbenes and are known for more than 10 years, however, a heteroleptic siladicar-
bene with only NHC ligands was elusive so far.

Based on the successful isolation of such compounds, (SIDipp)Si(IiPr,Me;,) and (IDipp)Si(IiPr,Me,),
in our group, extensive theoretical studies on these novel molecules were presented in this work.
It could be shown that their electronic structure differs from that of literature-known homoleptic
NHC- and CAAC-derived siladicarbenes, but is indeed similar to that of heteroleptic mixed NHC-
and CAAC-stabilized derivatives.

HOMO-—1 [—3.96] HOMO [-2.58]

Figure 11.4: Selected canonical molecular orbitals of (SIDipp)Si(IiPr,Me,) and their energy eigen-
values in eV.

The heteroleptic environment at the silicon atom leads to an asymmetric Si—carbene bonding.
The (S)IDipp ligands are lying co-planar to the filled p-type orbital at the Si atom, which en-
ables a 7t(Si—Cs)ipipp) bond to be formed (HOMO, Figure ). In contrast, the IiPr,Me, carbene
binds to the Si atom with a longer o-type bond and is oriented perpendicular to the ((S)IDipp)Si
plane. A second 7t;,-type bond by the interaction between the silicon lone pair (HOMO—1) and
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the [iPr,Me, carbene is not pronounced.

A detailed fragment molecular orbital interaction diagram was presented to illustrate the bonding
interactions between the silicon atom and the NHCs, supported by localized MO, NBO, NRT and
NPA analyses.

Additionally, various conformers were calculated that display other bond situations or mimic those
observed in homoleptic siladicarbenes. However, all of these were found to lie considerably higher
in energy than the minimum structures. For example, the coplanar orientation of the (S)IDipp and
[iPr,Me, carbenes is lying more than 90 kJ-mol ! higher in energy. The inverse conformer, where
the IiPr,Me, carbene is forced to form the 7t-type bond with the silicon atom and the (S)IDipp lig-
and is oriented perpendicularly, is more than 150 kJ-mol™' higher in energy for
(SIDipp)Si(IiPr,Me,).

The calculated first and second proton affinities of approximately 1250 and 870 kJ-mol ! are con-
siderably higher than those of comparable literature compounds and underline the high nucle-
ophilicity and formal silylone character at the central silicon atom. This was further examined by
calculating several Lewis acid (LA) adducts (SIDipp)Si(LA)(IiPr,Me,), where the Lewis acid coor-
dinates to the 77,,,(NHC—Si—NHC’) bond and leads to compounds with a trigonal-pyramidal (e.g.
LA = BHj3, CuCl) or trigonal-planar silicon atom (e.g. LA = AlMes,Br, [CoCp(C,H,)]), depending
mostly on the sterical demand of the Lewis acid.

Both siladicarbenes display a complex behaviour in solution NMR-spectroscopy, which was ratio-
nalized with the help of quantum chemical calculations to consist of three separate stereodynamic
processes, involving stereo-inversions at one carbene nitrogen atom and Si—Cypc bond rotations.
By potential energy surface scans and transition state searches most of the experimentally estimated
barriers could be confirmed.

The siladicarbene (SIDipp)Si(IiPr,Me,) was reacted with azides to obtain the IiPr,Me,-stabilized
siladiimide (IiPr,Me,)Si(NAr™), under the loss of the SIDipp ligand. The accompanying theoret-
ical analysis presented in this work revealed a strongly 7t-delocalized N—Si—N’ moiety with only
weak 71-type delocalization into the [iPr,Me, carbene. Bond dissociation energy calculations reveal
a much higher cost to cleave one of the Si—N bonds (420 kJ-mol™!) than the Si—IiPr,Me, bond
(250 kJ-mol ™).

Future work focusses on the completion of the stereodynamics of the here studied siladicarbenes,
as their partially flat hypersurfaces prohibited fully optimized transition states confirmed by in-
trinsic reaction coordinate methods.

So far, the selective cleavage of the NHC in (IiPr,Me,)Si(NAr™), to obtain the unstabilized siladi-
imide Si(NArMe), was not successful experimentally. Although R. West et al. reported on the exis-
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tence of the siladiimide Si(NSiMe;), in a low-temperature matrix already in 1987,1222] the isolation

of a room-temperature stable siladiimide remains elusive. Access to the formal head-to-tail dimer,
the 1,3-diaza-2,4-disiletidine [Si(NSiMe;)(NAr'™PP)],, was achieved by H. W. Roesky et al. in 2011

via a different route. ¢
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Preliminary calculations on the siladiimide Si(NAr™®), yield the gas phase minimum structure de-
picted in Figure with its closest contacts between the silicon atom and the periphery, which
suggests some stabilization of the silicon atom by 7t-donation from the mesityl substituents. This

can also be found in the canonical MOs, for example in the HOMO—12.

Si(NArMss), HOMO-—12 [—6.44]

Figure 11.5: Left: minimum gas phase structure of the siladiimide Si(NAr"), and closest contacts

between the Si atom and the mesityl substituents in pm. Right: Canonical molecular
orbital with the energy eigenvalue in eV.

The relatively short Si—C distances and the presence of orbital interaction between the silicon

atom and the ArMes

substituent suggest that C—H or even C—C bond activations by silicon may
prevent the realization of this compound in the experiment. Moreover, the dimerization energy
to the head-to-tail dimer similar to that mentioned above by H. W. Roesky et al. could be calculated.
The highly negative electronic dimerization energy of —305.2 kJ-mol~! is not countered by the

decrease of entropy, still leading to a dimerization free Gibbs energy of —157.0 kJ-mol ..

CAAC-stabilized heavier ditetrelynes and ditetrelenylidenes

Recently, CAAC-stabilized heavier ditetrelynes (CAACM®)Si(Br)Ge'Tbb and ditetrelenylidenes
(CAACM®)ESi(Br)Tbb (E = Si, Ge) were successfully synthesized in our group. The herein pre-
sented detailed theoretical analyses of those compounds could highlight the impact of the cyclic
alkyl amino ligand, especially in comparison with related NHC-supported compounds. It was
shown that the high 7t-acidity of the CAACs leads to a considerable 7T(E—E’) bond delocalization
into the carbene, and thus, many of the studied compounds feature 7t-type 3-center-2-electron
bonds, as also evidenced by different quantum chemical tools like the IBO or NBO/NRT/NPA
methods.

Furthermore, stereodynamic processes as observed in solution by NMR spectroscopy were ex-
amined in more detail by theory, for example for the disilavinylidene (CAACM®)SiSi(Br)Tbb, and

could be confirmed or specified.
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First experimental reactivity studies of these compounds were accompanied by quantum chemi-
cal calculations and presented in this thesis. This concerns the reduction product of a CAACMe-
supported bromogermasilyne, obtained as potassium salt of a CAACM¢-stabilized heavier acetylide
ion (CAACM®)Si(K)GeTbb, which was thoroughly investigated.

The bond situation in the bromide-abstracted cation [(CAACM®)Si(Tbb)Ge]* was also elucidated
and afforded again a delocalization of the 7t(Si—Ge) bond to the carbene ligand, but also a weak

arene stabilization of the naked germanium atom.

Several rearrangement reactions were discussed in this chapter and their calculated thermody-
namical quantities were presented, which support the experimental results. However, detailed
mechanistic studies were not successful and are subject to further investigations. Especially for the
radical metathesis reaction between the disilicon(I)-dihalide [(CAACM¢)SiBr)], and the digermyne
TbbGeGeTbb, only intermediates were proposed accompanied by thermodynamic considerations.
The thorough investigation of its underlying mechanism lies well within the scope of density func-
tional theory and should be adressed in order to fully understand this reaction. This in turn would

also simplify its transfer to other low-valent main group systems.

Computational studies on digermyne cobalt complexes

Ditetrelynes, group 14 compounds REER with a formal E=E triple bond, are known for almost 25
years, but their 77°-coordination chemistry to transition metal fragments is still heavily underdevel-
oped so far. In this regard, several unprecedented digermyne cobalt complexes could be synthesized
in our group and were studied theoretically in this work.

The carbonyl-containing complex [CoCp(CO)(TbbGeGeTbb)] features an asymmetric three-
membered CoGeGe ring system with two significantly different Ge—Co bond lengths, which is
also persistent for model systems where the size of the digermyne substituents is reduced. As
it could be shown by a multi-dimensional potential energy surface scan, the alteration of both
Ge—Co bonds lies in the low energy regime and a symmetrical structure is easily accessible within
10 kJ-mol~!. The wave function analysis revealed that the complex can be described by both zwit-

terionic Ge* —Ge™ - and Ge=Ge-type resonance structures (Figure ).

\ / \ /
Ge--";Co\ Ge\--";Co
N\ <> A\
Geg co Ge co
\ \
Tbb Tbb

Scheme 11.1: Suggested dominating resonance formulas for the digermyne cobalt complex
[CoCp(CO)(TbbGeGeTbb)].
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The stereodynamics of the complex [CoCp(CO)(TbbGeGeTbb)] as observed in solution by NMR
spectroscopy were investigated in detail. Various reasonable stereodynamic mechanisms were cal-
culated and the lowest-energy path was found to proceed via unusual germylene-germylidene com-
plexes that allow for a simultaneous topomerization and enantiomerization in the complex.
Theoretical results on the carbonyl-free digermyne complex [CoCp(TbbGeGeTbb)] suggest a four
electron-donating digermyne ligand and a 3-center-2-electron 77,,,(Co—Ge—Ge) back-bonding.
A symmetry-allowed d-type bonding within the digermacobaltirene heterocycle was discussed,
but found to be negligible due to insufficient Ge—Co orbital overlap. Nucleus-independent chem-
ical shift (NICS) calculations were performed that indicate non-aromatic (or even weakly anti-
aromatic) character for the delocalized ring system.

The reaction of the digermyne cobalt complex [CoCp(CO)(TbbGeGeTbb)] with alkynes resulted
in the formation of the first digermacobaltacyclopentatrienes [CoCp(TbbGe(RCCR)GeTbb)] and
their electron structure was extensively discussed in this work. It could be shown that these com-

plexes are best described by two localized Ge=Co and one C=C double bond.

First thermodynamic results on the formation of the digermacyclopentatrienes were presented
in this work and support the experimental observations. However, full mechanistic pathways in-
volving optimized and confirmed transition states could not be obtained so far, but are subject to
further investigations in the future.

It is also recommended to extend the ditetrelyne cobalt complexes to other tetrels apart from ger-
manium.  Initial calculations indicate that the corresponding disilyne cobalt complex
[CoCp(CO)(TbbSiSiTbb)] (Figure m left) possesses a structure close to its germanium analogue
with a similarly flat energy hypersurface regarding the Si—Co bonds.

In contrast, the distannyne analogue [CoCp(CO)(TbbSnSnTbb)] features a long Sn—Sn single
bond with a calculated distance of 299.8 pm, which is considerably longer than the sum of the
Pyykkoe single bond radii (280 pm).[228] A derivative of this complex, [CoCp(CO)(ArP*?Sn),]
could be synthesized recently in our group by T. Deckstein. % Its sc-XRD structure is depicted
in Figure right and features an even longer Sn—Sn separation of 312.2(1) pm, that is only sur-
passed by the calculated Sn—Sn distance of 330.0 pm in the gas phase. The long Sn—Sn separations
indicate the loss of the tin-tin bond and instead a pronounced bisstannylene character in this com-
plex, which is supported by the shape of the HOMO—1 and HOMO (Figure ).

The electronic nature of group 10 tetrylidyne complexes

In this chapter, a broad theoretical study on experimentally known and elusive group 10 tetrylidyne
complex cations [M(PMe;);ER]* was presented (M = Ni, Pd, Pt; E = C, Si, Ge, Sn, Pb; R = Ar™,
Tbb (for Si only)). Their electronic structure was analyzed by inspection of the canonical MOs and
IBOs, by the NPA method, and by the ETS-NOCV decomposition scheme.

All employed methods supported the initial indication by the analysis of the calculated gas phase
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[CoCp(CO)(TbbSiSiTbb)] (calc.) [CoCp(CO)(ArPPPSnSnArPPP)] (sc-XRD)

Figure 11.6: Left:  calculated minimum gas phase structure of the disilyne cobalt com-
plex [CoCp(CO)(TbbSiSiTbb)].  Si1—Si2: 2219 pm; Sil—Co: 239.8 pm;
Si2—Co: 230.6 pm. Right: sc-XRD structure of the distannyne cobalt com-
plex [CoCp(CO)(ArPPPSnSnArP'PP)] synthesized by T. Deckstein. "7 Sn1—Sn2:
312.2(1) pm; Sn1—Co: 258.5(2) pm; Sn2—Co: 256.8(2) pm.

HOMO—1 [—4.23] HOMO [—4.08]

Figure 11.7: Selected canonical molecular orbitals of the distannyne cobalt complex
[CoCp(CO)(ArPPPSnSnArP®P)] and their energy eigenvalues in eV.

structures, that the studied complexes can be divided into two classes: tetrylidyne complexes and
metallotetrylenes (for M = Pd, Pt with E = Sn, Pb). Whereas the first resemble typical Fischer-type
carbyne complexes with an M=E triple bond consisting of a 6(E—M) donation and two t(M—E)
back donations, the latter comprise only a metal-centered 0-bond, a free electron lone pair on the

tetrel atom and a considerably bent M—E—R moiety.
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The analysis of the potential energy hypersurface revealed strongly bent metallotetrylene isomers
with M—E—R bond angles below 100°, which are even found to be global minimum structures
for the heaviest metal-tetrel combinations. According to the preliminary theoretical results these
complexes feature a distorted square-planar coordination environment at the 16 valence electron
metal center and a strong 0(M—E) bond. A more in-depth analysis of these isomers and consid-
erations regarding their reactivity and potential experimental isolation are pending. Interestingly,
a similar situation is observed for the isoelectronic group 9 complexes [(PMe;);MEAr™®] with
M = Rh, Ir and E = Sn, Pb: Calculations by J. Rump from our group show that there also highly
bent isomers with M—E—C angles < 100° exist, which are roughly isoenergetic to the less bent

complexes with M—E—C angles of approximately 145°,[ €],

Mass spectrometric studies of group 6 germylidyne complexes

Finally, except for quantum chemistry, this thesis also presented inert mass spectrometry of group
6 germylidyne complexes. With the advent of mass spectrometrical methods to analyze air- and
moisture-sensitive compounds, especially in the field of ionization sources, the compounds
[MCp(PMe;),GeAr™e] and [MTp'(CO),GeAr™*] with M = Mo and W could be analyzed for the
very first time.

Several APCI and LIFDI mass spectra were shown that depict the successful measurements of the
complexes without serious decomposition and feature the molecular ions [M]*" as base peaks.
Further chemical insight was obtained by collision-induced dissociation (CID) and higher-energy
collisional dissociation (HCD) experiments that evidence the fragmentation of the ligand sphere
around the metal. Interestingly, this does not only involve the phosphine and carbonyl ligands
which are known to be prone to dissociation in the gas phase after activation, but also the dissoci-

ation of the germylidyne fragment under cleavage of the M=Ge triple bond was observed.

Since the discovery of the first heavier tetrylidyne complex more than 25 years ago, many rep-
resentatives of this compound class could be isolated for the heavier tetrels E = Si to Pb and the
majority of transition metals. The mass spectrometric results presented in this thesis are only the
first step in exploring the gas phase properties of these compounds. Therefore, future work in this
regard should comprise both other transition metals (early and late) and other tetrels. For the lat-
ter, it remains to be seen if the MS sample injection and ionization is still suitable for the extremely
sensitive silylidyne complexes. Ultimately, it is envisioned that after transfer in the gas phase and
ionization, ion-molecule reactions in the gas phase can be conducted, for example with alkenes
and alkynes. Here the comparison to the solution chemistry is obvious, where [2+2]-cycloaddition
products of silylidyne complexes with alkynes could already be isolated and characterized. !> 22323
Mass spectrometry also offers the Infrared Multiple Photon Dissociation (IRMPD) technique, %

which can be used to activate ions in the gas phase. By this, a cycloreversion reaction of the [2+2]-
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cycloaddition products of silylidyne complexes might be reachable. Apart from the cleavage into a

silylidyne complex and an alkyne, this reaction might also lead to unprecedented silynes RSiCR’.
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ABSTRACT: Experimental and theoretical studies are reported of ’\|‘HC 1 ke, "G NHC

the first two-coordinated Sio—isocyanide compound (SIDipp)Si= ;Si\\“B’ e :\Si=C>N —_ :Si=C=p
C=N-Ar"* (1: SIDipp (NHC) = C[N(Dipp)CH,],, Ar™* = 2,6- ‘c%N ”’R .

dimesitylphenyl), supported by an N-heterocyclic carbene (NHC). R

A Si atom economic two-step synthesis of 1 involves a 2e reduction + SIBry(NHC)
of the isocyanide-stabilized silyliumylidene salt [SiBr(CNAr™®)- - RNC1 Keq(zos) = 10.9 + GeRCl
(SIDipp)][B(Ar"),] (2[B(Ar"),], Ar® = B(CeHy3,5-(CFy),),) NHC . NHG
with KCg. 2[B(Arf),] was obtained from SiBr,(SIDipp) after \
bromide abstraction with an equimolar mixture of Na[B(Ar"),] and
AM®NC. Exact adherence to the stoichiometry is crucial in the R = 2 6dimes onomyt
latter reaction, since 2[B(ArF),] reacts with SiBr,(SIDipp) via . NHC = &,5-cimesilylpheny R 4
isocyanide exchange to afford the disilicon(II%P salt : NHC = CIN(DIPRICHz,  oop(Crric-Si-Conr) of 1
[Si,Br;(SIDipp),)][B(ArF),] (3[B(ArF),]), the reaction leading

to an equilibrium that favors 3[B(Ar"),] (Kq(298 K) = 10.6, AH® = —10.6 K] mol™}; AS® = —16.0 ] mol™! K™'). 3[B(Ar"),] was
obtained selectively from the 2:1 reaction of SiBr,(SIDipp) with Na[B(Ar*),] and fully characterized. Detailed studies of 1 reveal an
intriguing structure featuring a planar Cyc—Si—C—N skeleton with a V-shaped geometry at the dicoordinated Si° center, a slightly
bent Si=C=N core, a Cypc—Si—Ccng 3c-2¢ out of plane z-bond (HOMO), and an anticlinal conformation of the SIDipp and
Ar™® gubstituents leading to axial chirality and the presence of two enantiomers, (R,)-1 and (S,)-1. Compound 1 displays structural
dynamics in solution, rapidly interconverting the enantiomers. The silacumulene 1 is a potent Si(SIDipp) transfer agent as
demonstrated by the synthesis and full characterization of the NHC-supported germasilyne (Z)-(SIDipp)(Cl)Si=GeAr™* (4) from
1 and Ge(ArM*)CIL.

2* (Ra)-1 AE*per ~ 16 kJ mol™ (Sa)-1

:éi““‘B' Si=Gé,

/ \
Nsigr, cl R

1. INTRODUCTION high-voltage discharge of a SiH,/NCCN mixture or SiMe;CN

Cyano- and isocyanosilylenes, such as Si(CN)H and Si(NC)H, and studfed by molecular beam Fourler-tranﬁc’)‘{m microwave
are a class of very reactive Si"' species, which are of particular or laser-induced fluorescence spectroscopy, whereas co-

interest in the context of the rich interstellar chemistry of condensattl(?n of thirmall){)gef;{eratedt Si atomstth.h HI%N IE_aE
silicon, the seventh most abundant element cosmically." argon matrix was SRown by 15 SpEctroscopy Lo give TV, whic

Quantum chemical studies of the [H,Si,C,N] potential energy fﬁOtOi?n}eszi;P on irr}e:diatifon (2> 700 gm) to the isc;me;s
hypersurface predict the presence of six lowest lying singlet and - ong the aforementioned isomers of the

isomers and their corresponding triplets, with the singlet [H’Si’C’N], syster.n, the elusive iminosilen'ylidene V is
cyanosilylene I being the global minimum structure followed particularly interesting as an N-analogue of the silaketenylidene

. 3 Py . .
by the singlet isocyanosilylene II at slightly higher energy (EICO)E ani,Eslmlla;r to IVk, has la_;/eg}af small singlet—triplet gap
(Figure 1).” The six isomers can be divided into three classes: (B — Bs (AEsr) » _5, J mo ) o .

(a) the aforementioned cyano- and isocyanosilylene (1, I1), (b) Recent developments in the chemistry of silicon in unusually
. . A low oxidation states have illustrated that N-heterocyclic

the 3-H-2-aza-1-silacyclopropenylidene III and silaisocyano- . ) .
carbene IV, which are formally the side-on and end-on carbenes (NHCs) are particularly suitable Lewis bases for
addition products of hydrogen cyanide (HCN) to a 'Si atom,
and (c) the iminosilenylidene V and 2-H-2-aza-1-silacyclopro- Received: June 29, 2021
penylidene VI, the formal hydrogen isocyanide (HNC) Published: September 1, 2021
addition products of 'Si (Figure 1).

Generation and spectroscopic identification of these species
are very challenging, and only the isomers I-IV could be
observed so far. Thus, isomers I and II were produced upon

© 2021 American Chemical Society https://doi.org/10.1021/jacs.1c06628
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Figure 1. Six lowest lying singlet isomers I—VI of the [H,Si,C,N] potential energy hypersurface ordered with increasing energy relative to the global
minimum I Relative energies are given in kJ mol™" at the RHF-UCCSD(o0) + Er + E + Egp + Ego + Ecg + Ezpg level of theory.” Formal charges
are encircled in the Lewis structures of this and all other figures unless otherwise stated, and the two dots at the Si, C, and N atoms represent a lone
pair of electrons.

NHC P NHC T NHC Br
. NHC:.  _.NHC \ . \
.Si—=Si o .Si—=Si . Si—Si
. SI 0] \ .
NHC NHC Tbb
+
NHC NHC\ NHC\
. RS . ’X NHC
Si—=Si Si——Si :Si—Si ~ ./caac
/o /N {d N\ si
R NHC H NHC X NHC

Figure 2. Examples of NHC-containing Si’/Si' compounds (NHC = N-heterocyclic carbene; Tbb = C4H,-2,6-[ CH(SiMe;),]-4-Bu; R = H, Me, Et,
X = Cl — I; caac = cyclic alkyl(amino)carbene). Formal charges were not included in the Lewis structures for the sake of simplicity; the two dots at
the Si atoms represent a lone pair of electrons, and the one dot an unpaired electron.

the thermodynamic stabilization of highly reactive, unsaturated
Si species, leading to a series of isolable closed-shell and open-
shell Si°/Si' compounds with intriguing electronic structures
(Figure 2).* On the basis of these studies, we presumed that
NHCs might be also employed to stabilize iminosilenylidenes,
leading to unprecedented Si’-isocyanide compounds featuring
dicoordinated Si centers with a large synthetic potential.
However, isocyanides are weaker o-donors than NHCs, as
indicated by their lower proton affinities.” Therefore,
isocyanide compounds of low-coordinate silicon are scarce,
rendering the objective quite challenging.®” In fact, only a few
isocyanide-silylene adducts of the general formula R,Si(CNR)
(R = univalent group) have been isolated heretofore featuring
pyramidal-tricoordinated silicon centers (Figure 3, top).

) <]
a) R"?'“S'§C_N/R - > R"?‘“S'\CENQ/R
R R
Allenic Zwitterionic
‘(Q\N—D'
N ) Ipp
Dipp/
Mes

-

Figure 3. (a) Resonance structures of isocyanide-silylene adducts; (b)
Si%-isocyanide compound (SIDipp)Si=C=N(Ar™*) (1) reported in
this work.

Recently, also the I-silaketeniminyl lithium compounds
R,B(Li)Si=C=NR'’ (BR, = diaminoboryl; R’ = 1-adamantyl,
2,6-diisopropylphenyl) were reported,” and reductive coupling
of two isocyanides was achieved at a bis(NHSi) scaffold (NHSi
= N-heterocyclic silylene).® Structural, spectroscopic, and
quantum chemical studies indicate that the bonding in
R,Si(CNR) can be described by an allenic and a zwitterionic

resonance structure (Figure 3a), providing a rationale for the
observed isocyanide dissociation and silylene-type reactivity of
these compounds,m’b’9 which differs from the addition
chemistry of the Si=C bonds of silenes'® and 1-silaallenes."’
These studies implied that electropositive substituents on
silicon, which are known to decrease the singlet—triplet gap of
silylemes,12 should increase the contribution of the allenic form,
leading to a stronger Si—Ciscyanige bond. With this in mind we
assumed that Si(NHC) fragments, having a triplet ground
state,"> would bind strongly to isocyanides. We report in the
following the realization of this idea with the isolation and full
characterization of an NHC-stabilized iminosilenylidene
(Figure 3, bottom) and demonstrate the utility of this Si’
isocyanide compound as a Si(NHC) transfer reagent by its
quantitative conversion to the unprecedented NHC-stabilized
germasilyne (Z)-(SIDipp)(Cl)Si=GeAr™* (SIDipp = C[N-
(Dipp)CH,],, Dipp = 2,6-diisopropylphenyl; Ar™* = C¢H;-
2,6-Mes,, Mes = 2,4,6-trimethylphenyl).

2. RESULTS AND DISCUSSION

2.1. Syntheses, Solid-State Structures, and Spectro-
scopic Studies of 1 and the Base-Stabilized Silyliumy-
lidene Salts 2[B(Arf),] and 3[B(Arf),l. Earlier reactivity
studies of our and other groups had shown that the Si
dihalides, SiX,(NHC) (X = CI-I),'* are suitable starting
materials for the synthesis of many novel dicoordinated silicon
compounds containing silicon—element multiple
bonds.”>**!3'* Most importantly, two-electron reduction of
SiX,(NHC) with potassium graphite (KCg) was found in our
group to afford the Si’ compounds Siy(NHC), in moderate
yields, enabling us to explore their chemistry.***8 This let us
presume that co-reduction of SiX,(NHC) with a bulky
isocyanide, which could provide the required steric protection
to the generated reactive Si® center, might lead to a stable Si°
isocyanide compound, and we have chosen APM*NC (Ar™* =
Cg¢H;-2,6-Mes,; Mes = mesityl) as a possible candidate to trap
the Si%(NHC) fragment. In fact, treatment of an equimolar

https://doi.org/10.1021/jacs.1c06628
J. Am. Chem. Soc. 2021, 143, 14780—14794
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Scheme 1. Conversion of SiBr,(SIDipp) to the Silyliumylidene Salts 2[B(Ar"),] and 3[B(Ar"),] and Ligand Exchange

Equilibrium between 2[B(Ar"),] and 3[B(ArF),]”

+ AMESNG, + Na[B(Ar)] N N *+SBraSiDipp), + NalB(AF)]
— NaBr Dipp/ \T \Dipp — NaBr
CHsF/Toluene L LwBr Et,0/Benzene, rt.
-60°Ctort. 'S'\
Br
[\ BMECGT [\ NG
NN Keq(298 K) = 10.9 NaNS L
Dipp” “Dipp Heal29810 2109 Dipp” “Dipp
\Br + SiBr,(SIDipp), — Ar"**NC \Br
:Si\\ N 2Si“\\
» CeHsF, rt.
G SiBr,
N , .
\ArMes D'pp\N/-\ N/Dlpp
2[B(ArF),] Arf= CgH3-3,5-(CF3), 3[B(ArF),]

“Formal charges were not included in the Lewis structures for the sake of simplicity.

mixture of SiBr,(SIDipp)'* and ArM*NC with 2.1 equiv of
KCj in diethyl ether at —40 °C followed by warming to room
temperature was accompanied by a rapid color change of the
solution from yellow to purple, the characteristic color of the
NHC-stabilized iminosilenylidene 1 (eq 1).

SiBr,(SIDipp) A (SIDipp)Si=C=N(Ar"*)

1

+ Si,(SIDipp), + SIDipp + ... (1)

Conditions (a): +Ar™*NC, +2KCg, —2KBr, —16C/Et,0, —40
°C to rt.

Detailed '"H NMR spectroscopic analysis of the diethyl
ether- and benzene-soluble products revealed however the
formation of a mixture of 1, Si,(SIDipp), SIDipp, and
unreacted ArM*NC, with 1 (16%) and Si,(SIDipp), (10%)
being the minor components, which prevented the isolation of
1 in an acceptable yield (SI (Supporting Information), Section
2.1.1).

Looking for a more efficient approach to 1, we next
attempted to preinstall the Ar™*NC ligand at the Si"' center by
halide abstraction from SiX,(NHC), forming an isocyanide-
stabilized silyliumylidene salt. In fact, addition of
SiBr,(SIDipp) to a 1:1 (v/v) toluene/fluorobenzene solution
containing an equimolar mixture of Na[B(Arf),] (Arf = C¢H;-
3,5-(CF;),) and A™M*NC at —60 °C followed by warming to
ambient temperature led to an intense yellow solution and
precipitation of NaBr. Analysis of the reaction mixture by IR
and 'H NMR spectroscopy revealed a quite selective
conversion to the silyliumylidene salt 2[B(Arf),] (Scheme
1). No reaction of SiBr,(SIDipp) with ArM*NC was observed
in the absence of Na[B(ArF),], and no intermediates could be
observed by NMR spectroscopy at room temperature during
the conversion of SiBr,(SIDipp) into 2[B(Ar"),], suggesting
that the intermediate formed upon bromide abstraction from
SiBr,(SIDipp) by Na[B(Ar"),] is rapidly trapped by the
isocyanide to give 2[B(Ar"),]. Notably, an excess of
SiBr,(SIDipp) should be avoided in this reaction, since
SiBr,(SIDipp) displaces the Ar™*NC ligand from 2[B(Ar"),]
yielding the disilicon(II) salt [Si,Br;(SIDipp),][B(ArF),]
(3[B(ArF),]) (Scheme 1).

Compound 2[B(ArF),] is the first isocyanide-stabilized
halosilyliumylidene salt to be reported.'® It was isolated after

14782

workup as a very sensitive, intense yellow solid and was fully
characterized (SI, Section 2.2). The solid-state structure of
2[B(ArF),]-(C¢HF) was determined by single-crystal X-ray
diffraction (sc-XRD) analysis of yellow-orange crystals, which
are composed of well-separated trigonal pyramidal isocyanide-
stabilized silyliumylidene cations (Figure 4) and [B(Ar"),]”

Figure 4. DIAMOND plot of the structure of the cation 27 in the
crystal lattice of 2[B(ArF),]; thermal ellipsoids are set at 30%
probability, and hydrogen atoms were omitted. In this and all other
structures the Dipp substituents of the NHC and the Mes substituents
of the A group are presented in wire frame for the sake of clarity.
Selected bond lengths (A), bond angles (deg), and torsion angles
(deg): Si—C1 1.977(4), Si—C28 1.952(S), Si—Br 2.261(3), C28—N3
1.150(5); Br—Si—Cl 95.8(2), Br—Si—C28 90.5(2), C1-Si—C28
100.3(2), Si—C28—N3 148.8(4), C28—N3—C29 171.9(5); N2—Cl1—
Si—C28 172.4(3), N2—C1-Si—Br 80.8(3), C1-Si—C28—N3
168.6(7).

anions. The sum of bond angles at the trigonal pyramidal
coordinated Si center () £(Si) = 286.6°) compares well with
that of SiBr,(SIDipp) (Y. £(Si) = 290°), suggesting in line
with the results of the natural bond orbital (NBO) analysis the
presence of a stereochemically active lone pair of electrons at
silicon. The Si—Cisocyanige bond length of 2[B(Ar"),] (1.952(5)
A) is similar to the Si—Cyyc bond length (1.977(4) A) and
lies in a typical range of Si—C donor—acceptor o-bonds. Also
the degree of pyramidalization (DP) of the cation of 82%"7
does not indicate any significant Si—Cj,cpanige #-bonding
resulting from Si(n)—7*(C=NR) back-donation. This is

https://doi.org/10.1021/jacs.1c06628
J. Am. Chem. Soc. 2021, 143, 14780—14794
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supported by the Wiberg bond index (WBI) obtained from
NBO analysis and the total bond order of the Si—Ccyr and
Si—Cypc bonds obtained from natural resonance theory
(NRT-BO), indicating the presence of strong, polarized Si—
Ccnr 2nd Si—Cyyyc single bonds in 2+ (WBI(Si—Ccyg) = 0.87,
WBI(Si—Cyyc) = 0.71; NRT-BO(Si—Ccyg) = 1.0, NRT-
BO(Si—Cypc) = 1.0) (Section 2.3.1).

The C=N bond length of 2* (1.150(5) A) is very close to
that of free ArM®™NC (1.158(3) A),'® and the C—N—-Cy
moiety approaches linearity (£(C—N—Cg) = 171.9(5)°).

Further insight into the structure and dynamics of
2[B(ArF),] in solution was provided by IR and 'H/"3C/?Si
NMR spectroscopy. In fact, the IR spectrum of 2[B(Ar"),] in
C¢HSF displays a characteristic (C=N) band at 2143 cm™,
which is significantly blue shifted from that of 1 (¢(C=N) in
solid state = 1778 cm™') and appears at even higher energy
than that of free ArM*NC (v(C=N) in C4HF = 2119 cm™),
suggesting, in combination with the structural features of
2[B(ArF),], the presence of a RN=C—Si donor—acceptor o-
bond with weak Si(n)—z*(C=NR) back-bonding.9 The 'H
and ®C NMR spectra of 2[B(Arf),] in Djs-chlorobenzene
unequivocally indicate the presence of a configurationally
stable, stereogenic Si center in the trigonal pyramidal cations
and a fast rotation of the Ar™*NC and NHC ligands about the
respective Si—C bonds at room temperature. The *C NMR
spectrum of 2[B(Ar"),] displays a distinctive C,pene signal at &
= 183.7, which appears at higher field than that of
SiBr,(SIDipp) (8 = 188.7 ppm in Dg-benzene)'* and of 1
(6 =210.8 ppm in Dg-benzene), and also a distinctive Cisocyanide
signal at 6 = 167.7 ppm, which is upfield shifted of that of free
AM*NC (5¢y = 169.6 ppm in Dg-chlorobenzene) and of 1
(6cn = 197.9 ppm in Dg-benzene), indicating the pronounced
o-acceptor character of the fragment [SiBr(NHC)]* in 2*."
2[B(Ar"),] features a similar *Si NMR chemical shift (5 =
—50.2 ppm in Ds-chlorobenzene) to that of the NHC-
stabilized iodosilyliumylidene salt [Sil(IMe,Pr,)(IDipp)]I (Jg;
= —55.3 ppm in D,-dichloromethane),"*! the high-field shift
being typical for trigonal pyramidal NHC-stabilized silyliumy-
lidenes.”® Notably the *Si chemical shift of 2[B(Ar"),] also
compares well with those of the aryl isocyanide-diarylsilylene
adducts reported by N. Tokitoh et al. (8g; = —47.9 to —57.8
ppm).*

Interestingly, compound 2[B(Ar"),] undergoes an isocya-
nide exchange reaction with SiBr,(SIDipp) to give the disilicon
salt [Si,Bry(SIDipp),][B(Ar"),] (3[B(ArF),)] (Scheme 1).
Monitoring of the forward reaction (2[B(ArF),] +
SiBr,(SIDipp)) as well as the back reaction (3[B(Ar"),] +
AM=NC) by 'H and *Si NMR spectroscopy in Dj-
chlorobenzene at 298 K revealed that a ligand exchange
equilibrium between 2[B(Ar"),] and 3[B(ArF),] is established,
which lies slightly on the site of 3[B(Ar),] (Kq(298 K) =
10.6, AG®595 ¢ = —5.9 kJmol™) (Scheme 1). The temperature
dependence of the equilibrium was also studied by variable-
temperature 'H NMR spectroscopy in the temperature range
of 298—343 K, and the standard reaction enthalpy AH® and
reaction entropy AS® were derived from a van’t Hoff plot. The
obtained values (AH® = —10.6 k] mol™}; AS® = —16.0 J mol™!
K™") indicate that formation of 3[B(ArF),] is a slightly
exothermic reaction that is entropically disfavored with
increasing temperature (SI, Section 2.3). Notably, this
equilibrium is an unprecedented example of a reversible ligand
substitution at a cationic Si(II) center.'’

The disilicon(II) salt 3[B(Arf),] was independently
obtained upon treatment of SiBr,(SIDipp) with Na[B(Ar"),]
in the molar ratio 2:1 in a diethyl ether/benzene mixture at
ambient temperature and isolated after workup as an extremely
air-sensitive, yellow solid in 62% vyield, which was fully
characterized (Scheme 1, SI (Section 2.4)). Compound
3[B(ArF),] represents the first example of an NHC-stabilized
[Si,X;]* salt to be reported.16 The crystal lattice of 3[B(Ar"),]-
(C¢HF)-0.5(CsH,,) is composed of well-separated
[Si,Br;(SIDipp),]* cations and [B(Arf),]” anions. The
[Si,Br;(SIDipp),]* cations feature a trigonal pyramidal bonded
Sil center of chirality (3’ £(Sil) = 284.2°), which is connected
via a Si—Si bond to the tetrahedral coordinated Si2 center and
carries according to NBO analysis a lone pair of electrons in a
hybrid orbital with 77% s-character (Figure S). The Si—Si

Figure 5. DIAMOND plot of the structure of the cation 3 in the
crystal lattice of 3[B(Ar"),]; thermal ellipsoids are set at 30%
probability, and hydrogen atoms were omitted. Selected bond lengths
(A), bond angles (deg), and torsion angles (deg): Si1—Si2 2.353(2),
Si1—C1 1.973(S), Si2—C28 1.970(S), Sil—Brl 2.316(1), Si2—Br2
2.234(1), Si2—Br3 2.197(1); C1-Sil—Si2 100.1(2), C1-Sil—Brl
99.6(2), Br1—Sil—Si2 84.54(6), Sil—Si2—C28 106.8(2), Br2—Si2—
Br3 104.79(6); C1-Sil—Si2—C28 155.7(2), Brl-Sil—Si2—Br3
175.9(1).

bond length of 2.353(2) A fits exactly to that of a-silicon
(2.352 A)*' and indicates, in combination with the NBO and
NRT bonding analyses, the presence of a strong single bond
(WBI(Si—Si) = 0.9; NRT-BO(Si—Si) = 1.0) that is markedly
polarized toward the Si2 atom (SI, Section 6.9).

The two Si—Cyyc bond lengths (d(Sil—C1) = 1.973(5) A;
d(Si2—C28) = 1.970(5) A) are equal to that of 2[B(Ar),
(1.977(4) A), which is also reflected in essentially equal
Wiberg bond indices (3*: WBI(Sil—Cyyc) = 0.70, WBI(Si2—
Cane) = 0.70; 2" WBI(Si—Cyyc) = 0.71) and NRT total
bond orders (3": NRT-BO(Sil—Cyyc) = 1.1, NRT-BO(Si2—
Caue) = 1.0; 2°: NRT(Si—Cypc) = 1.0), pointing to strong
Si—Cypc single bonds.

The 'H and *C{'H} NMR spectra of 3[B(Ar"),] reveal, as
in the case of 2[B(Arf),], that a stereomutation of the
tricoordinated, stereogenic Si center by pyramidal inversion or
an intermolecular process does not occur in solution at room
temperature and show moreover the presence of two

https://doi.org/10.1021/jacs.1c06628
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Scheme 2. Two-Electron Reduction of the Si"" Salt 2[B(Ar),] to the Si’ Isocyanide Compound 1
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Figure 7. Left: DIAMOND plot of the structure of 1 ((R,)-1 enantiomer); thermal ellipsoids are set at S0% probability, and hydrogen atoms were
omitted. Selected bond lengths (A) and bond and torsion angles (deg): Si—Cl 1.894(1), Si—C28 1.784(1), C28—N3 1.224(1), N3—C29
1.411(1); C1-Si—C28 100.40(5), Si—C28—N3 158.81(9), C28—N3—C29 133.0(1), C1—-Si—N3—C29 —130.90(1), N1-C1—Si—C28 —27.5(1),
Si—N3—C29—C30 156.9(1). Right: View of 1 along the N3~Si chirality axis leading to the enantiomers (R,)-1 and (S,)-1; the Dipp and Mes

groups were omitted for the sake of clarity.

constitutionally heterotopic Si sites leading consequently to a
double set of signals for the NHC groups (SI, Section 2.4).
Thus, the ®Si{'H} NMR spectrum of 3[B(Arf),] in Ds-
chlorobenzene shows two signals at —34.7 and —32.7 ppm for
the tricoordinated (Sil) and tetracoordinated (Si2) silicon
atoms, respectively, and the *C{'H} NMR spectrum displays
two distinctive, low-field shifted signals for the Sil and Si2
bonded Cyyc atoms at 6 = 188.1 and 172.3 ppm, respectively.
All these data indicate that a topomerization (“degenerate
isomerization”)*> leading to a site exchange of the NHC
ligands in the cation 3" does not proceed at ambient
temperature. This is in line with the results of quantum
chemical studies revealing that regioisomers of 3%, such as
3a*—3c*, which are conceivable intermediates in such a
process, are local minima on the energy hypersurface, which
appear however at considerably higher energy than the
minimum structure 3* (Figure 6).

14784

Compound 2[B(Ar),] proved to be a very suitable starting
material for the synthesis of the NHC-stabilized iminosileny-
lidene 1. Thus, two-electron reduction of 2[B(Ar"),], which
was generated in situ from SiBr,(SIDipp), AM*NC, and
Na[BAr),] in diethyl ether, with KCq at —40 °C afforded
selectively 1 containing some Ar™*NC in 70% crude yield
(Scheme 2). Compound 1 was isolated after crystallization
from n-hexane as a dark purple, very air-sensitive solid in
analytically pure form. It is thermally quite stable and melts
upon heating to a purple liquid at 160—163 °C with incipient
decomposition releasing ArM*NC as the only identifiable
product.

Compound 1 is the first neutral Si’-isocyanide compound to
be reported and was fully characterized (SI, Section 2.1.2). The
molecular structure of 1 was determined by an sc-XRD analysis
of metallic shiny, green-blue crystals and features a cumulene-
type, slightly bent Si=C=N skeleton (£(Si—C28-N3) =

https://doi.org/10.1021/jacs.1c06628
J. Am. Chem. Soc. 2021, 143, 14780—14794
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due to fluxionality.

158.81(9)°) with a V-shaped geometry at the dicoordinated
silicon (Figure 7). The atoms C1, Si, C28, and N3 are trans
arranged, as shown by the torsion angle C1—Si—C28—N3 of
173.8(2)°. The bonding angle at silicon (£(C1-Si—C28) =
100.40(5)°) is slightly larger than that in other NHC
compounds of dicoordinated silicon, such as Si,(IDipp),
(93.37(5)°, IDipp = C[N(Dipp)CHJ,),* Si,(SIDipp),
(93.07(5)°),** [(IDipp)Si=SiR(IDipp)][B(Ar"),]
(95.34(6)° (R = H); 95.13(6)° (R = Me); 96.61(7)° (R =
D),* and (Z)-(SIDipp)Si=SiBr(Tbb) (97.6(1)°, Tbb
C¢H,-2,6-[CH(SiMe,),],-4-Bu),* suggesting the presence of
a stereochemically active lone pair of electrons in a mainly s-
type orbital, in line with the results of the quantum chemical
studies (Section 2.3.1).

Salient structural parameters of 1 are (a) the conformation
of the NHC and Ar™* substituents leading to axial chirality
(Figure 7, right), (b) the short Si—Ccng bond, the elongated
C—N(Ar™*) bond, and the considerable bending of the C—
N—Cp skeleton compared with that of free Ar™*NC and
2[B(ArF),], and (c) the shortened Si—C,,pene bond. In fact,
the NHC and ArM* substituents adopt an anticlinal
conformation, leading to axial chirality, with the chirality axis
passing through the atoms Si and N3.** The two enantiomers,
which are characterized with the stereodescriptors (R,)-1 and
(S,)-1, differ in the sign of the torsion angle C1—Si—N3—C29
((R)-1: —130.90(1)°, (S,)-1: +130.90(1)°) (Figure 7,
right).>® Notably, this spatial arrangement of the substituents
in 1 is reminiscent of heteroallenes, ie., carbodiimides,*®
ketenimines,”” and 1-aza-3-phosphaallenes (RP—=C=NR).>*

14785 https://doi.org/10.1021/jacs.1c06628
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The Si—Ccyr bond of 1 (1.784(1) A) is considerably
shorter than a typical Si—C single bond (1.87—1.91 A),” but
longer than the Si=C bonds of silenes (1.69—1.76 A),'** 1-
silaallenes (1.693(3)—1.704(4) A),'" and 1-silaketeniminyl
lithium compounds (1.725(4) and 1.730(2) A)” due to
delocalization of the & electron density to the Cyyc atom,
leading to a Cypc—Si—Cenr 3¢-2e 7,,-bond in 1 (vide infra).
Notably, the Si—Ccyg bond of 1 compares well with the Si—C
bond lengths of the dialkylsilaketenimines [C-
(SiMe;),CH,],SiCNR  (d(Si—-C) = 1.782(2) A (R = 1-
adamantyl), 1.794(3) A (R = Dipp)), displaying considerable
allenic character (Figure 3a).%*

The C—N bond length of 1 (1.224(1) A) lies in between the
C=N triple-bond length of nitrilium salts (1.115(3)—
1.157(2)A)"**° and the C=N bond lengths of imines (ca.
127 A).*! It is considerably larger than the C=N bond length
of 2[B(ArF),] (1.150(5) A) and free ArM*NC (1.158(3) A),"®
but compares well with that of diarylcarbodiimides,*** normal
ketenimines (d(C—N) = 1.20—123 A),*” the 1-aza-3-
phosphaallenes Mes*P—=C=NR (1.209(4) A, (R = Ph);
1.214(6) A (R = p-chlorophenyl)),28“’b and the dialkylsilake-
tenimines [C(SiMe;),CH,],SiCNR (R = 1-adamantyl: d(C—
N) = 1.210(3) A; R = Dipp: d(C—N) = 1.203(3) A).”* Also
the angle at N (£(C28-N3-C29) = 133.00(10)°) is
considerably smaller than that in free Ar™M*NC (178.1(3)°)"®
and 2[B(Ar),] (171.9(5)°), but similar to that found in the 1-
aza-3-phosphaallenes Mes*P=C=NR (£(C-N-C) =
130.5° (R = Ph), 128.3(4)° (R = p-chlorophenyl)).***" All
structural features of 1 presented above suggest a considerable
contribution of the heterocumulene canonical forms A and A’
to the resonance hybrid (Figure 8). They are in line with the
NBO and NRT bonding analyses yielding a much larger WBI
and NRT-BO of the Si—Ccyg bond of 1 (WBI = 1.3, NRT-BO
= 1.5) than that of 2* (WBI = 0.9, NRT-BO = 1.0), but a
smaller WBI and NRT-BO of the C—NAr™* bond of 1 (WBI
= 1.9, NRT-BO = 2.3) than that of 2* (WBI = 2.3, NRT-BO =
2.8) (vide infra).

Notably, the NHC plane is only slightly tilted out of the
skeletal plane of 1 passing through the atoms C1, Si, C28, and
N3, as shown by the angle between the two planes of
19.24(5)° (Figure 7, right). This allows for a conjugation of
the Si—Ccng 70p-bond (oop = out of the skeletal plane of 1)
with the Cyyc-centered acceptor p orbital, leading to a Cyyc—
Si—Ccnr 3c-2e 7,,p-bond and a shortening of the Si—Cyyc
bond. In fact, the Si—Cyyyc distance in 1 (1.894(1) A) is not
only shorter than those of the Si(Il) compounds 2[B(Ar"),]
(1.977(4) A) and 3[B(ArF),] (1.973(5) A) but also shorter
than those of the dicoordinated Si>NHC compounds
Si,(IDipp), (1.927(2) A),* Si,(SIDipp), (1.924(2) A)*
and (Z)-(SIDipp)Si=SiBr(Tbb) (1.937(4) A),*" which all
feature an orthogonal orientation of the NHC plane with
respect to the Cyyc—Si—E (E = Si, P) core, preventing a 7
conjugation and the formation of a 3c-2e z-bond (SI, Section
5.1). The presence of Si—Cyyc #-bonding in 1 is confirmed by
the results of the NRT analyses, revealing a considerable
contribution of the canonical form B to the bonding in 1
(Figure 8) and a larger Si—Cyyc NRT total bond order in 1
(NRT-BO = 1.3) than that in Si,(IDipp), (NRT-BO = 1.0)
or Si,(SIDipp), (NRT-BO = 1.0) (Section 2.3.1). Notably, the
Cruc—Si—Ccnr 3c-2e 7,,-bond of 1 is reminiscent of that of
the siladicarbene Si(bNHC) (bNHC = bidentate N-hetero-
cyclic carbene), which also features shortened Si—Cyyc bonds
(d(Si—C pene) = 1.864(1) and 1.874(1) A).*°

The most distinctive spectroscopic feature of 1 is the
exceptional bathochromic shift of the CN stretching mode,
which gives rise to a strong IR band in the solid state at 1778
cm™" (Figure 9a). In fact, the v(C=N) absorption band of 1 is
shifted by ca. 360 cm™ to lower wavenumbers with respect to
that of 2[B(ArF),] (v(C=N) = 2143 cm™), illustrating the
profound influence of the two-electron reduction of 2* on the
Si—Ccnr bond. Notably, the v(C=N) band of 1 appears also
at considerably lower wavenumbers than that of the
disilaketenimines [L(Br)Ga],Si(CNCy) (¢(C=N) = 2093
em™, L = HC[C(Me)N(Dipp)],) and (SiMe;);Si(‘Bu;Si)-
SiCNXy (1(C=N) = 1966 cm™, Xy = 2,6-dimethylphenyl)
reported recently.”*® In n-hexane solution, the v(C=N)
absorption band is broadened and shows several maxima
between 1900 and 1800 cm™, suggesting extensive structural
dynamics of 1 in solution (Figure 9b and Section 2.3.2).

Also the NMR spectra suggest a fluxional structure of 1 in
solution. In fact, the "H NMR spectrum of 1 displays only two
singlets for the methyl protons of the Ar™® substituent in the
integral ratio of 6:12 and only two doublets for the methyl
protons, one septet for the methine protons and one singlet for
the methylene protons of the NHC group in the integral ratio
of 12:12:4:4, respectively (Figure 9c). This is quite different
from what would be expected for 1 in case of a rigid skeleton
and retention of the axial chirality of 1 in solution, even if
rotation of the Ar™* and NHC substituent about the
respective N—C(Ar™*) and Si—Cyyc bonds is fast on the
NMR time scale. The stereodynamic process causing the
fluxionality could not be resolved by VT 'H NMR spectros-
copy of 1 in the temperature range 183—298 K in toluene-dy.
This observation is in line with the results of the analysis of the
potential energy hypersurface (PES) at the B97-D3(BJ)-ATM/
def2-TZVP level of theory (Section 2.3.2), which suggest that
1 is quite flexible, undergoing two dynamic processes with low
barriers, rationalizing the simple '"H NMR spectrum of 1
(Figure 9c). The first process involves a rotation of the Ar™®
substituent about the N—C bond and proceeds via a barrier of
ca. 16 kJ mol™" interconverting the enantiomers (R,)-1 and
(S,)-1. It is coupled with a linearization of the isocyanide at the
N atom and skeletal flexing rendering the flanking Mes groups
and their diastereotopic C*/C® and C*/C® positions chemically
equivalent. The second process including a rotation of the
NHC about the Si—Cyyc bond proceeds via a barrier of 41.0
kJ mol™" and leads to a site exchange of the diastereotopic N-
Dipp groups.

The *C NMR spectrum of 1 in Dg-benzene displays two
characteristic signals for the Si-bonded Ciscyanige and Cypc
atoms at 6 = 197.9 and 210.8 ppm, respectively, which both
appear at considerably higher frequency than those of
2[B(ArF),] (§(CNR) = 167.7 ppm; 6(Cypc) = 183.7 ppm).
Both signals are flanked by a pair of Si satellites, yielding quite
small 'J(Si,Ccnr) and YJ(Si,Cnpc) coupling constants of 9.5
and 27 Hz, respectively (SI, Figure S14).>> The strong
deshielding of the Ciscyanige Signal appears to be a common
feature of compounds with pronounced azaallene
structure.®”?">?%% The 2Si{'H} spectrum of 1 displays a
distinctive, high-field shifted signal at 6 = —141.8 ppm.
Interestingly, the 2?Si NMR chemical shift of 1 is very different
from that of the siladicarbenes Si(bNHC) (&g = —80.1 ppm in
Dé-benzene)4b and Si(I'Pr,Me,)(caac™®) (8g = 2.04 ppm;
I'Pr,Me, = C[N('Pr)C(Me)],, caac™® = C[N(Dipp)-
CMe,CH,CMe,]),*" but similar to those of the I-silaketeni-
minyl lithium compounds R,B(Li)Si=C=NR’ (&5 = —144.0

https://doi.org/10.1021/jacs.1c06628
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Scheme 3. Synthesis of the NHC-Stabilized Germasilyne 4
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Figure 10. Top view of the planar skeleton of 4 (left) and side view of 4 along the Ge=Si bond (right); thermal ellipsoids are set at the 50%
probability level, and hydrogen atoms were omitted. Bond lengths (A), bond angles (deg), and torsion angles (deg) (the values in square brackets
are of the second independent molecule found in the asymmetric unit): Si—Ge 2.2841(S) [2.2651(5)], Si—Cl1 1.877(2) [1.878(2)], Si—Cl
2.1027(6) [2.0921(6)], Ge—C28 2.024(2) [2.036(2)]; Ge—Si—C1 122.02(3) [122.14(5)], Ge—Si—Cl 130.81(2) [128.61(2)], C1-Si—Cl
107.11(5) [108.41(5)], Si—Ge—C28 100.87(5) [98.91(5)], Cl—Si—Ge—C28—3.25(6) [4.94(6)], C1—-Si—Ge—C28—179.93(7) [173.21(8)].

(R’ = 1-adamantyl), 85 = —162.4 (R’ = Dipp)).” Notably, a
comparison of the **Si NMR chemical shifts of silicon(0)
NHC compounds shows that these span a range of ca. 400
ppm (S, Section 5.1).

Compound 1 was also characterized by UV—vis—NIR
spectroscospy. Its purple solutions in n-hexane display two
intense absorption bands at A = 341 nm (g, = 1.37 X 10* L
mol™! em™) and 525 nm (g, = 1.72 X 10* L mol™ cm™) as
well as a weaker band at A = 670 nm (g, = 1.4 X 10> L mol™
em™!) (SI, Section 3).

Compound 1 features 2 HOMO at high energy (E = —3.32
eV at the B97-D3(BJ)-ATM/def2-TZVP level of theory)
representing the Cyuc—Si—Ccnr 3c-2e 7o,-bond (Section
2.3.1). This let us presume that 1 should easily undergo a one-
electron oxidation and prompted us to study the redox
properties of 1 by cyclic voltammetry. In fact, the cyclic
voltammogram of 1 in fluorobenzene at room temperature
reveals a quasi-reversible one-electron oxidation followed by a
chemical reaction (EC process) at a half-wave potential E, , of
—469 mV versus the [Fe(;>-CsMe;),]'*/° redox couple (S,
Section 4). The half-wave potential of 1 lies between those of
Si,(IDipp), (E,/, in 1,2-difluorobenzene = —794 mV) and
(IDipp)Si=PMes* (E, ,, in 1,2-difluorobenzene = —53 mV)."
Notably, the difference in the oxidation potentials of 1 and
Si,(IDipp), of 325 mV reflects well the energy difference of the
HOMOs of the two compounds (0.41 eV at the B97-D3(BJ)-
ATM/def2-TZVP level of theory).

2.2. First Reactivity Studies of 1. Compound 1 proved to
be also a powerful nucleophile enabling access to novel
unsaturated silicon compounds. In fact, addition of Ge(Ar™*)
Cl to a purple solution of 1 in toluene at ambient temperature
was accompanied by an instantaneous color change to blue.
Analysis of the reaction solution by 'H NMR spectroscopy
revealed the selective elimination of Ar*NC and formation of
the NHC-stabilized germasilyne 4 (Scheme 3). The conversion
of 1 to 4 presumably involves in the first step a Lewis base—
acid adduct formation of 1 with Ge(Ar™*)CI, followed by
chloride migration from the Ge to the Si center and
elimination of A™M*NC. It is an unprecedented reaction in
monatomic silicon(0) chemistry, illustrating the synthetic
potential of 1 as a Si%(NHC) transfer reagent. In fact, several
reactions of siladicarbenes (“silylones”) and related monatomic
Si® compounds have been reported, but in none of them was a
ligand elimination observed due to the rigid, chelating ligand
scaffold of the silylones.” In this context, it is noteworthy that
the reaction of 1 with Ge(Ar™*)Cl is reminiscent of those of
the transition metal complexes [ML,(N,),] (M = Mo, W; L =
phosphane) with the organohalotetrylenes E(R)X (E = Ge —
Pb, X = CI-], R = bulky alkyl or aryl group), affording the
tetrylidyne complexes trans-[XL,M=ER], which also involve a
halide migration with concomitant elimination of a neutral 2e-
donor ligand (N,) to form a multiple bond.**

Compound 4 is the first NHC-supported heteroditetrylyne
to be reported. It was isolated after crystallization from n-

https://doi.org/10.1021/jacs.1c06628
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Figure 11. Main canonical forms of 4 and their weight percentage obtained from the NRT analysis.
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Figure 12. (a) Isomers of 1., (NHC = SIdipp, R = Ar™*) and the model system 1™ (NHC = C[N(Me)CH,],, R = Me). (b) Isomers of 4.
Relative energies are given in kJ mol™" in parentheses at the B97-D3(BJ)-ATM/def2-TZVP level of theory.

hexane in 44% yield as a blue, very air-sensitive crystalline
solid, which turns immediately yellow upon exposure to air and
decomposes upon heating at 100 °C to a black mass. Only
three NHC-supported homonuclear ditetrylynes have been
reported to date.** For comparison reasons several NHC-
supported disilynes, Si,(Tbb),(NHC) (NHC = IMe,, IEt,Me,,
I'Pr,Me,), and digermynes, Ge,R,(IMe,) (R = Tbb, Si(CsH,-
4-Me)(CH(SiMe,),),), were also isolated and fully charac-
terized in our group (SI, Section 5.2).

The solid-state structure of 4-0.5(n-C¢H;,) was determined
by sc-XRD analysis of blue single crystals (Figure 10).
Compound 4 features a planar core composed of the atoms
C], Si, C1, Ge, and C28, in which a trigonal planar coordinated
Si atom (D(£Si) = 359.9°) is connected to a V-shaped
dicoordinated Ge atom via a Si=Ge bond (2.275(9) A).*
Notably, the NHC five-membered ring is arranged coplanar to
the core of the molecule, as evidenced by the dihedral angle
@nuc of 6(2)° between the least-squares plane of the NHC
ring and the plane passing through the atoms Cl1, Si, and Ge.
Hence, compound 4 differs from all other NHC-supported
ditetrylynes, in which the NHC groups are tilted out of the
planar core of the molecules (pyyc = 43.1(1)—86.4(2)°, SI,
Section 5.2). This allows for a conjugation of the Si=Ge #-
bond with the Cyyc-centered acceptor orbital and the
formation of a 3c-2e 7,,,-bond, leading to an elongation of
the Si==Ge bond and a shortening of the Si—Cyyc bond in 4.
In fact, the Si=Ge bond length of 4 (2.275(9) A) lies in the
upper limit of reported Si=Ge bond lengths (2.214—2.276
A)*7 and is also longer than the Si=Ge bond length (2.250(9)
A) calculated from the arithmetic mean of the average Si=Si
bond length (2.200(9) A) and Ge=Ge bond length
(2.299(10) A) of the presently known NHC-supported
disilynes and digermynes, respectively (SI, Section 5.2).
Similarly, the Si—Cyyc bond length of 4 (1.878(1) A)* is
shorter than the mean Si—Cyyc bond length (1.915(7) A) of
the NHC-supported disilynes. Notably, also the angle at the
dicoordinated Ge atom of 4 (£Si—Ge—C28 = 100.87(5)°) is
smaller than those found in the NHC-supported disilynes and
digermynes (106.6(2)—120.35(2)°). All these structural
features are in line with the NBO and NRT bonding analysis
of 4 (see Section 2.3.1), suggesting a considerable contribution
of the silagermyne canonical forms C and C’ but also the
silenylgermylene form D to the resonance hybrid (Figure 11).

Despite the presence of considerable z-bonding in the Si—
Cunc bond, rotation of the NHC about the Si—Cyyyc bond is
fast on the NMR time scale, leading to a rapid site exchange of
the Dipp substituents and a single set of signals. This is in line
with the quantum chemical calculations of the NHC rotational
profile predicting a small barrier of only ca. 18 k] mol™" for the
NHC rotation (SI, Section 6.13). Compound 4 is
distinguished by a °Si NMR signal at § = 81.8 ppm, which
appears at lower field than those of (IMe,)(R)Si=SiR (R =
SilPr(CH(SiMe;),),: 8 = 28.7 ppm;*>>* R = Tbb: & = 21.1 ppm
(SI, Section 5.2).

2.3. Quantum Chemical Studies. 2.3.1. Comparative
Studies of the Electronic Structures of 1, 2*, and 4. The
electronic structures of compounds 1, 2%, and 4 were
investigated by quantum chemical calculations at the B97-
D3(BJ)-ATM/def2-TZVP level of theory (SI, Section 6).
Geometry optimization afforded gas phase minimum structures
(leao 2*caw and 4,c) displaying bond lengths and angles in
close agreement with 1, 2%, and 4, respectively. Remarkably,
1,1 was not found to be the global minimum structure on the
potential energy hypersurface (PES). In fact, a search for other
isomers revealed that 1, is less stable by 6 k] mol™" than the
NHC-stabilized cyanosilylene 1C,. featuring a trigonal
pyramidal coordinated Si atom (}.°(Si) = 333°) and Si—
Cyuey Si—CN, and C—N bond lengths of 1.929, 1.863, and
1.168 A, respectively (Figure 12a). The energy difference
between the NHC-stabilized iminosilenylidene and cyanosily-
lene isomer increases considerably to AE = +140 kJ mol™ in
the case of the model systems (SIMe)Si(CN)Me (1CM¢) and
(SIMe)Si=C=NMe (1) featuring the sterically less
demanding N-heterocyclic carbene C[N(Me)CH,], (SIMe)
bearing methyl substituents at the N atoms (Figure 12a). It can
be rationalized with the larger repulsion between the sterically
more demanding NHC and R substituents in 1C_,, leading to
a destabilization of 1C_y. versus 1.. Notably, the same
relative stability of the two isomers was found for the NHC-
free species I and V (Figure 1).

Analysis of the PES of 4, afforded also another minimum
structure, the NHC-stabilized germasilenylidene (Z)-
(SIDipp)Si=GeCI(Ar™*) (4V,.), which appears, however,
at higher energy (AE = +41 kJ mol™") than 4, (Figure 12b).
Notably, the opposite relative stability was found by DFT
calculations at the B97-D3/TZVP level of theory for the
related “disilicon” system, with the NHC-stabilized disilaviny-

https://doi.org/10.1021/jacs.1c06628
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Table 1. Selected Results of the Natural Bond Orbital (NBO), Natural Resonance Theory (NRT), and Natural Population

(NPA) Analyses of 1, 2", and 4.

NBO A-B occ® NHO (A,B)” hyb (pol in %)
6(Si—Cypc) 1.92 sp®*(23), sp3(77)
6(Si—Cenr) 1.96 sp®4(24), sp®°(76)
7(Si—Cenp) 1.57 p(47), p(53)
6(C—NR) 1.99 sp'7(35), sp(65)
7(C—NR) 191 p(34), p(66)
Si(LP) 175 sp™

Nenr(LP) 1.58 sp’?

Cuc(LV) 0.95 P

6(Si—Cyuc) 1.92 sp*5(23), sp3(77)
6(Si—Ceng) 1.96 sp'%5(23), sp*(77)
6(C—NR) 1.99 sp"(34), sp**(66)
7;(C—NR) 1.98 p(33), p(67)
m,(C—NR) 1.95 p(35), p(65)
Si(LP) 1.76 sp*

6(Si—Cyuc) 1.95 sp>?(25), sp"*(75)
7(Si—Cnuc) 1.59 p(57), p(43)
o(Si—Ge) 1.93 sp®8(63), sp>3(37)
a(Si—Cl) 1.98 sp*3(24), sp*° (76)
Ge(LP) 1.89 sp®?

+
cale

WBI® A-B NRT-BO? tot/cov/ion atom/group /29"
1.0 1.3/0.7/0.6 Si +0.40
13 1.5/0.9/0.6 Conr —0.04

Nexr ~0.45

19 2.3/1.5/0.8
CNR —0.39
NHC —0.01
0.7 1.0/0.5/0.5 Si +0.69
0.9 1.0/0.5/0.6 Conn +0.18
23 2.8/1.9/0.9 Newr -033
Br —0.30
CNR +0.19
NHC +0.42
1.0 1.3/0.7/0.6 Si +0.53
Ge +0.29
1.4 1.5/1.0/0.5 Cl —-0.40
1.0/0.5/0.5 NHC +0.06
ArMes —-048

“Occ = occupancy. ®NHO = natural hybrid orbital, pol (polarization) = (C;)* X 100%, where C; = coefficient of NHO. “Wiberg bond index. 9Total,
covalent, and ionic NRT bond order. °q = NPA charge of the atom, >.q = total NPA charge of the group.

HOMO-1 [-4.52]

Figure 13. Selected Kohn—Sham molecular orbitals of 1., and their energy eigenvalues in eV; isosurface value = 0.04 ¢!/ bohr

HOMO [-3.32]

LUMO [-1.74]

~3/2

lidene (Z)-(NHC)Si=Si(Br)R (NHC = C[N(C¢H;-2,6-
Me,)CH,],, R = C¢H;-2,6-[CH(SiHj;),],) being more stable
by 33 kJ mol™' than the NHC-stabilized bromodisilyne (Z)-
(NHC) (Br)Si=SiR.*

Natural bond orbital analysis of the wave function of 1, led
to a leading natural Lewis structure (NLS) with localized bond
pair NBOs for the Si—Cyyc, Si—Cenr, and C—NR o-bonds as
well as one 7(C—NR) bond featuring a high Lewis occupancy
above 1.90e (Table 1). Both the Si—Cyyc and Si—Ccng 0-
bonds are strongly polarized toward the carbon atoms (77%
(Cnnc), 76% (Ccnr)) and are formed from Si natural hybrid
orbitals (NHOs) with a very high p-character (87%), whereas
the 6(C—NR) and 7(C—NR) bonds are polarized toward the
N atom (ca. 65%). Considerable delocalization is evidenced by
the low Lewis occupancy of the ”oop(Si_CCNR) NBO with
1.57e, which is slightly polarized toward the Ccyg atom (53%),
the presence of a lone vacant (LV) NBO of pure p-character at
the Cyyyc atom with an occupancy of 0.95¢, and a second-order
perturbation energy (SOPE) of 53 k] mol ™' between the donor
”oop(Si_CCNR) NBO and the acceptor LV-NBO at the Cyyc

14789

atom. This delocalization is also manifested in the correspond-
ing natural localized molecular orbital (NLMO) showing a
considerable contribution of the 7, (Si—Ccyr) NBO (71%)
and of a Cyyc p-NAO (24%) (NAO: natural atomic orbital).
Additional delocalization is provided by the low Lewis
occupancy of 1.55¢ of the LP (lone pair) NBO at the N anide
atom featuring a high p-character (88%), a SOPE (LP-
(Nisocyanide) - ”*oop(Si_CCNR)) of S§1 kJ mOI_ll and a
significant non-Lewis occupancy of 0.32¢ of the 7%, (Si—
Ccnr) NBO pointing to a 3c-4e 7-bond (hyperbond) in the
Si=C=N skeleton. Finally, the leading NBO Lewis structure
of 1., features an LP-NBO at the Si atom of high s-character
(719%) with an electron occupancy of 1.75e, which according to
second-order perturbation analysis results from electron
delocalization into the 7*,,(C—NR) with a SOPE energy of
293 kJ mol™" contributing to a non-Lewis occupancy of the
7%,(C—NR) NBO of 0.30¢. The corresponding NLMO shows
consequently an 87% contribution of the LP-NBO (Si) and
10% contribution of the respective N and C p-NAOs.

https://doi.org/10.1021/jacs.1c06628
J. Am. Chem. Soc. 2021, 143, 14780—14794



205

Journal of the American Chemical Society

pubs.acs.org/JACS

HOMO-1 [-4.49]

HOMO [-3.74]

LUMO [-2.15]

Figure 14. Selected Kohn—Sham molecular orbitals of 4., and their energy eigenvalues in eV; isosurface value = 0.04 e!’? bohr /2,

All these results are reflected in the frontier orbitals of 1y,
with the HOMO—1 being the lone pair orbital at Si with some
%,(C—NR) contribution, the HOMO representing the 3c-2e
Zoop(Crmc—Si—Ccyr)-bond with considerable 7*,,,(C—NR)
contribution, and the LUMO being mainly the 7*,,,(Si—C—
NR)-bond (Figure 13). This is also in line with the results of
an NRT analysis of 1., giving an overall 38% weight of NLS
containing a Si=C=NR skeleton (cf. A and A’, Figure 8) and
a 19% weight of NLS containing a Cyyuc=Si—C=NR
skeleton (cf. B, Figure 8). Notably, natural population analysis
reveals a considerable charge transfer from the Si(SIDipp) to
the ArM*NC part in 1., leading to a high negative NPA
charge in the isocyanide group (q(Ar™*NC) = —0.39) that is
mainly accumulated on the Si-bonded Cijocyqige atom (1gyc:
q(CNAM®) = —0.04; free AP*NC: g(CNAM™M®*) = +0.29). In
comparison, the SIDipp group is almost electroneutral in 1
(q(SIDipp) = —0.01), leading to a much higher positive NPA
charge at Si (q(Si) = +0.40) than that found in Si(bNHC)
(q(Si) = +0.19, bBNHC = H,C[NC(H)C(H)N(H)C],).*

An additional insight into the chemical bonding of 1. was
provided by analyzing the Si—Ccygr bond formation using the
ETS-NOCV method (SI, Section 6.3). Notably, the total
orbital interaction energy contributes 42% to the overall
attractive interaction energy between the fragments (SIDipp)Si
and CNAr™* in the singlet state and is composed of mainly
two contributions, the first one involving a donation of 0.74¢
from the C-centered lone pair of the Ar**NC fragment into
the vacant Si-centered o-symmetric orbital of the Si(SIDpp)
fragment (AE,4) = —136.2 k] mol™") and the second one
involving a rather strong back-donation (AE,,;) = —219.5 kJ
mol™") of 0.93¢ from the 7(Si—Cyyc) bonding orbital into the
ﬂ*oop(CENArMes) antibonding orbital.

The NBO analysis of 2° yielded a leading NLS with
localized bond pair NBOs for the 6(Si—Cypc), 6(Si—Cenr),
6(C—NR), and the two 7(C—NR) bonds having a high Lewis
occupancy (>1.90e), as well as an LP-NBO at the silicon atom
with a similar Lewis occupancy (1.75¢) and s-character (71%)
to 1. (Table 1). This is in line with the results of NRT
analysis pointing to a main contribution of NLS featuring a Si—
Cuuc and Si—Ccyy single bond, a C=NR bond, and a lone
pair of electrons at Si to the resonance hybrid (78% weight of
the NLS, SI, Section 6.7). NPA analysis indicates, different
from 1, a considerable charge flow from the ArM*NC and
the NHC groups to the electrophilic Si'! atom (g(Si) = +0.69)
of 2%, leading to a depletion of electron density in both
groups (q(ArM*NC) = +0.19; q(NHC) = +0.42). The quite
different electronic structures of 2% and 1. are finally
evidenced in the quite different NRT bond orders of their Si—
Ccnr and Si—Cyyyc bonds (Table 1).

A combined NBO and NPA analysis provided also a
thorough insight into the electronic structure of 4, (Table 1).
The leading NBO Lewis structure features localized bond pair
NBOs for the Si—Cyyc, Si—Ge, and Si—Cl 6-bonds and an LP-
NBO at the Ge atom with high Lewis occupancies close to or
above 1.90e. Notably the Si—Ge o-bond is polarized toward
the Si atom (63%) and is formed from an sp®® Si-NHO and an
almost pure p-NHO (Ge). Considerable delocalization is
evidenced by the low Lewis occupancy (1.59¢) of the ﬂ'oop(Si_
Cyuc) NBO, which is slightly polarized toward the Si atom
(57%), the presence of an LV-NBO of pure p-character at the
Ge atom with a non-Lewis occupancy of 0.53¢, and a SOPE
(Toop(Si—Crmic) = LV(Ge)) of 32 kJ mol™". This delocaliza-
tion is also shown in the corresponding NLMO, revealing a
78% contribution of the 7,,(Si—Cyxuc) NBO and 20%
contribution of the p-NAO (Ge). The NBO results are
reflected in the frontier orbitals of 4, (Figure 14). The
HOMO-1 contains mainly the lone pair at the Ge atom, the
HOMO corresponds to the 3c-2e ﬂoop(CNHC—Si—Ge)—bond,
and the LUMO corresponds to the empty p,,, orbital at the
Ge atom with some antibonding ”oop(Si_CNHC) contribution.
The NRT analysis of 4. points, in line with the NBO analysis,
to a major contribution of the NLS C and C’ (total weight =
51%) and a minor contribution of the NLS D (31% weight) to
the resonance hybrid, leading to a Si—Ge NRT-BO of 1.5 and
a Si—Cypc NRT-BO of 1.3 (Figure 11, Table 1). NPA analysis
of 4. indicates a considerable charge flow from the
SiCI(NHC) to the GeAr™* fragment, leading to a negative
NPA charge of the GeAr™ group (q(GeAr™®) = —0.19).

In order to explore the potential involvement of 1 in
dissociative processes, the SIDipp and ArM*NC ligand
dissociation energies of 1. were calculated at the B97-
D3(BJ)-ATM/def2-TZVP level of theory (SI, Section 6.14).
NHC dissociation from 1, requires a considerable energy of
AE, = 252.6 kJ mol™". The resulting iminosilenylidene
fragment SiICNAr™* has a triplet ground state with a AE,_,
gap of +48.5 k] mol™' and features similar structural
parameters to the parent species *[SiCNH] (SI, Figure
$68).**" The Si—Cypuc bond dissociation energy of 1,
compares well with that of the Si’ compound Si,(SIDipp),
(246.3 k] mol™) and lies in between those of the Si"l
compound SiBr,(SIDipp) (189.5 k] mol™") and 2* . (366.9
k] mol™). AM*NC dissociation from 1 requires also a
considerable energy of 2169 kJ mol™' and leads to the
fragment [Si(SIDipp)] featuring like [SiCNAr™*] a triplet
ground state with a AE,_; gap of +19.4 kJ mol™". The Si—Ccyr
dissociation energy of 1, is similar to that of 2* . (210.2 kJ
mol™"), suggesting that Af™*NC displacement reactions, such
as the conversion of 1 to 4 (Scheme 3) and 2[B(ArF),] to

https://doi.org/10.1021/jacs.1c06628
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Figure 15. Proposed mechanism for the stereodynamics of 1.,.; ®@; = harmonic imaginary frequencies in cm™", E = energy versus (R,)-1,. in kJ
mol ™}, a: skeletal torsion angle C1—Si—N3—C29, 3: NHC torsion angle N1—C1—Si—C28, y: angle C28—N3—C29.

3[B(ArF),] (Scheme 1), which occur rapidly even below room
temperature, most probably follow associative pathways.

2.3.2. Computational Study of the Stereodynamics of
1caie Several relaxed PES scans of 1. were carried out to
rationalize the stereodynamics of 1 (SI, Section 6.15). A scan
of the PES by varying the N1—C1—Si—C28 torsion angle (/)
shows that rotation of the NHC about the Si—Cyyc bond
proceeds via the chiral transition state (R,)-1-TS,,, (Figure 15)
with an energy barrier of 41.0 kJ mol™" to give the topomer
(R,)-1% in which the diastereotopic N-Dipp groups have
exchanged their position. This diastereotopomerization proc-
ess does not interconvert the enantiomers (R,)-1 and (S,)-1,
though, and therefore does not lead to an exchange of the
diastereotopic C* and C® or C* and C° positions of the Dipp
substituents (SI, Figure S73, green squares), which requires a
C, symmetric transition state with the symmetry plane passing
through the C1—Si—C28—N3 skeletal plane.

Therefore, a second process was presumed to be operative,
which was analyzed by PES scans involving a variation of the
torsion angle Si—-N3—C29—C30 (7), i, a rotation of the
Ar™® group about the N3—C29 bond. A maximum barrier of
12.7 k] mol™" was found showing that rotation of the Ar™®
group about the N3—C29 bond occurs easily (SI, Figure S74,
black circles). Notably, a close inspection of the structural
parameters of the single-point structures at each scan step
revealed only a slight twisting of the NHC out of the C1-Si—
C28—N3 skeleton but not a full rotation. Furthermore, a
concomitant increase of the angle y (C28—N3—C29) toward

14791

linearity (y = 170.9°) was observed upon decrease of the
torsion angle 7 from 180° to 100° (SI, Figure S74, blue
triangles), as well as a change of the skeletal torsion angle C1—
Si—-N3-C29 (a) from —130° to —177°, indicating that the
skeleton C1—Si—N3—C29 approaches an antiperiplanar
conformation. This let us presume that enantiomerization of
(R))-1.c might be connected with a linearization of the
isocyanide moiety at the N atom and concomitant
antiperiplanar conformation of the C1—Si—N3—C29 skeleton.
In fact, a search of the PES gave an N-linear conformer 1LN,;.
(a = —172.8°, B = 3.26°, y = 180.0°) as a local minimum
structure, which lies 16.4 kJ mol™" higher in energy than (R,)-
1., and features an almost free rotation of the Ar™* about the
N3—C29 bond interconverting the enantiomers (Figure 15).
Attempts to find the transition state connecting (R,)-1% with
1LN,, failed due to the flatness of the hypersurface.

Finally, a coupled (concomitant) process of NHC rotation
(topomerization) and enantiomerization ((R,)-1 = (S,)-1) via
a structurally constrained C, symmetric species 1-SP (a =
180°, B 101.7°) was found to be energetically highly
unfavorable, as it is a second-order saddle point in the PES of
(R,)-1.y with two significant imaginary frequencies of —88
and —101 em™ and lies at 64.5 kJ mol™ higher in energy
relative to (R,)-1. (Figure 15). The above studies suggest
that the stereodynamics of 1 proceeds stepwise via an NHC
rotation and Ar™® rotation, the latter being coupled with an
(R,)-1 to (S,)-1 interconversion (racemization) via the N-
linear conformer 1LN_,.

https://doi.org/10.1021/jacs.1c06628
J. Am. Chem. Soc. 2021, 143, 14780—14794



207

Journal of the American Chemical Society

pubs.acs.org/JACS

3. CONCLUSION

A systematic approach to the NHC-supported iminosilenyli-
dene (SIDipp)Si=C=NAr™* (1: SIDipp (NHC) = C[N-
(Dipp)CH,],, A™* = 2,6-dimesitylphenyl) was developed
starting from SiBr,(NHC). It involves in the key step a 2e
reduction of the isocyanide-stabilized silyliumylidene salt
[SiBr(CNArM®)(NHC)][B(Ar"),] (2[B(Ar"),], Ar" = CeH-
3,5-(CF;),), which was obtained from SiBr,(NHC) upon
bromide abstraction with Na[B(Ar"),] in the presence of
AM®NC. Comparative, comprehensive structural, spectro-
scopic, and quantum chemical studies provided a thorough
insight into the unusual structure of the unprecedented
silacamulene 1, which is quite different from that of its
precursor 2" and features an almost planar Cyyc—Si—C—N
skeleton with a V-shaped geometry at the dicoordinated Si
atom, a slightly bent Si=C=N core, and a Cyyc—Si—Ccnr
3c-2e out-of-plane z-bond. The anticlinal conformation of the
NHC and Ar™* substituents leads to axial chirality and the
presence of two enantiomers (R,)-1 and (S,)-1 differing in the
sign of the torsion angle Cypc—Si—N—C(Ar™*). Due to its
flexible skeleton, compound 1 displays structural dynamics in
solution interconverting rapidly the enantiomers (R,)-1 and
(S.)-1. Compound 1, which can be strikingly viewed as a Si’
isocyanide compound, features a high electron density at
silicon, leading to a low redox potential. Most appealing is,
however, the synthetic potential of 1 as a Si®(NHC) transfer
reagent in oxidative additions demonstrated in the present
work by its selective conversion with Ge(Ar™*)Cl to the
NHC-supported silagermyne (Z)-(NHC)(Cl)Si=GeAr"*
belonging to a novel class of Si=Ge compounds.
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6. Electronic structure calculations

Electronic structure calculations were carried out in the gas phase using the ORCA 4.1.1
program.lS28 All calculations were performed using the DFT method B97-D3(BJ)-ATM/def2-
TZVP (method-I), which consists of a GGA functional B97-D3(BJ)S? in combination with the
three body dispersion energy correction functional (ATM)!S%, the triple-C quality basis set
def2-TZVPIS3 for all atoms and the auxillady basis set of the type def2/J for the RI-JIS3
approximation of the Coulomb integral (J). For numerical precision settings the DFT double
integration grid GRID3 was used for SCF interations and GRID5 for the final energy
evaluation after complete SCF convergence.

The ORCA default Quasi-Newton optimiser, that uses the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) iterative algorithm, was used for the geometry optimization along with the
above mentioned numerical precision criteria. The optimization was carried out in redundant
internal coordinates using the initial model Hessian of AImlIéf. The optimized structures were
verified as stationary points on the potential energy surface (PES) by two-sided numerical
differentiation of the analytical gradients to obtain harmonic frequencies after SCF
convergence by the following criteria — no significant imaginary frequency (minimum), one
significant imaginary frequency (first-order saddle point or transition state), two significant
imaginary frequencies (second-order saddle point). The potential energy surfaces of the
compounds were studied by relaxed potential energy surface scans of an angle or dihedral
angle followed by constrained structure optimization and single point energy calculation
(SPE) after each scan step.

Natural bond orbital (NBO) analysis in combination with the NBO based natural population
analysis (NPA) and natural resonance theory analysis (NRT) were carried out by employing
the method-1 and by using the NBO6.0 version of the NBO program.[S3 The NBO analysis
was performed on the best Natural Lewis Structure (NLS) that was found by NBO. The
following abbreviations were used for the NBO analysis: LP = Lewis 1-center valence lone
pair, BD = Lewis 2c-2e bond orbital, BD* = non-Lewis 2c-2e antibond orbital, LV = non-Lewis

[S28] Neese, F. Wiley Interdisciplinary Reviews: Computational Molecular Science 2012, 2, 73.

[S29] a) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. J. Chem. Phys. 2010, 132, 154104. b) Grimme, S.;
Ehrlich, S.; Goerigk, L. J. Comput. Chem. 2011, 32, 1456.

[S30] a) Axilrod, B. M.; Teller, E. J. Chem. Phys. 1943, 11, 299 b) Muto, Y. Proc. Phys. Math. Soc. Jpn. 1943,
17, 629.

[S31] a) Weigend, F.; Ahlrichs, R. Phys. Chem. Chem. Phys. 2005, 7, 3297. b) Weigend, F. Phys. Chem.
Chem. Phys. 2006, 8, 1057.

[S32] Vahtras, O.; Almlof, J.; Feyereisen, M. W. Chem. Phys. Lett. 1993, 213, 514.

[S33] Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter, J. E.; Bohmann, J. A.; Morales, C. M,;
Landis, C. R.; Weinhold, F. Theoretical Chemistry Institute, University of Wisconsin, Madison 2013.
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lone vacant orbital. In cases where the NBO iteration cycles showed threshold Lewis
occupancies less than 1.90e for the core bonding motifs, multi-reference NRT analyses were
carried out as local NRT in order to circumvent the convergence problem arising from the too
many natural Lewis structures (NLSs).

The graphical representations of the Kohn-Sham canonical molecular orbitals and calculated
structures were created by using the UCSF Chimera program.[$34

6.1. Optimized structures of the constitutional isomer and conformers of (R.)-1cac and
the model system 1M

The molecular structure of 1 contains two independent axially chiral molecules (Rs)-1 and
(Sa)-1 in the unit cell differing in the sign of the torsion angles C1-Si-N3-C29 ((Ra)-1:
—-130.90(1)°, (Sa)-1: +130.90(1)°) and N1-C1-Si-C28 ((Ra)-1: —27.5(1)°, (Sa)-1: +27.5(1)°).
The cartesian coordinates of (Ra)-1 were used for the structure optimization leading to the
calculated structure (Ra)-1caic (Figure S53, left). The frequency calculation yielded only a
single imiginary frequency of -10 cm™ for the rotation of a methyl group of the ArMes
substituent, and thus (Ra)-1caic Was considered to be a true minimum in the potential energy
surface (PES). The bonding parameters of (Rz)-1cac are in good agreement with those of
(Ra)-1 (Table S9). Notably, the angles C1-Si-N3-C29 (a), N1-C1-Si-C28 (B), and
C28-N3-C29 of (Ra)-1calc differ to some extent from those of (Ra)-1 presumably due to the
very flat PES for the torsional motions involving the torsion angles a, B and Si-N3-C29-C30,
which affect also the angle C28-N3-C29 (see Section 6.15 for the stereodynamics of (Ra)-
1caic). Remarkably, the NHC-stabilized cyanosilylene constitutional isomer 1Ccac was found
to be slightly more stable than (Ra)-1caic (Figure S53, right).

The structural parameters of (Ra)-1cac and the model compound (IMe4)Si=C=NMe (1"¢; IMe4
= C[N(Me)C(Me)C(Me)].) differ significantly (Figure S54 and Table S11). The most notable
differences are: a) the Si=C=N skeleton is almost linear in 1™ whereas it is slightly bent in
(Ra)-1caic; b) the torsion angle C1-Si-N3-C29 (a) is —90° in 1M versus —=147° in (Rz)-1caic; C)
the Si-Cnuc bond length of 1™ is longer and the Si—Ccne bond length shorter than the
corresponding bond lengths of (Rz)-1caic; d) the C28—-N3-C29 angle is smaller in 1¢; and e)
the torsion angle B is —-41.6° in 1M, whereas it is =3.1° in (R.)-1cac. A similar trend for the
relative stability was found for the NHC-stabilized cyanosilylene (IMes)Si(CN)Me (1CM¢) and
1Me with a much larger energetic preference for 1CMe (Figure S54). Two conformers were

found as local minima in the PES of the (Ra)-1caic. The linear conformers 1LNcaic and 1LCecaic

[S34] Pettersen, E. F.; Goddard, T. D.; Huang, C. C.; Couch, G. S.; Greenblatt, D. M.; Meng, E. C.; Ferrin, T.
E. J. Comput. Chem. 2004, 25, 1605.
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were obtained by constrained geometry optimizations, during which the angle C-N-Cg and
Si—C28-N3 was fixed at 180.0°, respectively (Figure S55, Table S13).

(Ra)'1ca|c (+60 kJ m0|_1) 1Cca|c (00 kJ m0|_1)
Figure S53. Optimized minimum structure of (Ra)-1caic (left) and the global minimum structure 1Ccaic (right);

relative electronic energies are given in parentheses.

Table S9. Comparison of selected calculated and experimental bonding parameters (bond lenths / A, bond and

torsion angles / °) of (Ra)-1calc and (Ra)-1.

Si-C1 Si-C28 N3-C28 N3-C29 C1-Si-C28
(Ra)-1catc 1.875 1.803 1.213 1.373 101.5
(Ra)-1 1.894(2) 1.784(1) 1.224(2) 1.410(2) 100.4(1)
Si-C28-N3  C28-N3-C29  C1-Si-C28-N3  N1-C1-Si-C28  C1-Si-N3-C29
(Ra)-1catc 156.6 148.3 167.9 -3.1 -147.4
(Ra)-1 158.8(1) 133.0(1) 173.8(2) -27.5(1) -130.90(1)

Table S10. Selected calculated bond lengths (A) and bond angles (°) of the constitutional isomer 1Ccalc.

Si-C1 Si-C28 C28-N3 Si-C29
1.929 1.863 1.168 1.950
C1-Si-C28 Si—-C28-N3 C1-Si-C29 2 4(Si)
102.8 166.2 132.8 335.1
c2
T (o3|
Si cog
c29 / N3
C29
(Ra2)-1Me (+140.4 kdJ mol") 1CMe (0.0 kd mol1)

Figure S54. Optimized minimum structure of (Ra)-1™e (left) and its constitutional isomer 1CMe (right); relative

electronic energies are given in parentheses.
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Table S11. Comparison of selected calculated bonding parameters (bond lenths / A, bond and torsion angles / ©)
of 1™e and (Ra)-1calc.

1Me

(Ffa)"1 calc

1Me

(Ra)"' calc

Si-C1 Si-C28
1.920 1.786
1.875 1.803
Si—-C28-N3 C28-N3-C29
170.0 127.2
156.6 148.3

N3-C28

1.221
1.213

C1-Si-C28-N3

-165.9
167.8

N3-C29
1.459
1.373

N1-C1-Si-C28

-41.6
-3.1

C1-Si-C28
93.3
101.5
C1-Si-N3-C29
-941
-147.4

Table S12. Selected calculated bond lengths (in A) and bond angles (in A) of the model compound 1CMe

Si-C1 Si-C28 C28-N3
1.928 1.890 1.167
C1-Si-C28 Si-C28-N3 C1-Si-C29
95.9 174.8 107.9

Si-C29
1.931
54(Si)
302.0

1LNcaic (+16.4 kJ mol™)

1LCcaic (+24.0 kd mol™")

Figure S55. Optimized minimum structures of the linear conformers of (Ra)-1caic: (left) 1LNcaic with the angle
C28-N3-C29 fixed at 180.0°; (right) 1LCcalc with the angle Si—C28-N3 fixed at 180.0°; relative electronic energies
are given in parentheses; the same atom numbering was used as for (Ra)-1calc.

Table S13. Comparison of selected calculated bonding parameters (bond lenths / A, bond and torsion angles / °)
of 1LNca|c, 1LCCaIC, (Ra)-1calc and (Ra)'1 .

1LNcaic
1LCcalc
(Ra)-1caic
(Ra)-1

1LNcaic
1LCcalc
(Ra)-1calc
(Ra)-1

Si-C1 Si-C28
1.866 1.826
1.876 1.794
1.875 1.803
1.894(2) 1.784(1)
Si-C28-N3  C28-N3-C29
146.7 180.0
180.0 139.3
156.6 148.3
158.8(1) 133.0(1)

N3-C28
1.199
1.220
1.213

1.224(2)
C1-Si-C28-N3
-173.4
167.8
173.8(2)

N3-C29
1.355
1.385
1.373

1.410(2)
N1-C1-Si-C28
3.3
-8.9
-3.1
-27.5(1)

C1-Si-C28
102.6
104.0
101.5

100.4(1)
C1-Si-N3-C29
-172.8
-142.3
-147 .4
-130.90(1)
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6.2. Selected Kohn-Sham orbitals of (Ra)-1caic

HOMO-1 (-4.52 eV) LUMO (-1.74 eV)

LUMO+1 (-1.51 eV)
Figure S56. Selected KS orbitals of (Ra)-1caic and their orbital energies in parentheses. The isosurface value is
set to 0.04 e'2-Bohr3?2,
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6.3. ETS-NOCYV analysis of 1caic

An additional insight into the chemical bonding of 1caic to those given by NBO, NRT and NPA
analyses (Chapter 6.4) was provided by analyzing the interaction between the fragment
Si(SIDipp) and CNArMes using a combination of the Extended Transition State (ETS) method
with the method based on the Natural Orbitals for Chemical Valence (NOCV) as
implemented in the ORCA 4.1.1 program package.S3%! Within the ETS scheme the energy of
formation of 1cac (AEn) is analyzed starting from the fragments Si(SIDipp) and CNAres in
their equilibrium geometry and electronic ground state. AEix = — BDE, where BDE is the
Si—Ccnr bond dissociation energy (216.9 kd mol™, Table S24).15%! The ETS scheme has a
certain degree of arbitrariness, since the picture it provides for the Si—Ccnr bond depends on
the choice of the fragments and their reference electronic states. We have decided to use the
fragments Si(SIDipp) and CNArVes in their singlet reference states given the considerably
larger singlet to triplet gap (AEs_..) of +296.3 kJ mol™" of ArMeSNC compared with that of the
Si(SIDipp) species (AEs.+ = —19.4 kJ mol™"). The ETS scheme decomposes AEy into a
number of chemically meaningful components given in Equation 1. The results of the ETS
energy decomposition analysis are collected in Table S74. Notably, the total orbital
interaction AE., contributes 42% to the total attractive interaction energy (AEeistat + AEqisp +
AEo,=-1222.9 kd mol™) between the Si(SIDipp) and CNArMes fragments.

AEini= —-BDE = AEpep + AEeistat + AEpaui + AEgisp + AEon (EQ. 1)

AEint = —BDE, where BDE is the Sisipipp—Ccnr bond dissociation energy (Figure S68). AEprep is the sum of the
preparation energies of the fragments, AEeistat is the electrostatic interaction energy, AEpaui is the Pauli repulsion
energy, AEdisp is the dispersion interaction energy and AEon is the total orbital interaction energy.

The orbital interaction energy AEqw can be further divided into different contributions, which
can be expressed within the NOCV scheme in terms of few complementary pairs of NOCVs
enabling to assess a compact picture of the chemical bond by visualization of the
deformation density contributions. Three pairs of complementary NOCVs (¢«, k = 1, 2, 3,
Figure S57, left and middle columns) were found in the NOCV analysis with eigen values v
significantly higher than 0.1 indicating that the remaining 202 NOCV pairs, which were
required to describe the electron density of the fragments, do not participate in the

Sisipipp—Ccnr bond formation (contribution to chemical valence ~ (vk)? < 0.01). The ¢.x« NOCVs

[S35] a) Michalak, A.; Mitoraj, M. P.; Ziegler, T. J. Phys. Chem. A 2008, 112, 1933. b) Radon, M. Theor.
Chem. Account. 2008, 720, 337. c) Mitoraj, M. P.; Michalak, A.; Ziegler, T. J. Chem. Theory Comput.
2009, 5, 962.

[S36]  Zhao, L.; Hermann, M.; Schwarz, W. H. E.; Frenking, G. Nat. Rev. 2019, 3, 48.
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Table S14. Results of the ETS-energy decomposition analysis of the Si-Conr bond in 1cac (energies in kJ mol™).
AEint AEprep AEoeistatlS37] AEpaui AEgisp AEor BDE
-216.9 56.4 -573.2 949.6 -139.6 -510.1 216.9
AEprep = AEprep(SiSIDipp) + AEprep(ArMeSNC). AEprep(Si(SIDipp)) is composed of two components a) the triplet to

singlet excitation energy of Si(SIDipp) of +19.4 kJ mol™! and b) its structural promotion energy (10.9 kJ mol™') to

the frozen geometry found in 1caic. AEprep(ArMeSNC) is the structural promotion energy of ArMesNC (26.1 kJ mol™)
to the frozen geometry found in 1calc.

describe the Sisipipp—Ccnr bonding interactions and the ¢-« NOCVs display the antibonding
interactions. For example, ¢.1 and ¢.» describe the Si—-Ccnr 0-bond and Si—-Cenr TToop-bond
with an eigen value vy of +0.93e and v: of +0.74e, respectively, whereas the complementary
NOCVs ¢-1 and ¢-2 are the corresponding * and 1* bonds, respectively (Figure S57, left and
middle columns). Notably, the ¢:3 NOCV pair describes the in-plane Sisipipp—Ccng TT-
interaction, however its contribution to the deformation density is significantly lower than
those of ¢« (k = 1, 2), as can be seen from its eigen value v.s of £0.46e. During the process
of Si-Ccnr bond formation, the electron density flows from the antibonding NOCVs to the
bonding complementary NOCVs. This is clearly visible in the contributions of the
complementary NOCV pairs to the deformation density (Apk) plots showing three orbital
interactions (Figure S57, right column) — a) Apy involves a donation of 0.74e from the C-
centered lone pair of the ArMeNC fragment into the vacant a-symmetric orbital at Si of the
Si(SIDipp) fragment with a AEqwq) of =136.2 kJ mol™', b) a rather strong back-donation
((AEomzy = -219.5 kd mol™)) of 0.93e from the m(Si-Cnuc) bonding orbital into the
T*00(C=ENR) anti-bonding orbital of the AresNC fragment and c) a weaker back-donation
(AEows) = —171.7 kJ mol™") with a transfer of only 0.46e from the lonepair orbital at Si into the
T*p(C=ENR) orbital. Notably, AEq.m@e) was found to contribute mostly (42%) to the total AEqmw.
The calculated Nalewajski-Mrozek bond order (V) of the Si—-Ccnr bond using the equation V
= 0.5 Y (¢«)? was found to be 1.615%a comparing well with the Si-Ccne NRT-BO of 1.5
(Chapter 6.4).

[S37] This value was calculated on the B97-D3(BJ)/def2-TZVP level of theory using the Turbomole V7.1
program package. Turbomole V7.1: a) Ahlrichs, R.; Bar, M.; Haser, M.; Horn, H.; Kélmel, C. Chem.
Phys. Lett.1989, 162, 165. b) TURBOMOLE Version 7.0, a development of University of Karlsruhe and
Forschungszentrum GmbH Karlsruhe, 1989-2007; TURBOMOLE GmbH, since 2007. c) Furche, F.;
Ahlrichs, R.; Hattig, C.; Klopper, W.; Sierka, M.; Weigend, F. WIREs Comput. Mol. Sci. 2014, 4, 91.
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(SIDipp)Si<Ccnr 0-donation

-1, v1 = -0.74,n = 0.63

¢-2, v2=-0.93, n = 0.53

IDipp)Si—CNR To0p-back donation

Ap1=0.74 [—(I)-12 + (I)+12]
AEorb(1) = -136.2 kJ mol!

Ap2 = 0.93 [-0-22 + ¢:27]
AEorm2) = —219.4 kJ mol™

(SIDipp)Si(LP)—CNR mis,-back donation

$:3, va = +0.46, n = 1.23

¢-s, va=—-0.46,n = 0.77

Aps = 0.46 [-¢-3% + .57
AEorb(3) =-171.7 kJ moI*‘

Figure S57. left and middle columns: three complementary pairs of NOCVs of 1caic describing the Si—Ccnr bond

formation. right column: deformation density plots showing the contribution of the NOCV pairs (¢, k = 1, 2, 3); vk
= eigen value, n = electron occupancy of the natural orbital in 1caic,[53% Ap = deformation density (differential

density), charge flow: blue — yellow;

isosurface value = 0.002 e'2-Bohr?2,
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6.4. Results of the NBO, NRT and NPA analyses of (R2)-1caic

Table S15. Selected NBOs, WBI, NRT-BO and NPA charges of (Ra)-1calc.
NBO Occ.2 NHO (A,B)®, WBI° NRT-BO¢ atom/ a/>qge
A-B hyb (pol in %) A-B tot/cov/ion group
0(Si—-CnHc) 1.92 sp®5(23), sp'3(77) 1.0 1.3/0.7/0.6 Si +0.40
o(Si—-Ccnr) 1.96 spb4(24), sp®8(76) 1.3 1.5/0.9/0.6 Cenr -0.04
(Si—Ccnr) 1.57 p(47), p(53) Necnr -0.45
o(C-NR) 1.99 sp'7(35), sp(65) 1.9 2.3/1.5/0.8
m(C-NR) 1.91 p(34), p(66)
Si(LP) 1.75 spo4 CNR -0.39
Ncnr(LP) 1.55 sp’3 NHC -0.01
Cnmc(LV) 0.95 p

a; Occ.= occupancy; ®: NHO = Natural Hybrid Orbital, pol. (polarization) = (Ci)?-100%, where Ci = coefficient of
NHO; ¢: Wiberg bond index; 9: total, covalent and ionic NRT bond order; €: g = NPA charge of the atom, 5 q = total

NPA charge of the group.

Table S16. Second order perturbation theory analysis of the Fock matrix in NBO basis of (Rz)-1caic for

selected donor and acceptor NBOs.
Accceptor NBO

Donor NBO
(Si—CcnRr)
LP(Si)
LP(N1nrc)
LP(N2nHc)
LP(Ncnr)

LV(CnHc)
m™(C-NR)
LV(CnHc)
LV(CnHc)
*(Si—CcnR)

Non-Lewis occ.

0.95
0.30
0.95
0.95
0.32

E@ (kJ mol-1)

53
292
106
110

51

Natural Lewis Structures (NLSs) of (Ra)-1caic
A local NRT analysis including the Nnwc, Cnhe, Si=C=N skeleton atoms and the ring carbon
atoms of the central Ar™es phenyl ring yielded 105 NLSs with contributions ranging from 9.56

— 0.10% covering 98% of the resonance hybrid. Inspection of these NLSs according to the
core bonding motif (marked blue in Figure S58) yielded five main NLSs 1A-E. The core
bonding motif of 1A-E was found in 30, 19, 15, 8 and 10 NLSs, respectively.

S61



219

Supporting Information

Dipp o N
©: g \ArMes

D (15%) 1E (3%)

Figure S58. Natural Lewis Structures (NLSs) of (Ra)-1caic and their NRT weight % in the resonance hybrid.

6.5. Comparison of selected calculated and experimental bonding parameters of
2+calc and 2+

Figure S59. Optimized minimum structure of 2*caic.

Table S$17. Comparison of selected calculated and experimental structural parameters (bond lengths / A, angles /
°) of 2*calc and 2*.

Si-C1 Si-Br Si-C28 N-C28
2*calc 1.976 2.316 1.935 1.171
2+ 1.977(4) 2.262(2) 1.952(5) 1.149(6)

N3-C29 C1-Si-Br C1-Si-C28 Si-C28-N3
2*calc 1.374 96.8 100.1 149.7
2+ 1.401(6) 95.8(2) 100.4(2) 148.7(4)
C28-N3-C29 N1-C1-Si-C28 $4(Si)
2*calc 178.4 -8.2 291.9
2+ 171.8(4) -25.3(4) 286.7
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6.6. Selected Kohn-Sham orbitals of 2*caic

LUMO [-5.3 eV] LUMO+2 [-4.4 eV]
Figure S60. Selected KS orbitals of 2*caic and their orbital energies in parentheses. The isosurface value is set to
0.04 e'2-Bohr?2,

6.7. Results of NBO, NPA and NRT analysis of 2*cac
Table S18. Selected NBOs, WBI, NRT-BO and NPA charges of 2*calc.

NBO Occ.2 NHO (A,B)e, WBI¢
A-B hyb (pol in %) A-B
0(Si—CnHc) 1.92 sp85(23), sp'3(77) 0.7

o(Si—Ccnnr) 1.96 sp'05(23), sp6(77) 0.9

o(C-NR) 1.99 sp'6(34), sp°°(66) 2.3

m(C-NR) 1.98 p(33), p(67)

m2(C-NR) 1.95 p(35), p(65)

Si(LP) 1.76 spo+4

NRT-BO¢
tot/cov/ion
1.0/0.5/0.5
1.0/0.5/0.6
2.8/1.9/0.9

HOMO [-7.6 eV]

atom/
group
Si
Cenr
NcNr
Br
CNR
NHC

a/yqe

+0.69
+0.18
-0.33
-0.30
+0.19
+0.42

a: Occ.= occupancy; : NHO = Natural Hybrid Orbital, pol. (polarization) = (Ci)?-100%, where Ci = coefficient of

NHO; °: Wiberg bond index; ®: total, covalent and ionic NRT bond order; : g = NPA charge of the atom, yq = total

NPA charge of the group.
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Natural Lewis Structures (NLSs) of 2*caic

A local NRT analysis involving the Nnwc, Cnrc, Br, Si—-C=N skeleton atoms and the six ring
carbon atoms of the central ArMes phenyl ring yielded 83 NLSs with contributions ranging from
6.90 — 0.10%, covering 98% of the resonance hybrid. Inspection of these NLSs according to
the core bonding motif (marked blue in Figure S61) yielded three main NLS for the core of
2*caic representing 95% of the resonance hybrid. The core bonding motif of 2*A, 2*B, 2*C and
2*D was found in 45, 19, 6 and 5 NLSs, respectively.

_Dipp -Dipp _Dipp
Q N rMes @ Mes Q . Mes

T —Ar
= S =N 5=
Dlpp Dlpp Dlpp
Br Br r/
2*A (78%) 2*B (12%) 2'C (3%)
(\ _-Dipp
ArMes
W, ot
Dlpp
Br
D (2%)

Figure S61. Natural Lewis Structures (NLSs) of 2*caic and their NRT weight % in the resonance hybrid.
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6.8. Optimized structures of 3*cac and its constitutional isomers 3a*, 3b* and 3c*

3*calc (0.0 kJ mol™T) 3a* (+81.5 kd mol™)

3b* (+159.7 kd mol™) 3c* (+203.6 kJ mol)

Figure S62. Optimized minimum structures of 3*caic and its constitutional isomers (3a*, 3b*, 3c*); relative pure
electronic energies are given in parentheses.

Table S$19. Comparison of the selected calculated and experimental structural parameters (bond lengths / A,
angles / °) of 3*caic and 3*.

C1-Sit C28-Si2 Si1-Si2 Si1-Bri
3cale 1.981 1.985 2.370 2.391
3+ 1.973(5) 1.970(5) 2.353(2) 2.316(1)

Si2—Br2 Si2-Br3 C1-Si1-Si2-C28 4(Si1)
3cale 2.262 2.250 163.0 286.4
3+ 2.234(1) 2.197(1) 155.7(2) 284.2
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Results of NBO, NPA and NRT analysis of 3*caic

Table S20. Selected NBOs, WBI, NRT-BO and NPA charges of 3*calc.

NBO Occ.2
A-B

o(Si1-C1) 1.93
o(Si1-Si2) 1.90
o(Si1-Br1) 1.94
o(Si2-C28) 1.93
o(Si2-Br2) 1.97
o(Si2-Br3) 1.96
Si1(LP) 1.82

NHO (pol.)b
A, B[%]

Sp9.8(21 ), Sp1.4(79)

p(35), sp'4(65)

p(22), sp*9(78)
Sp4'1(26), Sp1.6(74)
Sp4'4(30), sp5.0(70)
Sp4'7(30), Sp4.6(70)
SpO.S

WBI° NRT-BO¢ atom/ a/yq®
A-B tot/cov/ion group

0.7 1.1/0.7/0.4 Sit +0.51
0.9 1.0/0.3/0.7 Si2 +0.70
0.7 1.0/0.6/0.4 C1-NHC +0.27
0.7 1.0/0.5/0.5 C28-NHC +0.43
0.9 1.0/0.4/0.6 SiBr +0.40
0.9 1.0/0.4/0.5 SiBr2 +0.60

a; Oce.= occupancy; °: NHO = Natural Hybrid Orbital, pol. (polarization) = (Ci)?-100%, where Ci = coefficient of
NHO; ¢: Wiberg bond index; 9: total, covalent and ionic NRT bond order; ¢: g = NPA charge of the atom, 3 q = total

NPA charge of the group.

Natural Lewis Structures (NLSs) of 3*caic

A local NRT analysis was done using all N-heterocyclic ring atoms and the Si2Brs core atoms.

T

—_

Dipp\;\i/>
)\N

Br,

) :Si—si
RN . e
N=— Br Br N

Dipp

N N
Dipp

17.5%
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Br,

: SifSi/[l— bipp
Br

Br
\N
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16.0 %
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N :N
Dipp Dipp

13.4 % 129 %

Figure S63. Natural Lewis Structures (NLSs) of 3*caic and their NRT weight % in the resonance hybrid; formal
charges were omitted for the sake of clarity.
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6.10. Optimized structure of 4..c and its constitutional isomer 4Vcac

4ca|c (00 kJ m0|_1) 4Vca|c (+408 kJ m0|_1)

Figure S64. Optimized minimum structure of 4calc and it constitutional isomer 4Vcalic; relative pure electronic

energies are given in parentheses.

Table $21. Comparison of selected calculated and experimental structural parameters (bond lengths / A, angles /
°) of 4caic and 4Vecalc.

Si-C1 Si-Ge E-CI Ge-C28 C1-Si-Cl
Acalc 1.870 2.311 2.120 2.046 108.5
107.1(1),
1.877(2), 2.284(1), 2.103(1),  2.024(2),
42 108.4(1)
1.878(2) 2.265(1) 2.091(1)  2.036(2)
4Vearc 1.910 2.275 2.242 2.003 -
Si-Ge-Cl C1-Si-Ge  Si-Ge-C28 C1-Si-Ge-C28
Acalc - 121.2 97.6 -176.1
" 122.0(1), 100.9(1), -179.91),
122.1(1) 98.9(1) 173.2(1)
4V carc 144.5 110.5 113.5 -178.2

a) The structural parameters of the two independent molecules of 4 are given.
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6.11. Selected Kohn-Sham orbitals of 4

LUMO (-2.15 eV)
Figure S65. Selected KS orbitals of 4caic and their orbital energies in parentheses. The isosurface value is set to
0.04 e'2-Bohr32,

6.12. Results of NBO, NPA and NRT analysis of 4calc
Table S22. Selected NBOs, WBI, NRT-BO and NPA charges of 4calc.

NBO Occ.2
A-B

0(Si—CnHc) 1.95
(Si—CnHc) 1.59
o(Si-Ge) 1.93
o(Si-Cl) 1.98
Ge(LP) 1.89

NHO (A,B)®, WBI°
hyb (pol in %) A-B
sp?9(25), sp'4(75) 1.0
P(57), p(43)
sp%8(63), sp°8(37) 1.4
sp*3(24), sp3? (76)
Sp0.2

NRT-BOd
tot/cov/ion
1.3/0.7/0.6

1.5/1.0/0.5
1.0/0.5/0.5

LUMO+13 (-0.04 eV)

atom/

group
Si
Ge
Cl

NHC

ArMes

a/y e

+0.53
+0.29
-0.40
+0.06
-0.48

a: Occ.= occupancy; ®: NHO = Natural Hybrid Orbital, pol. (polarization) = (Ci)?>-100%, where Ci = coefficient of
NHO; °: Wiberg bond index; ®: total, covalent and ionic NRT bond order; : g = NPA charge of the atom, g = total

NPA charge of the group.

Table S23. Second order perturbation theory analysis of the Fock matrix in NBO basis of 4cac for the selected

important donor and acceptor NBOs.

Donor NBO
(Si—CnHc)
LP(N1NHc)
LP(N2nHc)

Accceptor NBO Non-Lewis occ.
LV(Ge) 0.53
*(Si—CnHc) 0.48
*(Si—CnHc) 0.48

E@ (kJ mol-)
32
47
46
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Natural Lewis Structures (NLSs) of 4caic

A local NRT analysis of 4ca. including the atoms Nnnc, Cnre, Si, Ge Cl and the ring carbon
atoms of the central ArMes phenyl ring yielded 54 NLSs with contributions ranging from 12.1%
— 0.1% covering 94% of the resonance hybrid. Inspection of these NLSs according to the
core bonding motif (marked blue in Figure S66) yielded three NLS 4A-C. The core bonding
motif of 1A-E was found in 17, 20 and 21 NLSs, respectively.

.{\i/Dipp' (@\l'\(Dipp'O @/Nk/Dipp-

AV Y : Y :
—Ge =Ge ~qi—Ge
S ~ Si= WY :Si N M
Dipg AT oipg ArTE Dipg o AN
cl cl cl
4A (31%) 4B (51%) 4C (12%)

Figure S66. Natural Lewis Structures (NLSs) of 4caic and their NRT weight % in the resonance hybrid.

6.13. Relaxed potential energy surface scan for the NHC-rotation in 4caic

A PES scan of 4cac was carried out varying the N2-C1-Si-Ge torsion angle from 10° to 180°
in steps of 10°. A maximum value of 18 kd mol™ was obtained for the barrier to NHC-rotation
at a N2-C1-Si—Ge torsion angle of 90°. A transition state optimization was not performed.

20

15

10 +

energy / kd/mol

0+ * ® o

— T T 1
0 20 40 60 80 100 120 140 160 180 200
torsion angle (N2-C1-Si-Ge) / ©

Figure S67. Plot of the energy versus the torsion angle N2-C1-Si-Ge obtained from a relaxed PES scan of 4calc
in scan steps of 10°.
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6.14. Bond dissociation energy (BDE) calculations of 1caic, 2*cac and related Si(ll) and
Si(0) NHC compounds

Si—Cyyc cleavage

252.6 kJ-mol-! )) AN S
o, # i

Si-Conn =1.780 A, C-NR =1.216 A N-Cuy = 1.348 A*
Si-C-NR = 179.3°, C-N-R = 144.4°

N N
Tcalc 7\
Si-Conp = 1.803 A, C-NR = 1.213 A, 17 Cou cleavoge + h
Si-C-NR = 156.6°, C-N-R = 148.4°  216.9kJ-mol H—}"'
Si-Cc = 1.875A, N-Cye = 1.366 A* P
}

Si-Cyic = 1.906 A, N-Cyye =1.361 A C-NR =1.178 A C-N-R =179.9°

Figure S68. Bond dissociation processes in 1cac and comparison of selected calculated bonding parameters of

the fragments; the bond lengths marked with an asterisk (*) are the average values of the two N-Cnrc bonds.

Si—Cyyc cleavage

—_— + F ™ : 57_/ \
366.9 kJ-mol" I }, .: ./ A

Si-Coxn =1.929 A, C-NR =1.167 A N-Cy = 1.348 A*
Si-C-NR = 176.4°, C-N-R = 175.0°, Br-Si-C = 90.3°

1cale
Si—-Conr =1.935A, C-NR = 1.171 A,
Si-C-NR = 149.7°, C-N-R = 178.4°
Si-Cyie =1.976 A, N-Cyyc = 1.336 A*

Si—Ccyg Cleavage

210.2 kd-mol*

Si-Cyc = 1.981 A, N-Cpye = 1.324 A+ C-NR =1.178 A, C-N-R =179.9°
Br-Si-C = 95.0°

Figure S69. Bond dissociation processes in 2*caic and comparison of selected calculated bonding parameters of

the fragments; the bond lengths marked with an asterisk (*) are the average values of the two N-Cnwxc bonds.
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Table S24. Calculated ligand dissociation energies (AEel) Of 1calc, 2*calc and related silicon compounds into the
respective fragments in their electronic ground states at the B97-D3(BJ)-ATM/def2-TZVP level of theory.

Si—Cnrc Dissociation AEg (kJ mol-)
Si(SIDipp)(CNArMes) (1caic) — 3[SICNArMes]a) + 1[SIDipp] 252.6
Si2(SIDipp)2 — [Si2(SIDipp)] + '[SIDipp] 246.3
Si2(IDipp)2 — '[Si2(IDipp)] + '[IDipp] 252.1
SiBr2(SIDipp) — [SiBrz] + '[SIDipp] 189.5
SiBr2(IDipp) — [SiBr2] + '[IDipp] 195.5
[SiBr(CNArMes)(SIDipp)]* (2*calc) — [SiBr(CNArMes)+] + 1[SIDipp] 366.9

Si—Cconr Dissociation AEe (kJ mol-1)
Si(SIDipp)(CNArMes) (1caic) — 3[Si(SIDipp)]?) + [CNArMes] 216.9
[SiBr(CNArMes)(SIDipp)]* (2*calc) — [SiBr(SIDipp)*] + [CNArMes] 210.2

a) AEts=+48.5kJ mol™'; b) AEt.s = +19.4 kd mol™.

The calculated NHC bond dissociation energies of Six(IDipp)2 and SiBrz(IDipp) at the B97-
D3(BJ)-ATM/def2-TZVP level of theory are considerably higher than those previously
obtained at the B3LYP/6-311+G**(Si,Cnhc,Nnnc)/6-31G*(C,H) and
B3LYP/TZVPP(Si,Br,Cnuc)/6-31G*(C,H) levels of theory respectively.5% The difference can
be traced back to the very repulsive nature of the B3LYP functional lacking dispersive
effects.

6.15. Computational study of the stereodynamics of 1caic

Compound 1 crystallizes in a achiral space group and contains in its unit cell a pair of the
enantiomers (Rz)-1 and (S,)-1 differing in the sign of the torsion angles C1-Si-N3-C29 (a)
and N1-C1-Si-C28 (B) (Figure S70, Figure S71). The 'H NMR spectrum of 1 in solution
shows, however, one singlet for the C28-positioned methyl groups of the mesityl substituents,
one singlet for the C*5-H: protons of the N-heterocyclic ring of SIDipp and a single set of
signals for the Dipp substitutents and their C?/C® and C®C5-bonded groups (Figure S10 and
Figure S11). This observation is not compatible with the axial chirality of 1 and the
stereochemical arrangement of the NHC and Ares groups , which let us assume, that a rapid
racemization of 1 ((Ra)-1 = (S3)-1) occurs in solution as well as a rotation of the NHC about
the Si-C1 bond and a rotation of the ArMes group about the N3-C29 bond.

In order to rationalize the stereodynamics of 1 (Figure S72) various scans of the potential

energy hypersurface were carried out (Figure S73 - Figure S74). At first the energy profile for

[S38] a) Arz, M. |.; StraBmann, M.; Meyer, A.; Schnakenburg, G.; Schiemann, O.; Filippou, A. C. Chem. Eur. J.
2015, 21, 12509. b) Filippou, A. C.; Chernov, O.; Schnakenburg, G. Angew. Chem., Int. Ed. 2009, 48,
5687; Angew. Chem. 2009, 121, 5797.

[S39]  Filippou, A. C.; Das, U.; Rump, J.; Kumar, S., Baus, L.; personal communication.
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the rotation of the NHC around the Si—-C1 bond was studied by varying the torsion angle 8
from (=3.1°) to (-173°) (Figure S73). A maximum barrier of 45.8 kJ mol~' was obtained at a B
angle of —103° (Figure S73, black circles). Notably, during the NHC rotation the skeletal
torsion angle a (C1-Si-N3-C29) varied from -147.7° to -117.9° (Figure S73, green
squares), but did not change the sign indicating that the NHC rotation involves a chiral path
leading from (Ra)-1cac to its topomer (Ra)-1*cac, in which the diastereotopic N-Dipp
substituents have exchanged their position. The transition state (Ra)-1-TSrot for the
diastereotopomerisation was obtained by transition state optimization after calculating the
exact Hessian matrix of the structure obtained as the energetic maximum of the PES scan of
the torsion angle B, and lies 41 kd mol™ higher in energy than (Ras)-1cac. It displays one
imaginary frequency of —43 cm™ involving the out of the skeletal plane (C1-Si-C28-N3)
twisting mode of the N-heterocyclic ring and features an a angle of -118.6°, a B angle of
-98.9° and an angle at the isocyanide atom C28-N3-C29 (y) of 132.8° (Figure S72). The
process described above, though, does not interconvert the enantiomers (Rz)-1 and (Sj)-1,
and therefore does not lead to an exchange of the diastereotopic C? and C® or C® and C°
positions of the Dipp substituents, which would require a Cs symmetric transition state or
intermediate with the symmetry plane passing through the C1-Si-C28-N3 skeleton.
Therefore, a second process was presumed to be operative, which was analysed by PES
scans involving a variation of the torsion angle Si-N3-C29-C30 (t), i.e. a rotation of the
ArMes group about the N3-C29 bond starting from a value of 180° close to that found for (R,)-
1cac (—176°) (Figure S74). A maximum barrier of +12.7 kJ mol™" was found at a torsion angle
of 60° showing that rotation of the ArMes group about the N3-C29 bond occurs easily (Figure
574, black circles). Notably, a close inspection of the structural parameters of the single-
point structures at each scan step revealed only a slight twisting of the NHC out of the
C1-Si-C28-N3 skeleton (the B angle varied from —10.5° to +21.7°) but not a full rotation.
Furthermore, a concomitant increase of the angle y (C28—-N3-C29) towards linearity (y =
170.9°) was observed upon decrease of the torsion angle t from 180° to 100° (Figure S74),
as well as a change of the skeletal torsion angle a from —130° to —177° indicating that the
skeleton C1-Si—-N3-C29 approaches an antiperiplanar conformation. This let us presume
that enantiomerization of (Ra)-1cac Might be connected with a linearization of the isocyanide
moiety at the N-atom and a concomitant antiperiplanar conformation of the C1-Si-N3-C29
skeleton. In fact, a search of the PES gave a N-linear conformer 1LNcac (0 = —172.8°, =
3.26°, y = 180.0°) as a local minimum structure, which lies +16.4 kJ mol™" higher in energy
than (R.)-1cac (Figure S72) and features an almost barrierless rotation of the ArMes about the
N3-C29 bond interconverting the enantiomers. Attempts to find the transition state
connecting (Raz)-1* with 1LNcaic failed due to the flatness of the hypersurface.
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Finally, a coupled (concomitant) process of NHC rotation (topomerization) and
enantiomerization ((Ra)-1 = (Ss)-1) via a structurally constrained Cs symmetric species 1-SP
(a = 180°, B = 101.7°) was found to be energetically highly unfavorable as it is a second-
order saddle point in the PES of (Ra)-1cac With two significant imaginary frequencies of -101
and -88 cm™ and lies at +64.5 kJ mol™ higher in energy relative to (Rz)-1caic 1 (Figure S72).
The above studies suggest that the stereodynamics of 1 proceeds stepwise via a NHC
rotation and Ares rotation the latter being coupled with an (R.)-1 to (Sz)-1 interconversion

(racemization) via the N-linear conformer 1LNcaic (Figure S72).

(R,)-1 enantiomer (S,)-1 enantiomer
View along the N3-C28-Si skeleton View along the N3-C28-Si skeleton
N1 }Nz Nz[INT
Cc1 Tc1
Si$ ” s

i
c28 c28
N3 } N3
C29 C29
C30 C34 C% C30
[3

¢
Skeletal torsion angle C29-N3-Si-C1 (a) = —=130.90(1)° Skeletal torsion angle C29-N3-Si-C1 (a) = +130.90(1)°
View along the NHC backbone View along the NHC backbone
c34 _Ac2o c30® JwC34
c28 N32 e C29 C28 g
Si
— N3 —@ N2
NZ:-E‘L N N?ﬁt
NHC torsion angle N1-C1-Si-C28 (B) = -27.5(1)° NHC torsion angle N1-C1-Si-C28 (B) = +27.5(1)°

Figure S70. DIAMOND plots of the enantiomers (Sa)-1 and (Ra)-1 with their torsion angles a and ; the Dipp and

Mes substituents are omitted for the sake of clarity.
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View along the N-C-Si skeleton: Newmann Projection
l“‘== Dipp E I“‘== Dipp
= i =
N $ i NS
C\‘ pipe? ¢ 5 pipe? V/C
| _ negative o _ |
B‘@*A = @\ torsion angle o : positive = A‘@*B
i torsion angle a
D ArMes : ArMes D
(Ra)-1 (S)-1
View along the N-C-Si skeleton: Sawhorse projection
/\ : NS N
Dipp/N\TN\Dipp i Dipp™ \r ~Dipp
. Q: : Si=
1Si= i Cx
C§N|||||||A|"‘/|es : \IN :
: ArMes
(R)-1 (Sa)-1

Figure S71. Ra and S; configuration of the axially chiral 1, in which the chirality axis passes through the N and Si
atoms of the Si=C=N skeleton and its relation to the skeletal torsion angle a. For each pair of substituents (A-B
and C-D), the higher ranking substituents were chosen using the Cahn-Ingold-Prelog sequence rule (A > B, C>D),
with A being the ArMes, B the lone pair at the N atom, C the Cnrc atom and D the lone pair at the Si atom. The
arrow from the substituent with the higher priority on the line with a circle to the one with higher priority on the

solid line determines the configuration (Ra: clockwise, Sa: anti-clockwise).

1+ E/kJ molt
C1
N1
E =410 ®si
a =-118.6° c28 E =645
B =-989° caoed 2 a =180.0
y =132.8° C29 B =101.7°
w;=-43.3 y =1542
w; = -88, -101
1-SP(Cs)
C1 | —
N1 T ,
@ Si
E=00 i
a=-147.4° C29
B=-3.1° €30
y=1483° I Nt .
(Ra)-1-TSyot . C1 i = E =164 \\\\ (S2)-1-TSyot
O\ N — wsi a=-1728° N —
o =1 ! c28 B =177.8° ; \
// ~C1 N3 y =180.0° ‘
G si c30 €29 - wj=none I
— c28
/ QNS
) C29 = 1LN,,
€30 7 [
(Ra)-Tcatc /- (R)- 1% (Sa)-1Y N (ST
— — — —

Figure S72. Proposed mechanism for the enantiomerization of 1caic; wi = harmonic imaginary frequencies in cm-,
skeletal torsion angle C1-Si-N3-C29, B : NHC torsion angle

E = energy in kJ mol™" versus (Ra)-1calc, O :

N1-C1-Si-C28, y : angle C28-N3-C29.
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Figure S73. Plot of the energy (black circles) and the torsion angle C1-Si-N3-C29 (a) (green squares) versus
the torsion angle N1-C1-Si-C28 (B) obtained from the relaxed PES scan of (Rz)-1calc in scan steps of 10°.
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Figure S74. Plot of the energy (black circles) and the angle C28-N3-C29 (y) (blue triangles) versus the
Si-N3-C29-C30 () torsion angle obtained from the relaxed PES scan of (Ra)-1calc in scan steps of 10°.
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Further Studies on Iminosilenylidenes

Isocyanide structures

CNArMes CNMes

CNpTol CNMe

Figure 11.8: Level of theory I-optimized gas phase structures of the isocyanides CNR with
R = Ar™*, Mes, pTol and Me. See Table for the structural parameters.

Table 11.1: Selected structural parameters of the calculated isocyanides CNR. Bond lengths and an-
gles are given in pm and degrees, respectively.

C1-N N-Cg C1-N-Cg
CNArMs  117.8  138.2 179.7
CNMes 117.9 1383 179.9
CNpTol 1179 138.2 179.8
CNMe 117.4  142.0 180.0
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(SIDippSi),

Si—C1 192.1
Si—Si’ 224.6
C1-Si—Si2 95.1

C-Si—Si'—C1" —180.0
N1—-C1-Si—S¢’ 94.1

Si1—-C1 1933 C1-Sil—-Si2 100.4
Si2—C2 191.8 C2-Si2—-Sil 95.6
Sil—Si2 2251 C3—-N1-C4 177.8

Sil---C3  676.9 C1-Sil-Si2—C2 —170.9
Si2---C3  552.6
C3—N1 117.8
N1-C4 138.5

Si1—-C1 192.4 C1-Sil—-Si2 100.3
Si2—C2  192.0 C2-Si2-Sil 95.6
Si1l—Si2  230.2 C3—-N1-C4 159.1

Sil---C3  363.4 C1-Sil-Si2—C2 —164.7
Si2---C3 2514
C3—-N1 119.1
N1—-C4 137.3
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A-7X-Int
Si1—-C1 188.5 C1-Sil—Si2 102.2
Si2—C2  190.2 C2-Si2-Sil 103.2
Si1l—Si2  238.0 C3—-N1-C4 136.5
Sit---C3 2913 C1-Si1-Si2—C2  —153.8
Si2—C3  180.8 X/(Si2) 290.8

C3—-N1 122.1
N1-C4 138.7

Sil—-C1 188.1 C1-Si1-Si2 100.2
Si2—C2 1911 C2-S8i2-Sil 103.6
Si1l—-Si2 2377 C3—N1-C4 130.9
Sil---C3 2835 C1-Sil-Si2—C2 —154.0
Si2—C3  179.7 X/(Si2) 288.6
C3—N1 122.6

N1-C4 139.2

A-7X

Sil—C1 1941 C1-Si1-Si2 106.9
Si2—C2 1914 C2-Si2-Sil 82.9
Si1l—Si2  246.6 C3—N1-C4 123.1
Sil—-C3 1914 C1-Si1-Si2—-C2 —170.6
Si2—C3 1921 X/(Si1) 252.2
C3—N1 128.8 X/(Si2) 230.9

Ni1—-C4 1401 X/(C3) 355.6
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Siladicarbene and Siladiimide Compounds

NHC Structures

SIDipp [Dipp IiPr,Me;

Figure 11.9: Level of theory [-optimized gas phase structures of N-heterocyclic carbenes. See Ta-
ble for their structural parameters.

Table 11.2: Selected structural parameters of the calculated free NHCs SIDipp, IDipp and
[iPr;Me, in their singlet ground state. Bond lengths and angles are given in pm and
degrees, respectively.

C—N1 C—N2 N-C—N ZXZ(N1) X/(N2)
SIDipp 134.7  134.8 105.7 359.4 359.3
IDipp 137.4 1374 101.2 360.0 360.0
liPr,Me, 136.8 136.8 102.7 359.9 360.0

CAAC-stab. Heavier Ditetrelynes and Ditetrelenylidenes

(CAACM®)Si(Br),Si(Br) Tbb (A-16Si')

Si—Cl1 1983 C1-Si—Si° 112.8
Si—Si’ 241.4 X /(SYV) 301.8
Si—Brl  233.2
Si—Br2 229.0
Si'—Br3 247.2
S’'—C2 1948
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(CAACM®)Ge(Br),Si(Br)Thb (A-16Ge’)

Ge—C1  215.6 C1—Ge---Si’" 103.9

Ge---Si" 2984 X/(Ge) 303.8
Ge—Brl 244.2
Ge—Br2 246.7
Si'—Br3  238.2
Si'—C2  190.5
Si—C1  183.0 C1-Si—Ge 114.8
Si—Ge 2411 Si—Ge—Br 101.1
Si—C2  190.7 C1-Si—Ge—Br 152.1
Ge—Br 246.2 X./(Si) 360.0

Sil—C1  182.3 C1-Si1-Si2 107.8
Si1l—Si2 2347 N-C1-Si1-Si2 175.0
Sil—K 3253
Si2—H  150.3
Si2—C2  188.7
Si2—C3  201.1
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Digermyne Cobalt Complexes

HOMO—-38 [—7.58 eV] HOMO—20 [—6.69 V] HOMO—5 [—5.01 eV]

HOMO—4 [—4.81eV] HOMO-2 [—4.56 eV] HOMO-—1[—4.17 eV]

HOMO [—3.88 eV] LUMO [—2.38 eV] LUMO+1 [—1.90 eV]

Figure 11.10: Selected canonical molecular orbitals of the complex B-7 and their energy eigenvalues.
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0(Gel—Co) 0(Ge2—Co) Tloop(Gel—Ge2—Co)
0.59 (Gel), 0.05 (Ge2), 0.27 (Co) 0.04 (Gel), 0.60 (Ge2), 0.26 (Co) 0.07 (Gel), 0.13 (Ge2), 0.68 (Co)

5(Gel—Ge2—Co) / dyxy(Co) 0(C3—C4) Tloop(C3—C4)
0.06 (Getl), 0.03 (Ge2), 0.83 (Co) 0.46 (C3), 0.47 (C4) 0.45 (C3),0.31(C4)

Figure 11.11: Selected intrinsic bond orbitals (IBOs) of the complex B-7 and their atomic Loewdin
orbital populations.

[CoCp(n*-(TbbGeC(Me)C(Me)GeTbb))] (B-8)

Gel—Co 2527 C3—Co 202.8
Ge2—Co  231.8 C4—Co 204.7
Gel—Ge2 2433 Cl1—-Gel—Ge2 149.4
Gel—Cl1 199.9 C1—-Gel—-C3 130.3
Ge2—C2 1977 C1—Gel—Ge2—-C2 —72.2
Gel—C3  197.0 X/(Gel) 354.4
Ge2—C4 1951 X/(Ge2) 346.7

C3-C4 142.0

Y /(Gel,Ge2) are without the cobalt atom
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More information on the postulated mechanisms to B-6

Co

pathway a):
cobalt-centered

A

V)
/Ge—Ge\

-CO

Thbb Tbb

+169 [+100]
5

+ 2-butyne

B-
|
l-lse [-54]

—Tbb

-188 [-107]

-

Co
SGe—Tbb

N\
4

Tob.  °
“GeisGe
/l—l\

Thb—Ge

Me Me

B-8 B-6

Tbb Cp
\ c / pathway b):
Ge 1 Co jum-
@ p; \ germanium centered -~
'C‘Sse co ca. +30 [ca. +25]
Thb
B-1Tbb
oc
\
+25 [-16] Co—Cp -9 [-31]
- -
-Cco Thb—Ge .
Ge
~_ %
Thb
B-10

ocC
Co—Cp

Tbb—Ge
Ge— Thb

B-1Tbb-(E,2)

+ 2-butyne l

ocC

\
Co—Cp

ca.—70
[ca.+15]

Tbhh—G€
Ge—Thb
&

B-9

Scheme 11.2: Conceivable mechanisms for the reaction of the digermyne cobalt complex B-1Tbb
to the digermacobaltacyclopentatriene B-6. The numbers without and within square
brackets give the reaction electronic and free Gibbs energies, respectively. See Ta-
ble for more thermochemical quantities.

Table 11.3: Calculated thermochemical values at 298.15 K and 1 atm of the reaction pathways pro-
posed in Scheme . Energies and enthalpies are given in kJ-mol™!, the entropy in

J-K~t-mol L.

pathway a) AFE AU AH AS AG
B-1Tbb — B-5 + CO 169.4 157.6 160.1 201.7 100.0
B-5 + 2-butyne — B-6 —188.2 —177.4 —1799 —245.1 —106.8
B-5 + 2-butyne — B-8 —136.2 —1219 —1244 —235.7 —54.1
pathway b)

B-1Tbb — B-1Tbb-(E,Z) =~ 30 ~ 25 ~ 25 ~ 10 ~ 25
B-1Tbb-(E,Z) + 2-butyne -+ B-9 =~ —-70 =~ —-50 =~ —50 = —220 ~ 15
B-9 — B-10 —-9.2 —16.2 —16.2 49.0 —-30.8
B-10 — B-6 + CO 24.5 15.7 18.2 116.1 —16.4
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[CoCp(CO)(Ge(Tbb)Ge(C2Me2)Tbb)] (B-9)

Gel—Ge2
Ge2—Co
Gel—-C1
Gel—C3
Gel—C4
Ge2—-C2

Gel- - - Ge2
Gel—C1
Gel—C3
Ge2—Co
Ge2—-C2
Ge2—C4
C3—-C4

2540 C3—-C4

223.2 Gel—Ge2—Co
199.3 C1—Gel—Ge2
196.8 Cl1—Gel—Ge2—C2
196.4 X/(Ge2)

201.3

337.4 Cl1—-Gel—-C3
206.3 Gel—C3—C4—Ge2
203.6 X/(Ge2)

222.0

200.4

199.7

136.2

132.5
120.4
109.8
175.1
360.0

99.4
—19.1
357.6
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Abstract: We report a broad theoretical study on [(PMe3)sMER]* complexes, with M = Ni, Pd, Pt,
E=C,Si,Ge, Sn, Pb, and R = ArMes, Tbb, (ArMes =2 6-dimesitylphenyl; Tbb = C4H,-2,6-[CH(SiMe3)s ]o-
4-'Bu). A few years ago, our group succeeded in obtaining heavier homologues of cationic group
10 carbyne complexes via halide abstraction of the tetrylidene complexes [(PMe3);M=E(X)R]
(X =Cl, Br) using a halide scavenger. The electronic structure and the M-E bonds of the [(PMe3);MER]*
complexes were analyzed utilizing quantum-chemical tools, such as the Pipek-Mezey orbital lo-
calization method, the energy decomposition analysis (EDA), and the extended-transition state
method with natural orbitals of chemical valence (ETS-NOCYV). The carbyne, silylidyne complexes,
and the germylidyne complex [(PMe3);NiGeArMes]* are suggested to be tetrylidyne complexes
featuring donor-acceptor metal tetrel triple bonds, which are composed of two strong "(M—E) and
one weaker o(E—M) interaction. In comparison, the complexes with M = Pd, Pt; E = Sn, Pb; and
R = ArMes are best described as metallotetrylenes and exhibit considerable M—E—C bending, a strong
o(M—E) bond, weakened M—E m-components, and lone pair density at the tetrel atoms. Further-
more, bond cleavage energy (BCE) and bond dissociation energy (BDE) reveal preferred splitting into
[M(PMe3)3]* and [ER] fragments for most complex cations in the range of 293.3-618.3 kJ-mol~! and
230.4-461.6 k]-mol !, respectively. Finally, an extensive study of the potential energy hypersurface
varying the M—E—C angle indicates the presence of isomers with M—E—C bond angles of around
95°. Interestingly, these isomers are energetically favored for M = Pd, Pt; E = Sn, Pb; and R = ArMes
over the less-bent structures by 13-29 kJ-mol 1.

Keywords: group 10 metal; tetrylidyne complexes; multiple bonds; DFT

1. Introduction

Complexes of the general formula LyM=E—R (M = d-block element, E = Si-Pb,
R = singly bonded substituent, and L, = ligand sphere), featuring a triple bond between a
transition metal and the tetrels Si-Pb, are an intriguing class of compounds [1,2]. As heavier
homologues of the Fischer-type carbyne complexes [3-7], these compounds, which are
called tetrylidyne complexes, have a synthetic potential in organoelement and organometal-
lic chemistry. Following the first reports of germylidyne complexes by P. P. Power et al. [8,9],
numerous group 6 germylidyne complexes [10-14] as well as first representatives featuring
metal-tin triple bonds [15,16] and metal-lead triple bonds [17-19] were obtained by our
group using an efficient N, or PMe; elimination reaction of d® metal complexes with
organotetrel(IT)halides. Later on, the first group 6 silylidyne complexes were prepared
from tailor-made 18 VE carbonyl metalates with NHC-stabilized silicon(II)halides [20,21],
1,2-dihalodisilenes [22,23], and base-supported silyliumylidene ions [24], or from the reac-
tions of chloro/hydrosilylidene complexes with Lewis acids [25-28]. The isolation of these
compounds is demanding and requires a fine stereoelectronic tuning of the metal fragment
(ML) as well as a steric protection of the electrophilic tetrel center by a bulky substituent R,
circumventing head-to-tail dimerization [29] or intra- and intermolecular o-bond activation
by the M=E—R functionality.

Inorganics 2023, 11, 129. https:/ /doi.org/10.3390/inorganics11030129
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Previous quantum chemical analyses suggest that tetrylidyne complexes of the heavier
group 14 elements have a similar electronic structure to that of Fischer-type carbyne
complexes [6,10,16-18,30-34]. The M=E bonds are quite polar and composed of a o bond,
which is slightly less polarized toward the tetrel atom E than in Fischer-type carbyne
complexes, and two 7t bonds, which are considerably more polarized to the metal center M
than in their carbon analogues. This leads to partially positively charged ER ligands in the
heavier tetrylidyne complexes, whereas the CR ligands in the related Fischer-type carbyne
complexes bear a negative partial charge. The M=E—R bonding can be well described
using the Dewar—Chatt—Duncanson model [35,36], comprising an ER*—+ML,,~ o donation
and two ML, ™ —ER" 7 back donations (Figure 1a). Alternatively, the M=E—R bonding
in tetrylidyne complexes can be described by the interaction of the neutral, open-shell
fragments (MLy) and ER in their doublet electronic state (Figure 1b). In comparison, the
related Schrock-type alkylidyne complexes [37,38] feature M=C bonds with two rather
nonpolar 7 components. The M=C bonding in these compounds can be best described by
electron pairing between the neutral open-shell fragments ML, and ER in their quartet
electronic state (Figure 1c) [30].

a) b) c)

cad >0 B> 0 OB~ 0
=8 B3 B4
CO < @ GO <= &> Cfo <> e
ML, ER* [ML,] ER [ML,] CR

"Fischer type" "Fischer type" "Schrock type"
(singlet) (doublet) (quartet)

Figure 1. Schematic representation of the dominant orbital interactions in the heavier group
14 tetrylidyne complexes and Fischer-type carbyne complexes using charged, closed-shell fragments
(a) or neutral fragments in the doublet state (b); dominant orbital interactions in the Schrock-type
alkylidyne complexes using neutral, open-shell fragments in the quartet state (c).

While earlier experimental work focused on group 6 metal tetrylidyne com-
plexes [8-20,39-42], more recent studies have shown that group 4 (Ti) [43], group
5 (Nb, Ta) [22,44], group 7 (Mn, Re) [45-47], group 8 (Fe, Os) [26,48], and group
9 metals (Co, Rh) [49,50] can also be incorporated into triple bonding with the heavier
tetrels Si—Pb, significantly expanding this promising field of chemistry (Scheme 1).

ArMes + +
¢ ;P - @ i
P.. wy -!—! P "'/,/

e

( Fe=E— ArMes Dipp, Rh
~ ) \ X
P77 P o | No— SGe _siMe,
Cl ¢l P </ ~N
B N |
E=Ge, Sn E=Ge, Sn AN “Dipp  Mes®

f p =dmpe

Scheme 1. Examples for heavier tetrylidyne complexes of group 4, 5, 8, and 9 metals obtained by our
group. Eind =1,1,3,3,5,5,7,7-octaethyl-s-hydrindacene-4-yl, ArMes = 2,6-dimesitylphenyl, dmpe = 1,2-
bis(dimethylphosphino)ethane, Dipp = 2,6-di-iso-propylphenyl, and Mes* = 2,4,6-tert-butylphenyl.
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In this context, access to compounds where even the carbon analogues are very
rare is particularly appealing. Illustrative examples are the tetrylidyne complexes of
the group 10 metals. In fact, after the first report of a cationic nickel aminocarbyne
complex, [(CO),(PPh3)Ni=CNIPr,][BCly], by E. O. Fischer et al. ca. 40 years ago [51],
no other group 10 carbyne complexes have been isolated to date. Some years ago, a
two-step approach to the first group 10 tetrylidyne complexes was developed by our
group (Scheme 2) [52]. The first step involves a thermal ligand substitution reaction of
[M(PMe3)sL] (M = Ni, Pt; L = PMe3, GaCp*, Cp* = C5(CHj3)s) with organotetrel(IT)halides
leading to the ylidene complexes [(PMe3)3M=E(X)R], which, in the second step, are trans-
formed into the targeted tetrylidyne complexes after halide abstraction with Na[B(ArF)4]
(Scheme 2). Thereby, the nickel silylidyne, germylidyne, and stannylidyne complex cations
[(PMe3)3Ni=ER]* (E = Si, R = Tbb (NiSiTbbeyp); E = Ge, R = ArMes (NiGeArMeS,,,); E = Sn,
R = ArMes (NiSnArMeSexP)) and the platinum silylidyne and germylidyne complex cations
[(PMe3);Pt=ER]* (E = Si, R = Tbb (PtSiTbbexp); E = Ge, R = ArMes (PtGeArMes,,,)) were
isolated as red-brown (NiSiTbbeyp), violet-brown (NiGeArMeSE,Xp and NiSnArMesexp), and
orange (PtSiTbbeyp) borate salts and fully characterized (Scheme 2). More recently, the
analogous triphenylphosphane nickel complex salts [(PPh3)3NiEEN(SiiPr3)(Dipp)][B(ArF)4]
were also prepared by T. J. Hadlington et al. using the same approach [53].

R | BAfT

R X |
\E/ E
+ 0.5 [E(X)R]2 |\|/| + Na[B(ArM)4] ||\|/||
> b — > ant
—L Me;P / \PMe3 — NaX MesP / \PM63
MezP MesP

Scheme 2. Two-step synthesis of the group 10 metal tetrylidyne complexes [(PMe3)3sM=ER][B(ArF),]
developed by our group (M = Ni, Pt; L = PMes3, Ga(C5(CH3)s5); E = Si, Ge, Sn; X = Cl, Br; R = Tbb,
ArMes; ArF = C H3-3,5-(CF3)s).

We present here an extensive theoretical study of the whole series of the tetrylidyne
complex cations [(PMe3)sMER]" (MER: M = Ni, Pd, Pt; E = C, Si, Ge, Sn, Pb; R = ArMes
Tbb (Si)), employing a comprehensive quantum chemical toolset that includes the Pipek-
Mezey orbital localization and the extended-transition state method with natural orbitals
of chemical valence (ETS-NOCYV), among others. This study shows that most complexes
have considerable M-E triple bond characteristics and a similar electronic structure to
that of Fischer-type carbyne complexes (Figure 1a,b). Remarkably, with increasing atomic
number of M and E an increasing bending of the M—E—R unit, an elongation of the M—E
bond and a continuous change in the electronic structure from a metal tetrylidyne complex
to a metallotetrylene are predicted in theory. This leads in the case of combinations of
Pd/Pt—Sn/Pb to complexes featuring increased electron lone pair density at the tetrel atom
and a o(M—E) bond, which therefore can be also viewed as base-stabilized tetryliumylidene
cations, in which the 16 VE ML; fragments act as a Lewis base. Moreover, the potential
energy hypersurface of all complexes E = Si, Ge, Sn, Pb except NiSiR suggests the presence
of isomers, which feature narrow M—E—C bond angles of around 95° and distorted square-
planar coordinated metal centers.

2. Results and Discussion
2.1. Structural Results

We decided to use the five experimentally available tetrylidyne complex cations
NiSiTbbexp, NiGeArMesexP, NiSnArMesexP, PtSiTbbexp, and P‘cGeArM"sexp from our group
as anchor points of this study and completed the homologous series [(PMe3)sMER]"
(M =N;i, Pd, Pt; E = C, Si, Ge, Sn, Pb) by including the 10 hitherto experimentally missing
complex cations, resulting in overall 15 metal-tetrel combinations. The substituent was
chosen to be ArMes. In case of E = Si, the complex cations MSiTbb were also studied
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in order to compare them with the experimentally known systems [(PMe3)3Ni=SiTbb]*
(NiSiTbbexp) and [(PMe3)3Pt=SiTbb]* (PtSiTbbexp). For comparison reasons, we also stud-
ied the amino derivatives [(PPh3)3Ni=EN(Si'Pr3)(Dipp)]* (E = Ge (B-Ge), E = Sn (B-Sn)).
The structures of all complexes were optimized at the B97-D3 (B])-ATM/def2-TZVP level of
theory, abbreviated in the following as level I (see also the Materials and Methods section
for the full computational details) and confirmed as minima by successive numerical or
analytical frequency calculations. A collection of selected bonding parameters is given in
Table 1, which indicates several trends, which are discussed in the following.

Table 1. Selected calculated bonding parameters of the group 10 tetrylidyne complex cations
[(PMe3)sMER]* (MER: M = Ni, Pd, Pt; E = C, Si, Ge, Sn, Pb; R = Ar™M®, Tbb (Si)) at the B97-D3
(B])-ATM/ def2-TZVP level of theory (0 K, gas phase). Experimental bonding parameters of MERexp
were obtained from sc-XRD data at 100-123 K [52]. For NiGeArMesexp and PtGeArMesexp, the
bonding parameters of the two independent complex cations found in the unit cell are listed. The
experimental bonding parameters of B-Eexp were taken from ref. [53]. Bond lengths and angles are
given in picometers and degrees, respectively.

Compound M—E E—C1 M—-E—-C1
NiCArMes 169.1 141.3 168.4
NiSiTbb 204.5 184.0 167.2
NiSiTbbeyp 203.11(7) 183.8(2) 172.40(8)
NiSiArMes 204.2 186.6 163.8
NiGeArMes 213.3 197.1 165.3
. 210.40(6) 194.6(4) 164.9(1)
NiGeAr*exp 210.20(6) 195.0(4) 166.5(1)
NiSnArMes 235.1 219.4 150.9
NiSnAMes,, 228.08(9) 214.0(5) 165.1(2)
NiPbArMes 2449 229.7 142.7
PACAMes 182.0 140.9 168.4
PdSiTbb 215.1 184.0 163.1
PdSiArMes 216.1 187.6 150.7
PdGeArMes 227.9 199.5 144.9
PdSnArMes 251.6 2229 134.4
PdPbArMes 263.1 2324 129.6
PtCArMes 179.9 141.2 175.1
PtSiTbb 215.8 183.8 168.1
PtSiTbbexp 213.43(7) 184.2(3) 173.83(9)
PtSiArMes 215.7 186.3 166.1
PtGeArMes 228.4 198.9 149.7
222.42(7) 194.7(7) 161.8(2)
PtGeAr ey 222.69(8) 195.2(7) 163.3(2)
PtSnArMes 255.1 223.9 132.1
PtPbArMes 267.7 233.1 127.3
compound Ni—E E—N Ni—E—N
B-Ge 2183 186.4 173.4
B-Geexp 215.9(1) 185.3(2) 175.9(1)
B-Sn 239.6 209.1 167.8
B-Snexp 235.5(1) 206.6(6) 173.6(2)

(a) The calculated M—E bond lengths are in all cases slightly longer than those obtained
with single-crystal X-ray diffraction (sc-XRD) analyses. The difference A between the
calculated and experimental values ranges from 1.4 to 7.0 pm and continuously increases
with increasing atomic number of the tetrel (e.g., M =Ni: A =1.4 pm (E = Si); A =3.0 pm
(E = Ge, using the mean value of the Ni—Ge bond lengths of the two complex cations found
in the asymmetric unit of the crystal lattice); A = 7.0 pm (E = Sn)) and with increasing
atomic number of the metal (e.g., E = Ge: A =3.0 pm (M = Ni); A =5.8 pm (M = Pt)).
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The experimental M=E bond lengths are the shortest reported to date. For exam-
ple, the Ni=Si bond of NiSiTbbeyp (203.11(7) pm) is shorter than the Ni=Si bond of
[(PMe3)3Ni=Si(Br)Tbb] (210.2(2) pm) and of [(5°-toluene)Ni=Si(C(SiMe3),CH,),]
(209.4(1) pm), the latter one being the shortest Ni=Si bond reported to date [54,55]. Sim-
ilarly, the Pt=Si bond of PtSiTbbeyp (213.43(7) pm) is shorter than the Pt=Si bond of
[(PMe3)3Pt=Si(Br)Tbb] (219.96(9) pm) and other reported Pt=Si bonds [56]. Furthermore, the
Ni=Ge bond of NiGeArMes‘exp (210.30(6) pm) is shorter than that of B-Geexp
(215.9(1) pm) and shorter than the Ni=Ge bond of [(PMe3)3Ni=Ge(Cl)ArMes] (216.10(4) pm),
the latter bond being the shortest Ni=Ge bond reported to date [52]. Finally, the Ni=Sn bond
of NiSnArMeSexP (228.08(9) pm) is shorter than that of B-Snexp (235.5(1) pm) and shorter
than the Ni=Sn bond of [(PMe;3);Ni=Sn(CI)Ar™Mes] (234.48(9) pm), the latter bond being the
shortest Ni=5n bond reported to date [57]. All these bonding parameters provide structural
evidence for the presence of M=E triple bonds in these complexes.

At this point, we want to emphasize that the comparison between experimental solid-
state structures obtained by single-crystal X-ray diffraction at 100-123 K versus theoretical
single-molecule gas-phase calculations at 0 K is likely to exhibit certain deviations. How-
ever, we checked the reliability of our calculated structures at the level of theory I with those
obtained at the TPSS [58] -D3(BJ)-ATM/def2-TZVP and PW6B95 [59] -D3(BJ)-ATM / def2-
TZVP levels of theory and found no considerable differences (see Supplementary Materials).
This is somewhat expected as the influence of the density functional approximation (DFA)
on the structure is generally considered to be low in contrast to that of the employed basis
set [60-63]. Furthermore, with the large differences found between the experimental and
calculated M—E—C1 bond ang]les of NiSnArMes and PtGeArMes, we assessed the curva-
ture of the potential energy hypersurface (PES) with PES scans, varying the M—E—C1
angle. Surprisingly, altering the angle by £20° costs only 5.7 kJ-mol~! (NiSnAr™es) and
6.3 kJ-mol~! (PtGeArMes), indicating a very flat PES (see Section 2.5) with high flexibility
regarding the M—E—C1 bond angle.

We also examined the relativistic influence on our compounds by all-electron calcu-
lations, explicitly treating relativistic effects with the zero-order regular approximation
(ZORA) method [64]. The structure optimization of PtPbAr™es at the ZORA-I level of
theory using the SARC-ZORA-TZVP basis set for platinum and lead resulted in a structure
very similar to the one obtained at the level of theory I, which uses effective core potentials
(ECPs) for the heavier atoms (see the SI). This is in line with previous reports that testify to
an at least comparable performance of ECPs to explicit relativistic treatment with ZORA or
Douglas-Kroll-Hess (DKH) techniques [65-67].

(b) The calculated E—C1 bond lengths of the silylidyne complexes MSiTbb com-
pare very well to the experimental ones, but for E = Ge, Sn, the E—C1 bond lengths
of the calculated structures are larger. Here, too, the deviation ranging from 2.3 to
5.4 pm continuously increases with increasing atomic number of the tetrel (e.g., M = Ni:
A =23 pm (E =Ge); A =54 pm (E = Sn)) and the metal center (e.g., E =Ge: A =23 pm
(M =Ni); A=3.9 pm (M = Pt)).

(c) Notably, the calculated M—E bond lengths for E = Si, Ge fit well to those obtained
using Pyykko’s covalent triple bond radii [68], for example, for NiSiAr™es (204.2 pm
found vs. 203 pm expected), PtSiArMes (215.7 pm found vs. 212 pm expected), or
NiGeArMes (213.3 pm found vs. 215 pm expected). However, for E = Sn, Pb, the cal-
culated M—E bond lengths are considerably larger than those suggested by Pyykko, espe-
cially for the compounds PdSnAr™es (251.6 pm found vs. 244 pm expected), PAPbArMes
(263.1 pm found vs. 249 pm expected), PtSnArMes (255.1 pm found vs. 242 pm expected),
and PtPbArMes (267.7 pm found vs. 247 pm expected), which rather appear in the region
between metal-tetrel single- and double-bond lengths according to Pyykko. Of course,
conclusions from the latter comparison have to be cautiously made, as Pyykko’s triple bond
radii were obtained by adding up atomic radii that were derived from a limited benchmark
set. It should be also considered that the calculated M—E bond lengths significantly depend
on the M—E—C1 bond angle (vide infra). For example, a constrained structure optimization
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with the M—E—C1 bond angle of PdSnArMes, PdPbArMes, PtSnArMes, and PtPbArMes set
to 180° yields structures with M—E bond lengths of 245.5 pm, 254.9 pm, 245.5 pm, and
257.1 pm, respectively. These bond lengths are much closer to those predicted using the
triple bond radii of Pyykko.

(d) The E—C1 bond lengths increase within group 14 as expected and stay roughly
the same for E = Si when the metal atom is exchanged between Ni, Pd, and Pt. This is not
the case for the compounds with E = Ge, Sn, Pb and M = Pd, Pt, for which slightly longer
tetrel-carbon bonds are obtained (ca. 3—4 pm longer). This lengthening can be explained
in terms of Bent’s rule [69] with the decreased s character of the hybrid orbital of E used
for the E-C1 bond reflecting the reluctance for hybridization of the heavier main group
elements [70-72].

(e) The M—E—C1 bond angles show a high degree of variability with values ranging
from 168.4° (NiCArMes, PACArMes) down to 127.3° (PtPbArMes). The calculated M—E—C1
values of the silylidyne complexes (R = Tbb) only slightly vary with the metal (NiSiTbb:
167.2°, PdSiTbb: 163.1°, and PtSiTbb: 168.1°), being ca. 6° smaller than the experimental
values (NiSiTbbexp: 172.40(8)°, PtSiTbbexp: 173.83(9)°) and fall in the range of typical
experimental M—E—C angles of heavier tetrylidyne complexes (156-179° [1,73]). This is
also the case for NiGeArMes (165.3°), but for M = Pd, Pt and E = Ge, Sn, Pb, the calculated
M—E—C1 bond angles (e.g., NiSnAr™es: 150.9°, NiPbArMes: 142.7°, PtGeAr™es: 149.7°,
PtSnArMes: 132.1°, and PtPbArMes: 127.3°) are considerably smaller as graphically shown
in Figure 2. The M—E—C1 angles generally decrease in the order C > Si > Ge > Sn > Pb,
the decrease being more pronounced for palladium and platinum than for nickel. The only
exception to this trend is NiSiArMes with a Ni—Si—C1 angle of 163.8°, which is smaller
than the Ni—Ge—C1 angle of NiGeAr™es (165.3°).

180

170

M-E-C1 angle / A°

160 |
150 } : :
140 | § E

130 } i 5

120 L 1 1 1 L
F 4G 4
FIELLE
NS \&\0@ @65‘ ‘-\g" S

Figure 2. M—E—C1 angle of the minimum structures plotted for every system. The connecting lines
have no physical meaning and are only drawn to visualize the trends.

Based on these trends derived from the structures in combination with the analysis of
the molecular orbitals (vide infra), the calculations suggest two different complex classes,
namely tetrylidyne complexes with an approximately linear M—E—C1 linkage and a
M=E triple bond and compounds with a considerably bent M—E—C1 moiety and an
increased lone pair density at the tetrel center, which are reminiscent of metallotetrylenes.
This classification is given in Scheme 3, with all carbon and silicon systems as well as
NiGeArMes belonging to the first class, whereas the systems PdSnArMes, PdPbArMes,
PtSnArMes, and PtPbArMes belong to the second class of compounds. While NiSnArMes,
NiPbArMes, PdGeArMes, and PtGeArMes also feature considerably bent M—E—C1 units,
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these complexes exhibit electronic structures close to those of the tetrylidyne complexes
and therefore lie in between the two complex classes.

NicarMes  NiSiR NiGearMes —NignarMes — NipparMes

PdcarMes  PdSIR PdGeArMeS | | pdsnarMes  pgpparMes

ptcarMes  PtSiR PiGeAr™es | | pispnarlMes  prppaMes

tetrylidyne complex

Scheme 3. Classification of the compounds assessed throughout this study: R = ArMes Tbb. The
hatched complexes also exhibit characteristics of the metallotetrylene type.

As mentioned in the Introduction, we also investigated the geometric and electronic
structure of the cationic complexes [L3Ni;EN(SiiPr3)(Dipp)]+ of T. J. Hadlingtonet al. We
performed gas-phase structure optimizations starting from the solid-state structures of
B-Geexp and B-Sneyp available from ref. [53] at the level of theory I to be consistent
with our other results. The structural parameters for both B-Eexp and B-E are listed
in Table 1, and a comparison with the calculated structures of ref. [53] can be found
in the Supplementary Materials.

The calculated Ni—E and E—N bond lengths of the gas-phase structures are again
1.1-4.1 pm longer than those of the solid-state structures, and the calculated Ni—E—N
angles 2.5° (B-Ge) and 5.9° (B-Sn) are smaller than the experimental ones. Compared
with our systems, B-Ge and B-Sn feature longer Ni—E bond lengths (218.3 pm in B-Ge
vs. 213.3 pm in NiGeArMss; 2396 pm in B-Sn vs. 235.1 pm in NiSnArMes). The same
holds for the solid-state structures. Another salient difference is the larger Ni—E—N angles
of the complexes of T. J. Hadlington et al., with values of 173.4° and 167.8° for B-Ge
and B-Sn, respectively, compared with the Ni—E—C1 bond angles of NiGeArMes (165.3°)
and NiSnArMes (150.9°). A possible explanation is the increased repulsion between the
sterically more demanding Ni(PPh3); fragment and the tetrylidyne ligand in B-Ge and
B-Sn, which is reduced by an elongation of the Ni—E bond and a widening of the Ni—E—N
bond angle.

Alternatively, an electronic effect might be present originating from a (N—E) 7t do-
nation, which in terms of the Lewis formalism is represented by the allenic form B-E-b
(Scheme 4). To clarify which is the dominant effect causing the Ni=E bond elongation and
the widening of the Ni—E—N bond angle in B-Ge and B-Sn, the corresponding PMes-
containing complex cation [(PMe3)3NisGeN(SiiPrg,)(Dipp)]+ (B-Ge-PMe3) was structurally
optimized at the theoretical level I. The obtained Ni—Ge bond length of 214.2 pm is close
to that found for NiGeArMes (213.3 pm), and the Ni—Ge—N angle of B-Ge-PMes (163.7°)
compares well with the Ni—Ge—C1 bond angle of NiGeAr™es (165.3°), suggesting that the
longer bond length and larger Ni—Ge—N bond angle in B-Ge result from the increased
steric repulsion between the sterically demanding PPhj ligands and the tetrel-bonded
amino substituent. A closer look at the MOs of B-Ge and B-Sn suggests a certain extent
of (N—E) 7t donation, but this is apparently much smaller than in Fischer-type aminocar-
byne [6,7,74-78] complexes and does not influence the M=E bond lengths.
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R R
® / .. /
LIM=E—N: =—> | M=—E=—N®
\
R R

B-E-a B-E-b

Scheme 4. Lewis representation of the M=E-bond in B-Ge and B-Sn using the tetrylidyne resonance
form B-E-a and the allenic resonance form B-E-b; the encircled charges in the resonance form are

formal charges.

2.2. Molecular Orbital Analysis

As one of the most direct results of an electronic structure calculation, we analyzed the
canonical (Kohn—Sham) molecular orbitals (MOs) in the beginning. The MOs of the com-
pounds NiSiAr™es (Figure 3) and PtPbArMes (Figure 4) were selected as representatives
for the discussion; the selected MOs of the other systems can be found in the SI.

0

LUMO+1 (-4.93 eV) LUMO (-5.37 eV) HOMO-7 (-8.40 eV)

HOMO-8 (-8.61 eV) HOMO-11 (-9.62 eV)

Figure 3. Selected molecular orbitals and their respective orbital energies of NiSiAr™es. Hydrogen
atoms are omitted for clarity; the isosurface value was set to 0.04 e'/2 Bohr—3/2,
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HOMO-9 (-9.03 eV)

HOMO-10 (-9.28 eV) HOMO-11 (-9.29 eV)

Figure 4. Selected molecular orbitals and their respective orbital energies of PtPbAr™es. Hydrogen
atoms are omitted for clarity; the isosurface value was set to 0.04 el/2 Bohr—3/2,

Although heavily delocalized, the low-lying HOMO—11 (highest occupied molecular
orbital (HOMO)) in NiSiArMes corresponds to the o(M—E) bond with o(E—C) bond charac-
ter. The metal-centered HOMO—8 and HOMO-7 represent the 71y, (M—E) and 7y, (M—E)
bonds, respectively, with their antibonding, tetrel-centered counterparts being the lowest
unoccupied molecular orbital (LUMO) and LUMO+1.

For PtPbArMes, the 6(M—E) bond is represented by HOMO—11, where the participa-
tion of the metal d,? is evident. In contrast to NiSiAr™es, no clear 7w bonds are found be-
tween the metal and tetrel, but rather metal-centered dx, (HOMO—10) and dy, (HOMO-9)
orbitals without significant orbital contribution from the lead atom. Correspondingly, the
antibonding 7*(M—E) orbitals have a high contribution from the empty tetrel-px (LUMO,
distorted due to M—E—C bending) and tetrel-py, (LUMO+1) orbital, and only a small metal
d-orbital participation.

As the canonical MOs are challenging to interpret due to their delocalized nature,
we applied the Pipek—Mezey localization scheme to generate localized Pipek—Mezey
MOs (LMOs) by a unitary transformation, not altering the physical meaningfulness of
the orbitals [79]. Again, the LMOs are shown for NiSiAr™es (Figure 5) and PtPbArMes
(Figure 6), being the anticipated extremes in terms of the bonding situation.

As already expected from the canonical MOs, localized o(M—E), my,(M—E), and
7ty,(M—E) bonds are found for NiSiAr™®s, resulting in a triply bonded M—E moiety. The
corresponding Mulliken populations further show that the o bond is strongly polarized
toward the silicon atom (0.20 for Ni, 0.81 for Si), whereas both 7 bonds are polarized
toward the metal atom (7ty,: 0.80 for Ni and 0.16 for Si; Ttyz: 0.80 for Ni and 0.17 for Si). This
bonding situation is reminiscent of that in Fischer-type carbyne complexes discussed in
the Introduction. Furthermore, the Ni(0) 3d1? system demands the presence of three more
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metal-centered orbitals, which can be identified within the LMO framework as dyy, d,?,
and dy?_,?, all with negligibly low contributions of the silicon atom (<0.04).

o(Ni-Si)
0.20 (Ni), 0.81 (Si)

ﬂxz(Nl_Sl) nyz(Nl_Sl)
0.80 (Ni), 0.16 (Si) 0.80 (Ni), 0.17 (Si)

dwy(Ni)
0.93 (Nii), 0.01 (Si)

d2(Ni) d22(Ni)
0.93 (Ni), 0.03 (Si) 0.93 (Nii), 0.00 (Si)

Figure 5. Pipek—Mezey-localized molecular orbitals of NiSiAr™es, their assigned orbital type, and
corresponding Mulliken populations. Hydrogen atoms are omitted for clarity, and the isosurface
value was set to 0.04 e!/2 Bohr—3/2. The same coordinate system is applied as seen in Figure 3.

For the sake of completeness, the LMOs for the ¢(Si—C1) and o(Ni—P) bonds were
also found and feature the expected orbital polarization toward carbon and phosphorus,
respectively, based on electronegativity. It should be mentioned that the central phenyl ring
of the Tbb and ArMes substituents is also capable of delocalizing its aromatic 7 electrons
over the formally empty pyx orbital of the tetrel. Such a 7t stabilization would, to some
extent, compete with the d,, back-donation of the metal atom, thus lowering the bond order
between metal and tetrel. This effect, however, is assumed to be small due to the inferior
mi-donor ability of the phenyl substituent compared with that of the amino (NR;y) or alkoxy
(OR) substituents (vide supra) and due to a decreasing p-orbital overlap between the tetrel
and the phenyl group in the series C > Si > Ge > Sn > Pb. The Mulliken population for
this m(E—C) LMO decreases—regardless of the metal—from 0.11 (Si) to rather insignificant
values of 0.06 (Ge), 0.03 (Sn), and 0.02 (Pb). This conclusion was also drawn in a study by
K. K. Pandey et al. in 2011 on cationic tetrylidyne complexes of molybdenum and tungsten
bearing a mesityl substituent [73].

For the main LMOs of PtPbArMes, 4 ¢(Pt-Pb) LMO was found, which—in contrast to
NiSiArMes__js not polarized toward the tetrel but toward the metal center (0.82 for Pt and
0.13 for Pb). The involved metal orbital is also different and can be rationalized as a dy2_,2
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orbital (in terms of symmetry the same as the d,2 orbital). This orbital is filled, as stated
above, due to the presence of a d10 metal system, so it seems clear that this M—E interaction
comes from the overlap of a filled metal orbital with an empty p orbital at the tetrel atom.

o(Pt-Pb)
0.82 (Pt), 0.13

dx(Pt) dy(PY)
(Pb) 0.95 (Pt), 0.01 (Pb) 0.89 (Pt), 0.06 (Pb)

dxy(PY)
0.92 (Pt), 0.00 (Pb) 0.92 (Pt), 0.00 (Pb) 0.02 (Pt), 0.96 (Pb)

dx22(Pt) LP(Pb)

Figure 6. Pipek—Mezey-localized molecular orbitals of PtPbAr™es, their assigned orbital type, and
corresponding Mulliken populations. Hydrogen atoms are omitted for clarity; the isosurface value
was set to 0.04 e1/2 Bohr—3/2. The same coordinate system was applied as shown in Figure 3.

No (M —E) LMOs were found for PtPbArMes, although the dx, and dy, orbitals on Pt
show the correct orientation. The hereby resulting metallotetrylene picture is confirmed
by the presence of an electron lone pair (LP) at Pb without significant contribution of the
platinum atom, as shown by the Mulliken population (0.02 for Pt and 0.96 for Pb).

Ultimately, this leads to the formulation of two types of bonding situations, which are
qualitatively presented in Scheme 5. Case a involves tetrylidyne complexes for which the
M=E bonding can be described by a o(E—M) donation and two m(M—E) back donations
between a neutral ML3 and an ER" fragment in the singlet state. As both the empty metal
spz (according to a Loewdin population analysis of the LUMO of Ni(PMej3)3) and the filled
d,? orbital have the appropriate symmetry to interact with the filled sp hybrid orbital
of the tetrel, three MOs result: a o-bonding and a o*-antibonding orbital as well as a
nonbonding 6™ MO that can be approximately considered as a metal-centered d,? orbital,
as confirmed by the LMOs above (Figure 5). The degenerate 7, and Ty, bonds result from
the interaction of the filled, almost degenerate metal-d,, and -dy, orbitals (the dx, and
dy, orbitals are degenerate only in the case of a C3,-symmetric MLz fragment) with the
empty, approximately degenerate tetrel-px and -py orbitals. The degeneracy of the px and
py orbitals is lifted in case of a 7t-donor substituent at the tetrel atom, such as an amino or
alkoxy group, leading to a Ttoop(E—N) or Toop(E—O) MO as well as a 7*oop (M —E) MO with
m*(E—N) or m(E—O) contribution. The remaining orbitals on the metal atom are used for
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bonding to the phosphane ligands, whereas the second sp hybrid orbital on the tetrel is
responsible for the bond to the substituent R.

a) b)
£ E + 4
= ®
LM o £l {E-
3 L;M/ \R E-R

Sp. ’
T W
iz, dyy, e
d,; d.z2 _?z ﬁFl,: b,
d;? d;? _H_(
dx'_.l- e, II‘.
dxz_y_z d,; %al: : ......

Scheme 5. Qualitative MO interaction diagram depicting the bonding situations of (a) the tetrylidyne
complex (similar to the diagram for L3M=CR of P. Hofmann [80]) and (b) the metallotetrylene case.

The other case (b), found especially for PtPbAr™es, is the metallotetrylene type, with
one o(M—E) donation constituting the M—E single bond, and an electron lone pair at the
tetrel center, causing a considerably bent M—E—C moiety. Here, the sp hybridization on
the tetrel is not favored anymore, and the electron lone pair resides in an s orbital, further
stabilized by relativistic effects that is not participating in bonding to the metal atom. The
empty tetrel-p, acceptor orbital interacts with the filled metal d,? orbital but is also partially
involved in bonding to the substituent R (see HOMO—11 in Figure 4).

After investigating the Mos and LMOs of all compounds in this study, the classification
of Scheme 3 was obtained: All carbon and silicon compounds and the NiGeAr™® com-
plex can be described as tetrylidyne complexes (case a), whereas PdSnAr™es, PAPbArMes,
PtSnAr™®, and PtPbArMes are best described as metallotetrylenes (case b). The ger-
manium systems PdGeArM®s and PtGeArM®s as well as NiSnArMes and NiPbArMes lie
between cases a and b and show a similar ¢ bonding to the tetrylidyne complexes, which
is why we consider them more like tetrylidyne complexes, albeit with weakened (M —E)
bonds, compared with the silicon compounds.

We also studied the canonical Mos of compound B-Ge and found three Mos resulting
from the interaction of the dy,(Ni), px(Ge), and px(N) orbitals (Figure 7), which are the 7y,
b, and 7%y, orbitals. The bonding 7y, orbital is the low-lying HOMO—27, which shows
mostly 1(Ge—N) bonding with a very small dx,(M) orbital contribution. The nonbonding
combination 7, with one nodal plane is HOMO—3. It shows no contribution from the
germanium atom but only from the metal and nitrogen atoms. Finally, LUMO+1 comprises
the antibonding combination ¥y, with a large contribution of the py orbital at the tetrel
atom. As can be seen in HOMO—27, some 7,,(M—E) bonding interaction is present but is
diminished by the presence of the nitrogen atom, leading to a 7t(E—N) interaction.
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HOMO-27 [-8.87 eV] HOMO-3 [7.76 V] LUMO+1 [-4.69 eV]

Ttz (M-E-N)

miby, (M—-E-N) % (M~E-N)

3y B =

Figure 7. Selected canonical MOs of B-Ge, their respective orbital energies, and the type of bond they
represent. Hydrogen atoms are omitted for clarity; the isosurface value was set to 0.04 e1/2 Bohr—3/2,

The same coordinate system was applied as shown in Figure 3.

The MOs mentioned above were not discussed in the publication of T. J. Hadling-
ton et al. The MO description was limited to HOMO, HOMO—-1, and HOMO-2, which
were presented by the authors as two n- and one M—E o-bonding orbital. However,
by employing a more modest isosurface value of 0.04 e!/2.Bohr—3/2 and comparing it
with similar orbitals in our compounds, we suggest that these orbitals correspond to
the metal-centered dx2,y2, dxy, and o"P orbitals, respectively (more details on this can
be found in the SI).

The aromatic groups of the triphenylphosphane ligands in B-Ge further amplify the
delocalized character of the canonical frontier MOs, making them harder to interpret. This
is why we also carried out a Pipek—Mezey orbital localization for B-Ge, and selected LMOs
(localized molecular orbitals) are presented in Figure 8. It can be seen that apart from the
o0(Ni—Ge) and o(Ge—N) bonds, three 7t-type orbitals emerge from the orbital localization
(Tyz(Ni—Ge), 7xz(Ni—Ge), and 71, (Ge—N)). Whereas 7y, LMO corresponds to a (Ni—Ge)
mtbond, the presence of two xz-oriented 7-type LMOs (one 7t(Ni—Ge) and one n(Ge—N)
LMO) suggests the presence of both the ylidyne and allenic Lewis resonance forms in
compound B-Ge, as discussed in Scheme 4. Furthermore, the Mulliken populations of
these LMOs clearly suggest the typical Fischer-type characteristic of these complexes, with
high tetrel contributions for the o bond (0.73, E=+M donation) and low ones for the two 7t
bond orbitals (0.18, 0.12, M—E back-donation).

Together with the very similar results obtained for the tin analogue B-Sn (see the SI),
the canonical and localized molecular orbital analysis suggests a similar bonding situation
as in Fischer-type aminocarbyne complexes. However, the (E—N) interaction in B-Ge and
B-Sn is expected to be weaker than in the Fischer aminocarbyne complexes as evidenced
by the small contribution of the tetrel atom in the ,, LMOs.
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ﬂyz(Ni_Ge)

nxz(Ni_Ge) nxz(Ge_N)

0.78 (Ni), 0.18 (Ge) 0.84 (Ni), 0.12 (Ge) 0.15 (Ge), 0.81 (N)

o(Ni-Ge) 0(Ge-N)
0.19 (Nii), 0.73 (Ge) 0.35 (Ge), 0.62 (N)

Figure 8. Selected Pipek—Mezey-localized molecular orbitals of B-Ge, their attributed bond type,
and corresponding Mulliken populations. Hydrogen atoms are omitted for clarity; the isosurface
value was set to 0.04 e1/2 Bohr~3/2. The same coordinate system was applied as shown in Figure 3.

2.3. Bond Dissociation Energies and Natural Population Analysis

Bond dissociation energies provide insights into the strength of bonds and create a
basis for the discussion of the correlation between bond strengths and bond orders. Herein,
we differentiate between the bond cleavage energy (BCE), which describes the cleavage
of a molecule without structural relaxation of the fragments in which the total spin of
the fragments must be equal to the spin of the unfragmented molecule, and the bond
dissociation energy (BDE), in which the structural relaxation of the fragments is taken into
consideration. Both energies are purely electronic. BDEs that were corrected by the zero-
point vibrational energies (ZPVEs) as well as the respective inner energies AU, enthalpies
AH®, entropies AS°, and Gibbs free energies AG® at standard ambient conditions 298.15 K
and 1 atm are given in the SI together with their definitions.

The first step in obtaining the lowest possible BCEs and BDEs is determining the
charges and spin states of the fragments. For gas-phase calculations, a cleavage into
oppositely charged fragments is heavily unfavored due to strong coulombic attraction
between the fragments. As a result of the cationic nature of the compounds presented
herein, there are two reasonable schemes for the fragmentation of the M—E bond:

i [(PMe3)sME—R]" — [M(PMe3);] + [E—-R]*: An investigation of the electronic states of
the fragments [ML3] and [E—R]* revealed that all fragments have a singlet ground
state, with the only exception being the structurally relaxed [C—ArMes]+ fragment,
which is stabilized in the triplet state after activation of the Mes substituent (see
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the calculated structure file). The singlet—triplet excitation energies range from
191.4 kJ-mol ! ([Ni(PMej3)3]) to 214.3 kJ-mol~! ([Pd(PMe3)3]) for the metal fragments
and from 140.8 kJ-mol~! ([Si—Tbb]*) to 174.7 kJ-mol~! ([Sn—ArMes]*) for the tetryli-
umylidene ions.

[(PMe3)sME—R]*—[M(PMe3)s]* + [E—R]: This fragmentation scheme involves an
interaction of two open-shell fragments either in their doublet or quartet states. The
doublet state is preferred by all fragments with doublet—quartet excitation energies
ranging from 232.5 kJ-mol~! ([Ni(PMe3)3]*) to 284.0 kJ-mol~! ([Pd(PMe3)3]*) for the
metal fragments and from 120.3 kJ-mol~1 ([C—ArMes]) to 218.7 kJ-mol ! ([Pb—ArMes))
for the tetrylidyne fragments (see the SI for details).

The following trends in the BCEs and BDEs given in Table 2 and Figure 9 were found:

Concerning the BCEs, the fragmentation into the [ML3]* and [ER] fragments is favored
for all compounds by 2.4 kJ-mol~! (PdSnArMes) to 181.0 k]-mol~! (PtCArMes), except
for PAPbArMes, for which the cleavage into the [ML;] and [ER]* fragments is favored
by 15.7 kJ-mol 1.

The BDEs are lower for the dissociation into the [ML3]* and [ER] fragments in all
cases, and the energetic differences between the two fragmentation schemes are
lower than for the BCEs in most cases, ranging from 6.1 kJ-mol~—1 (NiPbArMes) to
74.7 KJ-mol~! (PtCArMes),

When comparing the energetic differences ABCE and ABDE between the two frag-
mentation schemes in dependence on the transition metal, the observed trend is
Ni = Pt > Pd for the ABCEs and Pt > Pd > Ni for the ABDEs (ABCE = BCE(i) — BCE(ii)
and ABDE = BDE(i) — BDE(ii), where i and ii denote the fragmentation schemes).
The energetic difference between the two fragmentation schemes (ABCE and ABDE)
follows the order C >> Si > Ge > Sn > Pb regarding the tetrel for both the ABCE and
ABDE. The substituent effect (ArM®s vs. Tbb) in the silylidyne complexes on the BCEs
and BDEs is minute. However, because the BCEs of MSiTbb are slightly lower for
the fragmentation into the ML + ER* fragments than those of MSiAr™®s but slightly
higher for the fragmentation into the ML3* + ER fragments, the ABCEs of the MSiTbb
complexes are lower than the ABCEs of the MSiAr™® and MGeArM®s complexes.
For ABDE, the difference between Si and Ge is negligible.

For the remaining trends, only the values in Table 2 given in bold are discussed in

the following:

()

()

The BCEs, if ordered by transition metal, follow the order Pt > Ni > Pd for E=C
and Si and the order Ni > Pt > Pd for E = Ge, Sn and Pb. In comparison, the BDEs,
if ordered by the transition metal, follow the order Ni > Pt >Pd for all tetrels. The
reason for this difference is a significantly higher structural relaxation energy of
the Pt(PMes3); fragment (avg. 104.4 kJ-mol~1) followed by the Pd(PMej3)s (avg.
63.9 kJ-mol~1) and Ni(PMej3); fragments (avg. 54.8 kJ-mol~1), which lowers
the BDEs of the PtER complexes more than the BDEs of the PdER and NiER
complexes in comparison with the respective BCEs.

If ordered by tetrel, the BCEs and BDEs follow the trend C >> Si > Ge > Sn =~ Pb. This
means that the M—E bonds of the carbyne complexes are, as expected, the strongest.
However, the heavier ylidyne complexes exhibit considerable BCEs and BDEs. These are
lower than those of the carbyne complexes, with the difference, though, being considerably
smaller than those of the ditetrylynes. For example, the experimental dissociation enthalpy
AHP of acetylene of 964.8 4= 2.9 kJ-mol ! [81] (AH®.(HCCH) = 953.0 kJ-mol ! at the
level of theory I and 970.2 k]-mol ! at the level of theory II) is ca. 13 times larger than
that of the distannyne ArPPPSnSnArPPP (AHeyp, = 72.0 & 7.1 kJ-mol ') [82]. Similarly,
a calculation of the gas-phase dissociation enthalpy AH® . of ArPPPSnSnATPIPP at the
level of theory I leads to a value of 160.7 KJ-mol~!, which is still only a small fraction of
that of the analogous acetylene derivative ArPPPC=CArPPP (AH® . = 721.7 kJ-mol ).
In comparison, the BDE of NiSnArMss is still 63 % and 66 % of the BDE of NiCArMes on
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the level theory I and II, respectively, illustrating the considerable bond strength of the
M-=E triple bonds. An important implication of this comparison is that C=C bonds are
stronger than M=C bonds, whereas the opposite is true for the heavier group 14 elements
Si—Pb (i.e., the BDEs of the E—E bonds in E;R; are smaller than those of the M=E bonds).
(g) The choice of tetrel generally has a larger influence on the BCEs and BDEs than the
choice of the transition metal. For example, the BCEs of NiGeArMes PdGeArMes, and
PtGeAr™es are within 40 kJ-mol~! of each other, whereas the BDEs of NiSiArMes and
NiPbArMes differ by 83.3 kJ-mol 1.

Table 2. Calculated BCEs and BDEs in kJ-mol~! at theory level II of the M—E bonds of the [LsMER]*
complexes to give the MLz + ER* and ML3* + ER fragment combinations (M = Ni-Pt; L = PMe3;
E = C-Pb; R = ArMes, Tbb (Si)). BCEs and BDEs of the energetically favorable fragmentation scheme

are highlighted in bold.
BCE BDE
Compound ML; + ER* ML;* + ER ML; + ER* ML;* + ER
NiCArMes 718.6 544.3 521.8 461.6
NiSiTbb 470.4 427.9 4025 377.5
NiSiArMes 4915 421.4 392.3 368.9
NiGeArMes 459.3 387.7 365.0 340.0
NiSnArMes 383.9 346.0 316.9 304.5
NiPbArMes 342.7 328.6 291.7 285.6
PdCArMes 625.1 469.7 404.2 340.1
PdSiTbb 4153 395.0 333.0 304.1
PdSiArMes 4274 387.9 3225 295.3
PdGeArMes 383.2 349.2 289.4 260.5
PdSnArMes 321.9 319.5 253.6 237.3
PdPbArMes 293.3 309.0 240.4 230.4
PtCArMes 799.3 618.3 486.0 411.3
PtSiTbb 504.0 462.5 373.5 334.0
PtSiArMes 520.3 450.2 362.1 324.1
PtGeArMes 444.0 386.3 314.5 274.9
PtSnArMes 354.6 332.6 274.1 247.2
PtPbArMes 313.5 307.8 251.1 230.5
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Figure 9. Plots of the BCEs (left) and BDEs (right) of the [LsMER]* complexes (M = Ni-Pt; L = PMe3;
E = C - Pb; R = Ar™M*$, Tbb (Si)). Energies corresponding to the cleavage into ML + ER* fragments
are marked in blue; energies corresponding to the cleavage into ML;* + ER fragments are marked in

yellow. The connecting lines have no physical meaning and are only drawn to visualize the trends.

As the charge distribution in the group 10 ylidyne complex cations is an important
consideration for the comprehension of these compounds, atomic charges were calculated
at the level of theory I from a natural population analysis (NPA) in the natural bond orbital
(NBO) framework using natural atomic orbitals (NAOs). The results are given in Table 3
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and Figure 10. The metal atoms Ni, Pd, and Pt are either almost electroneutral for E = Si
and Ge, with charges in the range of —0.03 e (PdSiR) to +0.05 e (NiGeArMes), or slightly
negatively charged for E = Sn, Pb, with charges from —0.21 e (PtPbArM®) to —0.09 e
(NiSnArMes, NiPbArMes). A significant positive charge of +0.58 e (PtGeAr™es) to +1.07 e
(NinArMes) is carried by the tetrel atoms Si, Ge, Sn, and Pb, where the positive charges
of the Si and Ge atoms are smaller than those of the Sn and Pb atoms. The entire MLj
units carry total charges of +0.46 e (NiPbAr™®s) to +0.76 e (PtGeAr™®s), and the ER unit
charges range for E = Si-Pb from +0.24 e (PtGeAr™es) to +0.54 e (NiPbArMes). Overall, the
silylidyne and germylidyne complexes behave very similarly but slightly differ from the
charge distribution in the stannylidyne and plumbylidyne complexes. The dependence of
the NPA charges on the tetrel atom is also much higher than on the metal atom.

Table 3. Calculated charges in e for the M and E atoms and the ML3 and ER units in the complex
cations [L3MER]* obtained from natural population analysis (NPA) on the theory I level.

Compound M E ML; ER
NiCArMes +0.35 —0.13 +1.18 —0.18

NiSiTbb +0.00 +0.76 +0.62 +0.38
NiSiArMes +0.00 +0.78 +0.67 +0.33
NiGeArMes +0.05 +0.66 +0.59 +0.41
NiSnArMes —0.09 +1.05 +0.48 +0.52
NiPbArMes —0.09 +1.07 +0.46 +0.54
PdCAMes +0.31 —0.15 +1.18 —0.18

PdSiTbb —0.03 +0.73 +0.66 +0.34
PdSiArMes —0.03 +0.75 +0.71 +0.29
PdGeArMes —0.01 +0.65 +0.71 +0.29
PdSnArMes —0.15 +0.98 +0.56 +0.44
PdPbArMes —0.17 +1.02 +0.53 +0.47
PtCArMes +0.35 —0.24 +1.28 —0.28

PtSiTbb —0.02 +0.65 +0.71 +0.29
PtSiArMes —0.02 +0.68 +0.75 +0.25
PtGeArMes +0.00 +0.58 +0.76 +0.24
PtSnArMes -0.19 +0.96 +0.67 +0.33
PtPbArMes —0.21 +1.00 +0.55 +0.45
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Figure 10. Calculated charges in e for the M atoms (x, blue), the E atoms (m, yellow), the ML3 units
(e, grey), and the ER (A, red) units in the complex cations [LsMEArMes]*derived from natural
population analysis (NPA) at the level I theory. The connecting lines have no physical meaning and
are only drawn to visualize the trends.

These charges are comparable to the NPA charges for the complexes B-Ge and B-Sn,
where the Ni atoms carry only small charges (B-Ge: +0.05 e, B-Sn: —0.19 e), and the tetrel
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atoms carry high positive charges of +1.01 e (B-Ge) and +1.42 e (B-Sn) [53]. The charges on
the Ge and Sn atoms of B-Ge and B-Sn are higher than the charges in the ArM®s-containing
complexes due to the more electronegative amino substituent.

The group 10 ylidyne complexes with the heavier tetrel atoms have a quite different
charge distribution from the group 10 carbyne complexes. This can be attributed to the
special position of carbon among the group 14 elements in the periodic table reflected in its
much higher electronegativity than that of its heavier congeners. This results in negative
partial charges on the carbon atoms in the carbyne complexes, whereas the heavier tetrel
atoms carry positive partial charges. Additionally, a clear shift in electron density from the
ML; to the ER unit is observed, leading to negatively charged ER ligands in the carbyne
complexes, whereas the heavier tetrylidyne ligands ER (E = Si-Pb) are positively charged.
For the same reason, the metal center carries a positive partial charge in the carbyne
complexes but is electroneutral or slightly negatively charged in the heavier tetrylidyne
complexes, and the ML3 unit carries a much larger positive partial charge in the carbyne
complexes than in the heavier group 14 analogues.

2.4. ETS-NOCV and EDA

A very useful tool in the analysis of the chemical bond is the combination of the
extended-transition state (ETS) [83] method and natural orbitals of chemical valence
(NOCV) [84,85]. The ETS-NOCYV analysis was carried out on the level I optimized
structures using the ADF program package, as described in Section 3. Within the
ETS-NOCYV scheme, an energy decomposition analysis (EDA) is used to decompose the
interaction energy (AEint) of the complexes [LsM=E—R]* into chemically meaningful
components (Equation (1)):

AEint = AEqyp, + AEpausi + AEelstat + AEdisp = —BCE 1

The orbital interaction energy AE,, represents the attractive interactions between
the occupied molecular orbitals and the virtual orbitals of the two fragments. The Pauli
repulsion energy AEp,; results from the destabilizing interaction between the occupied
orbitals of the fragments. The third term, AEg,t, is the electrostatic interaction energy
between the fragments as they are combined in the final molecule with the densities kept
frozen, and the dispersion interaction energy AEgs, describes the long-ranged dispersive
interactions of the fragments.

Because the choice of the electronic reference states of the fragments has a significant
influence on all of the energy components and their sum, there is a certain degree of
arbitrariness involved in the ETS scheme. The best way to determine the most appropriate
electronic reference state of the interacting fragments is dependent on AE.y, [85]. It is
assumed that the combination of electronic reference states for which | AE, | becomes
minimal most closely represents the electronic states of the fragments that are formed upon
fragmentation. Another argument is that | AE,, | could otherwise be arbitrarily increased
by the choice of arbitrary electronic states.

Interestingly, the electronic reference states for most fragments are the low-spin singlet
states (Table 4), which means the compounds are fragmented into LsM and ER*. This
contrasts the preference for the cleavage into the L3M* and ER fragments according to the
BCEs. The electronic reference state of the fragments in case of the carbyne complexes and
NiGeArMes and PtGeArMes are the L;M* and ER fragments in their doublet states, in line
with the preferred fragmentation scheme according to the BCEs.
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Table 4. Orbital interaction energies AEy, in k]-mol~! between the ML and ER* fragments in their
electronic singlet (s) states and the fragments MLz* and ER in their electronic doublet (d) states.
Values calculated on the B97-D3 (BJ)/TZ2P/ /1 level of theory. The preferred fragment combination is
given in bold.

AE,
Compound ML; (s) + ER? (s) ML;3* (d) + ER (d)
NiCArMes —848.6 —645.3
NiSiTbb —498.1 —522.8
NiSiArMes —521.9 —486.2
NiGeArMes —461.1 —443.5
NiSnArMes —372.7 —377.6
NiPbArMes —331.9 —370.1
PdCArMes —828.7 —671.7
PdSiTbb —472.0 —493.8
PdSiArMes —496.5 —494.5
PdGeArMes —426.8 —428.1
PdSnArMes —334.8 —366.9
PdPbArMes —291.1 —345.8
PtCArMes —1072.2 —903.3
PtSiTbb —585.8 —635.1
PtSiArMes —606.9 —573.8
PtGeArMes —510.8 —499.1
PtSnArMes —380.4 —401.8
PtPbArMes —319.6 —362.4

The carbyne complexes prefer fragmentation into LsM* and ER rather than fragmen-
tation into LsM and ER* due to the higher electronegativity of the carbon atom compared
with its heavier homologs. Because AE, directly depends on the charge transfer between
and within the fragments, the fragments in which the atomic charges are closest to the
respective atomic charges of the unfragmented molecule are favored. In case of the carbyne
complexes, the natural charges of the carbon atoms in the CArM®s fragments are +0.23 e
(NiCArMes) 10.28 e (PACArMes), and +0.27 e (PtCAr™es); in the [CArMes]* fragment, they
are +0.53 e, independent of the metal. The charges of the carbyne carbon atoms in the
carbyne complexes are —0.13 e (NiCArMes), —0.15 e (PACArMes), and —0.24 e (PtCArMes),
which are more similar to the respective charges of the CAr™es fragments than to those of
the [CArMes]* fragments.

The ETS-NOCVs were also carried out using the triplet electronic reference states
of the ML3 and ER" fragments and the quartet electronic reference states of the MLs*
and ER fragments, but these resulted in much higher orbital interaction energies than the
low-spin calculations.

The notable results are that | AE,, | is highest for the carbyne complexes ranging
from —645.3 kJ-mol~! (NiCArMes) to —903.3 kJ-mol~! (PtCArMes), followed by the
silylidyne and germylidyne complexes with a AEy, of —426.8 k]-mol~! (PdGeArMes)
to —585.8 kJ-mol~! (PtSiTbb), and the Sn and Pb compounds with a AE,y of
—291.1 kJ-mol~! (PAPbArMes) to —380.4 kJ-mol~! (PtSnArMes).

The same trends were observed for AEp,y); and | AEgat | (see the SI). The dispersion
interaction energy is almost identical for all complexes. The total interaction energy cor-
responds to the BCE, with slightly different values due to the different levels of theory
(see Section 2.3).

Interestingly, the NiSnAr™® and NiPbAr™®® complexes show no appreciable differ-
ences in the orbital interaction energies from their metallotetrylene counterparts (PdSnAr™es,
PdPbArMes, PtSnArMes, and PtPbArMes).
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The orbital interaction energy can be further split into contributions of individual
NOCYVs, which allows for a detailed delineation of the bonding situation. Because the
NOCVs are related to the fragment MOs, the fragment MOs involved in the bonding can
be inferred by inspection of the NOCVs.

For the sake of simplicity, we only discuss the deformation densities of NiSiTbb,
NiGeAr™es and PtPbAr™es. All compounds marked as tetrylidyne complexes in Scheme 3
exhibit similar NOCVs to either NiSiTbb or NiGeAr™es, and all compounds marked as
metallotetrylenes are similar to PtPbAr™es. More details can be found the SI.

As shown in the top row of Figure 11, the three largest contributions to the orbital
interaction energy of NiSiTbb are two 7-symmetric and one o-symmetric interaction.
The first interaction (AEqp,,; = —199.6 kJ-mol~?) is identified as the m-back donation from
the HOMO—1 of Ni(PMej3); to the LUMO+1 of SiTbb*. This interaction is marginally
weaker than the second m-back donation (AEy = —206.8 kJ-mol~1) from the HOMO
of Ni(PMej3); to the LUMO of SiTbb™. This slight difference is due to the competition of
the first 7t donation with the 7 interaction of the empty px orbital on the Si atom with
the phenyl ring of the substituent R (vide supra). The last interaction is the o donation
(AEorp3 = —53.5 kJ-mol~1) from the HOMO—10 of SiTbb* to the LUMO of Ni(PMe3);.
Remarkably, there is a substantial difference in the contribution to the bond strength
between the - and o-type interactions, in which the o-donation is weaker by a factor of
roughly four compared with each of the n-back donations.

HOMO-1(Ni(PMes)s)>LUMO+1(SiTbb")  HOMO(Ni(PMes)s)—~LUMO(SiTbb")  HOMO-10(SiTbb*)—LUMO(Ni(PMes)s)
AEor =—199.6 kJ-mol-! AEorb2 = -206.8 kJ-mol ™! AEo3 =-53.5 k]-mol !
Ap1=-0.77 21 +0.77 Y2a Ap2=-0.76 Y22 +0.76 Y212 Aps=-039 ¢23+0.39 Y2

SOMO(GeAr¥=)»SOMO(Ni(PMes)®)  HOMO(Ni(PMes)s)—LUMO(GeAr™s)  HOMO-1(GeAr¥)—»LUMO(Ni(PMes)*)
AEorb,I/a =-108.4 k]‘lTlOI’l AEorb,Z,a =-594 k]'Il’\Ol’l AEorb,:i,a =-38.1 k]'lTlOl’l
Apra=—0.87 214+ 0.87 Y214 Apra=-0.33 1220 +0.33 Y224 Apra=—0.18 9230 +0.18 Y230

Figure 11. Cont.
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SOMO(Ni(PMes)s*)—SOMO(GeArMes) HOMO(Ni(PMes)s* ) ->LUMO(GeArMes)  HOMO-1(GeArMes)»LUMO(Ni(PMes)s*)
AEor,1,=-71.2 k]-mol™ AEorb2 =-76.3 k]-mol™ AEorb,35 =-39.3 k]-mol™
Aprp=-0.41 215+ 0.41 P2 Ap2p=-0.38 Y225+ 0.38 Y22p Apsp=-0.18 235+ 0.18 Y23p

HOMO-4(Pt(PMes)s)>LUMO+1(PbArMer)  HOMO-3(Pt(PMes)s)—»LUMO(PbAre=")  HOMO-6(PbArMest)LUMO(Pt(PMes)s)
AEorb,1 =-180.1 kJ-mol-! AEo2 = —74.7 KJ-mol! AEob3 =—26.8 kJ-mol!
Ap1=-0.76 21 +0.76 Y2a Ap2=-0.50 22+ 0.50 )22 Aps=-025 Y23 +0.25 Y23

Figure 11. Isosurface plots (isosurface value = 0.002 e Bohr—3) of deformation densities (Apy) ine
Bohr~3 of complementary NOCVs (_,, and $.) of NiSiTbb (top), NiGeArMes (middle, split into
a- and B-spin derived deformation densities), and PtPbArMes (bottom), given with their respective
eigenvalues (v_, and v.,). Regions of charge depletion (Ap, < 0 e Bohr~2) are shown in red, and
regions of charge accumulation (Ap, > 0 e Bohr—3) are shown in grey. Canonical fragment MOs are
given in order to relate the respective NOCYV interactions to the fragment orbital interactions. The
canonical fragment MOs are not directly related to the NOCVs and were obtained through visual
comparison of the NOCVs with the fragment MOs. Level of theory: B97-D3 (B])/TZ2P/ /1. The same
coordinate system was applied as shown in Figure 3.

Because the interaction of the fragments in NiGeArM®s takes place between the
two open-shell doublet fragments GeArMes and Ni(PMes)s*, the orbital interaction
energies are further split into the a- and B-spin contributions. The first interaction
is a 7t donation (AEgp,1,, = —108.4 kJ-mol~1) from the singly occupied MO (SOMO)
of GeArMes to the SOMO of Ni(PMej3)3*, which is completed by the m-back donation
(AEorb,1,5 = —71.2 kJ-mol~1) from the SOMO of Ni(PMes3);* to the SOMO of GeArMes,
Expectedly, the m donation is significantly stronger than the m-back donation and
is accompanied by a larger charge transfer of 0.87 e vs. 0.41 e due to the cationic
nature of the Ni(PMes3)s* fragment. The sum AE 1 4, + AEoib,1, gives the total orbital
interaction energy AE,, 1 of —179.6 kJ-mol~!, which is slightly weaker than the first
7t interaction in NiSiTbb. The second interaction in NiGeArM®s is also composed
of an «- and P-spin component; both components involve, in this case, a charge
transfer in the same direction from the metal to the tetrel (M—E m-back donation).
The total interaction energy AEg, of —135.7 kJ-mol~! is albeit weaker than that
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in NiSiTbb. This is also the case for the third interaction, which is the ¢ donation
(AEg 3 = —77.4 KJ-mol~!) from the HOMO—1 of GeArMes to the LUMO of Ni(PMe3);*.
This o interaction is slightly stronger than that in NiSiTbb, which can be explained
by the direction of the charge flow from the neutral fragment GeArMes to the cationic
fragment Ni(PMe3)3" in NiGeArMes whereas, in NiSiTbb, the charge flow from SiTbb™
to Ni(PMej3)3 via the o0 donation occurs against the charge gradient.

Lastly, the three strongest contributions of the metallotetrylene-like compound
PtPbArMes feature one strong o-back donation (AEq,; = —180.1 kJ-mol~1) from the
HOMO-—4 of Pt(PMe3); to the LUMO+1 of [PbArMes]+. Notably, the acceptor orbital of
this interaction is the p, orbital of the tetrel atom. The direction of the o donation of
the tetrylene-like compounds is opposite to that of the ylidyne complexes. The second
interaction can be identified as a weak m-back donation (AEy, » = —74.7 kJ-mol~1) from
the HOMO—3 of Pt(PMe3); to the LUMO of [PbArMes]*. This interaction is significantly
weaker than in the compounds NiSnArMes (AEorpp = —136.3 kJ-mol~!) and NiPbArMes
(AEgpp = —113.7 kJ-mol~1). The third interaction still indicates a weak 7 donation
(AEgm 3 = —26.8 k]-mol 1) from the HOMO—6 of PbArMes* to the LUMO of Pt(PMej3)s.
However, there is a significant amount of intrafragment charge-redistribution present,
which is why this interaction plays a negligible role in the bonding between the Pt and
Pb atoms.

In Figure 12, we present the three bonding situations that describe the cationic group
10 tetrylidyne complexes discussed herein. Additionally, the tetrylidyne complexes with
one o-donating and two 7-back interactions can be formulated with one n-type electron
spin-pairing interaction bond replacing one of the 7-back interactions. Although the formal
charge of the latter type is located at the transition metal atom, no notable difference
between the two types is observed regarding the charge distribution of the compounds
including the heavier group 14 elements. The metallotetrylene type entails a cationic ER*
fragment, which receives electron density from the metal fragment ML3 via a 0 bond and
features notably smaller M—E—R angles (vide infra).

o — 0 69~ 0

X

| %+8 om=oo
@@= o <=

ER? IMLa]* ER [ML3] ER*

tetrylidyne complex type metallotetrylene type

Figure 12. Schematic representation of the bonding situation found in the herein studied [LsMER]*
complexes (L = PMe3).

2.5. Metallotetrylene Isomers by PES Scans

When we optimized the structures of our complexes, we were surprised by the
variability in the M—E—C1 bond angle, which significantly deviates from 180° for
most structures (Table 1). To energetically address this variability, we carried out PES
scans of the M—E—C1 angle from 180° to 90° in steps of 10° for all heavier tetrylidyne
complexes (Figure 13). As can be seen, the steepness of the PES decreases in the order
Si > Ge > Sn > Pb; more importantly, isomers with much smaller M—E—C1 angles of
around 95° were found for most systems, abbreviated in the following as MER-2, which
were confirmed to be minima on the PES. These isomers are energetically not favored
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for most compounds as the energy difference between the isomers with the smaller

and larger M—E—C angle shows (e.g., PdSiTbb-2: +47.1 kJ-mol~!; NiGeArMes-2:

+83.5kJ-mol~!; NiSnArMes.-2: 1553 kJ-mol~1, at the level of theory II; see the SI). How-
ever, the more bent isomers, PASnArMes-2, PAPbArMes-2 PtSnArMes-2, and PtPbArMes-
2, were found to be energetically favored by 13-29 kJ-mol~!. In the following, the

isomer PtPbArMes-2 is representatively discussed, and key properties of the other

MER-2 isomers are included in the SI.
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Figure 13. PES scans (theory level I) of the M—E—C bond angle for E = Si (top left (R = Tbb);
top right R = ArMes)) E = Ge (middle left), E = Sn (middle right), and E = Pb (bottom). The
connecting lines have no physical meaning and are given only to visualize the trends. The thicker
dots represent confirmed minimum structures for the respective compound. No minimum structure
could be obtained for the isomers of NiSiTbb and NiSiArMes.

A comparison of the structural parameters of PtPbArMes-2 (Figure 14) and PtPbAr™es
(Table 5) shows a further elongation of the M—E bond from 267.7 to 281.9 pm when
decreasing the M—E—C1 angle to 94.3°, whereas the E—C1 bond length stays nearly the
same (233.7 pm). Notably, the metal adopts a distorted square-planar coordination in
PtPbAr™Mes-2 (see the SI) [86].



265

Inorganics 2023, 11, 129

24 of 30

Figure 14. Minimum gas-phase structure of PtPbAr™es-2. Hydrogen atoms are omitted for clarity.

Table 5. Key properties of isomers PtPbAr™es and PtPbArMes-2. Electronic energies, bond lengths,
and angles are given in kJ-mol~!, pm, and deg, respectively.

Compound AE .o M-E E-C1 M-E-C1
PtPbArMes +28.5 267.7 233.1 127.3
PtPbArMes.2 0.0 281.9 233.7 94.3

Expectedly, the analysis of the LMOs of PtPbArMes.2 (Figure 15) shows an electron lone
pair at Pb, a o(Pt—Pb) bond that is highly polarized toward Pt (0.75 at Pt, 0.20 at Pb), and a
o(Pb—C) bond that is highly polarized toward the carbon atom (0.81 at C1, 0.28 at Pb).

\ M\

o(Pt-Pb) o(Pb-C)

0.00 (Pt), 0.98 (Pb) 0.75 (Pt), 0.20 (Pb) 0.28 (Pb), 0.81 (C)

Figure 15. Pipek—Mezey-localized molecular orbitals of PtPbArMes-2, their attributed bond type,
and corresponding Mulliken populations. Hydrogen atoms are omitted for clarity; the isosurface
value was set to 0.04 e!/2 Bohr—3/2.

The first deformation density of PtPbArMes-2 given in Figure 16 indicates that the
o(Pt—Pb) bond is best described as a donation from the Pt atom to the Pb atom. Notably,
the orbital interaction energy AE, 1 of 299.0 kJ-mol~! is larger in PtPbAr™es-2 than the
corresponding orbital interaction energy in PtPbAr™®s, as shown in Table 6. The remaining
orbital interactions of PtPbArVes-2 are weaker than those of PtPbArMe. However, the
much higher AEy, 1 of PtPbArMs-2 compared with that of PtPbAr™Mes ultimately leads to
a net preference of the strongly bent isomer of 67.2 kJ-mol~! based on AE,.
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AEor,1 =-299.1 k]-mol! AEor,2 =-33.7 k]-mol! AEorw,s =-11.0 k]-mol!
Ap1=-0.99 921 +0.99 24 Ap2=-0.37 22+ 0.37 Y22 Aps=-0.15 125+ 0.15 2.3

Figure 16. Isosurface plots (isosurface value = 0.002 e Bohr %) of deformation densities (Apy) in e
Bohr~2 of complementary NOCVs (_, and §.,) of PtPbArMes-2 given with the respective eigenval-
ues (V_y and v.,). Regions of charge depletion (Ap, <0e Bohr—3 ) are shown in red, and regions of
charge accumulation (Ap, >0 e Bohr‘3) are shown in grey. Level of theory: B97-D3 (B])/TZ2P/ /1.

Table 6. Orbital interaction energies AEy, in k]-mol~! between the fragments MLz and ER* in their
electronic singlet states of the isomers of PtPbArMes. Values calculated at the B97-D3 (B])/TZ2P/ /1

level of theory.
Compound AEorl:),l AEorb,z AEorb,&l AEorb
PtPbArMes —180.1 —74.7 —26.8 -319.6
PtPbArMes.2 —299.1 —-33.7 —11.0 —386.8

3. Materials and Methods

All calculations except for the ETS-NOCYV calculations were carried out using the
ORCA 5.0.3 program package [87]. The B97-D3 (B])-ATM/def2-TZVP (I) level of theory
was employed for the structure optimizations, consisting of the density functional ap-
proximation (DFA) B97-D3 (BJ) with Grimme’s D3 correction for the London dispersion
interactions including the Becke—Johnson damping [88,89] of the additional three-body
contribution of Axilrod, Teller and Muto (ATM) [90,91], and of Ahlrichs’-type triple-( basis
set def2-TZVP [92].

To obtain high-level electronic energies, single-point energy calculations were per-
formed in addition to the calculated structures using the PWPB95-D3(B])-ATM/ def2-
QZVPP (II) level of theory, consisting of the double-hybrid DFA PWPB95 [93] with the
D3(BJ)-ATM dispersion treatment and the quadruple-C basis set def2-QZVPP[92]. Thermo-
chemical quantities at the level of theory II were obtained by adding the thermodynamic
corrections obtained at the level of theory I to the electronic energies obtained at the level
of theory II.

For both levels of theory I and II, Stuttgart/Dresden effective core potentials (ECPs)
were employed for Pd [65], Sn [66], Pt [93], and Pb [66] as well as defGrid2 numerical
integration settings.

The Coulomb part of the DFAs of the levels of theory I and II was approximated with
the RI-] method [94], employing the def2 /] auxiliary basis sets. For the DFA PWPB95, the
calculation of the exchange and MP2 correlation parts was further accelerated using the
RI-JK method [95], with the matching def2/JK basis set [96], and the RI method, with the
def2-QZVPP/C auxiliary basis set [97].

NPA charges were calculated with the NBO 7.0 program package [98] using the
structures and wave functions obtained at the level of theory I.

The ETS-NOCYV calculations were carried out using the ADF 2021.103 program pack-
age [99,100] at the B97-D3 (B])/TZ2P [101] level of theory, which is comparable to the level
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of theory I. The ETS-NOCYV calculations were carried out using the NumericalQuality good
setting along with default settings for all other options.

Cube files of canonical and localized molecular orbitals were generated with the
MultiWEN 3.6 program [102] from the wave function obtained on theory level I and
visualized with UCSF Chimera version 1.13.1 [103].

4. Conclusions

A systematic theoretical study on the cationic group 10 metal complexes [(PMe3)sMER]*
(MER) with M = Ni, Pd, Pt; E = C, Si, Ge, Sn, Pb; and R = ArMes, Tbb (E = Si), was presented.
We employed several quantum chemical tools to assess the electronic structure of these
complexes on the basis of compounds that were previously experimentally accessed by
our group. This involved (a) a detailed inspection of the bonding parameters of the opti-
mized structures, (b) an investigation of the canonical and Pipek—Mezey-localized MOs,
(c) a comparison of the NPA charges and the M—E bond cleavage and bond dissociation
energies, and (d) a calculation of the ETS-NOCYV interactions. Two classes (a and b) of
compounds could be identified: The first class a is tetrylidyne complexes, featuring Fischer-
type carbyne complexes with a roughly linear M—E—R linkage and a short M=E bond,
which is composed of a o(E—+M) donor bond and two n(M—E) back bonds. The class b
complexes display a considerably bent M—E—R linkage and longer M—E bonds, which are
best described as o(M—E) donor bonds with weak n(M—E) components. Complexes of
class b feature an increased lone pair density at the tetrel center, like metallotetrylenes. All
carbon and silicon compounds belong to class a, whereas the complexes for E = Sn, Pb and
M = Pd, Pt belong to class b. The interjacent germanium compounds as well as NiSnAr™es
and NiPbArMes show properties of both classes, but the tetrylidyne characteristic
is strongly.

We also more closely examined the recently reported cationic group 10 metal com-
plexes [(PPh3)3NiEN(SiiPr3)(Dipp)]Jr with E = Ge (B-Ge) and Sn (B-Sn). These compounds
feature the same electronic structure as the class a compounds. A certain extent of T(N—E)
donation is indicated in these compounds, which is, however, much smaller than in Fischer-
type aminocarbyne complexes and does not influence the M=E bond lengths.

Finally, an extensive study of the potential energy hypersurface varying the M—E—C
angles revealed metallotetrylene isomers with M—E—C bond angles of around 95°. Inter-
estingly, these isomers are energetically favored for M = Pd, Pt and E = Sn, Pb over their
less bent isomers by 13-29 kJ-mol !

Supplementary Materials: The supporting information is available at: https://www.mdpi.com/
article/10.3390/inorganics11030129/s1 and contains structural parameters of the MER, MER-2, and
B-E complexes; comparisons of computational methods; selected canonical and localized molecular
orbitals of the MER and B-E complexes; spin—spin excitation energies of the MLz and ER fragments,
thermodynamically corrected dissociation energies of the MER complexes; and ETS-NOCVs of the
MER complexes.

Author Contributions: The data reported herein were produced and presented in equal parts by
L.R.M. and J.R. The results presented herein were obtained, analyzed, and discussed through close
collaboration of LR.M., J.R. and A.C.E. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.

Acknowledgments: We thank the Rheinische Friedrich-Wilhelms Universitdt Bonn for the financial
support of this work. We are very grateful to Ioannis Papazoglou for the synthesis and characteri-
zation of the discussed group 10 tetrylidyne complexes. We also highly acknowledge the scientific
exchange with Gregor Schnakenburg.

Conflicts of Interest: The authors declare no conflict of interest.



268 E. Appendix

Inorganics 2023, 11, 129 27 of 30

References and Notes

1.  Hashimoto, H.; Tobita, H. Recent Advances in the Chemistry of Transition Metal-Silicon/Germanium Triple-Bonded Complexes.
Coord. Chem. Rev. 2018, 355, 362-379. [CrossRef]

2. Saini, S.; Agarwal, A.; Bose, S.K. Transition Metal Chemistry of Heavier Group 14 Congener Triple-Bonded Complexes: Syntheses
and Reactivity. Dalton Trans. 2020, 49, 17055-17075. [CrossRef]

3. Fischer, E.O.; Kreis, G.; Kreiter, C.G.; Miiller, J.; Huttner, G.; Lorenz, H. trans-Halogeno[alkyl(aryl)carbyne]tetracarbonyl
Complexes of Chromium, Molybdenum, and Tungsten—A New Class of Compounds Having a Transition Metal-Carbon Triple
Bond. Angew. Chem. Int. Ed. Engl. 1973, 12, 564-565. [CrossRef]

4. Fischer, E.O. Auf dem Weg zu Carben- und Carbin-Komplexen (Nobel-Vortrag). Angew. Chem. 1974, 86, 651-663. [CrossRef]

5. Kim, H.P; Angelici, R.J. Transition Metal Complexes with Terminal Carbyne Ligands. In Advances in Organometallic Chemistry;
Elsevier: Amsterdam, The Netherlands, 1987; Volume 27, pp. 51-111. ISBN 978-0-12-031127-9.

6.  Fischer, H.; Hofmann, P.; Kreissl, FR.; Schrock, R.R.; Schubert, U.; Weiss, K. Carbyne Complexes; Wiley-VCH: Weinheim,
Germany, 1988.

7. Mayr, A.; Hoffmeister, H. Recent Advances in the Chemistry of Metal-Carbon Triple Bonds. In Advances in Organometallic
Chemistry; Elsevier: Amsterdam, The Netherlands, 1991; Volume 32, pp. 227-324. ISBN 978-0-12-031132-3.

8.  Simons, R.S.; Power, PP. (1°-C5H5)(CO),MoGeCgH3-2,6-Mes,: A Transition-Metal Germylyne Complex. J. Am. Chem. Soc. 1996,
118, 11966-11967. [CrossRef]

9.  Pu, L,; Twamley, B.; Haubrich, S.T.; Olmstead, M.M.; Mork, B.V.; Simons, R.S.; Power, PP. Triple Bonding to Germanium:
Characterization of the Transition Metal Germylynes (n%-CsH;5)(CO);M=Ge-C¢Hj-2,6-Mes, (M = Mo, W; Mes = C¢Hj-2,4,6-
Mes) and (n°-Cs5Hs)(CO);M=Ge-CgHj3-2,6-Trip, (M = Cr, Mo, W; Trip = C4H,-2,4,6-i-Pr3) and the Related Single Bonded
Metallogermylenes (n°-C5Hs)(CO)3M-Ge-CgHj3-2,6-Trip, (M = Cr, W). J. Am. Chem. Soc. 2000, 122, 650-656. [CrossRef]

10. Filippou, A.C.; Philippopoulos, A.L; Portius, P.; Neumann, D.U. Synthesis and Structure of the Germylyne Complexes trans-
[X(dppe)ZWEGe(nl-Cp*)] (X =Cl, Br, I) and Comparison of the W=E Bonds (E = C, Ge) by Density Functional Calculations. Angew.
Chem. Int. Ed. 2000, 39, 2778-2781. [CrossRef]

11.  Filippou, A.C.; Portius, P.; Philippopoulos, A.l. Molybdenum and Tungsten Germylyne Complexes of the General Formula
tmns—[X(dppe)zMEGe—(nl—Cp*)] (X =Cl, Br, I; dppe = Ph,PCH,CH,PPhy; Cp* = CsMes): Syntheses, Molecular Structures, and
Bonding Features of the Germylyne Ligand. Organometallics 2002, 21, 653—-661. [CrossRef]

12.  Filippou, A.C.; Philippopoulos, A L; Portius, P.; Schnakenburg, G. Halide Substitution Reactions of the Germylidyne Complexes
trans-[X(dppe), W=Ge(n'-Cp*)] (X = Cl, I; dppe = PhyPCH,CH,PPh,; Cp* = CsMes). Organometallics 2004, 23, 4503-4512.
[CrossRef]

13.  Filippou, A.C.; Schnakenburg, G.; Philippopoulos, A.IL;; Weidemann, N. Ge, Trapped by Triple Bonds between Two Metal
Centers: The Germylidyne Complexes trans,trans-[Cl(depe);M=Ge-Ge=M(depe),Cl] (M = Mo, W) and Bonding Analyses of the
M=Ge-Ge=M Chain. Angew. Chem. Int. Ed. 2005, 44, 5979-5985. [CrossRef]

14. Filippou, A.C.; Weidemann, N.; Philippopoulos, A.L; Schnakenburg, G. Activation of Aryl Germanium(II) Chlorides by
[Mo(PMe3)g] and [W(n?-CH,PMe,)H(PMe3)s]: A New Route to Metal-Germanium Triple Bonds. Angew. Chem. Int. Ed.
2006, 45, 5987-5991. [CrossRef]

15.  Filippou, A.C.; Portius, P; Philippopoulos, A.L; Rohde, H. Triple Bonding to Tin: Synthesis and Characterization of the Stannylyne
Complex trans-[Cl(PMe3)sW=Sn-CcH3-2,6-Mes,|. Angew. Chem. Int. Ed. 2003, 42, 445-447. [CrossRef] [PubMed]

16. Filippou, A.C.; Philippopoulos, A.IL; Schnakenburg, G. Triple Bonding to Tin: Synthesis and Characterization of the Square-
Pyramidal Stannylyne Complex Cation [(dppe), W=Sn-CsH3-2,6-Mes;]* (dppe = Ph,PCH,CH,PPh;, Mes = C4H,-2,4,6-Me3).
Organometallics 2003, 22, 3339-3341. [CrossRef]

17.  Filippou, A.C.; Weidemann, N.; Schnakenburg, G.; Rohde, H.; Philippopoulos, A.l. Tungsten-Lead Triple Bonds: Syntheses,
Structures, and Coordination Chemistry of the Plumbylidyne Complexes trans-[X(PMe3 ), W=Pb(2,6-Trip,C¢H3)]. Angew. Chem.
Int. Ed. 2004, 43, 6512-6516. [CrossRef] [PubMed]

18. Filippou, A.C; Rohde, H.; Schnakenburg, G. Triple Bond to Lead: Synthesis and Characterization of the Plumbylidyne Complex
trans-[Br(PMez)sMo=Pb-CcH3-2,6-Tripy]. Angew. Chem. Int. Ed. 2004, 43, 2243-2247. [CrossRef]

19. Filippou, A.C.; Weidermann, N.; Schnakenburg, G. Tungsten-Mediated Activation of a Pb-N Bond: A New Route to Tungsten-
Lead Triple Bonds. Angew. Chem. Int. Ed. 2008, 47, 5799-5802. [CrossRef]

20. Filippou, A.C.; Chernov, O.; Stumpf, K.W.; Schnakenburg, G. Metal-Silicon Triple Bonds: The Molybdenum Silylidyne Complex
[Cp(CO);Mo=Si-R]. Angew. Chem. Int. Ed. 2010, 49, 3296-3300. [CrossRef]

21. Filippou, A.C.; Baars, B.; Chernov, O.; Lebedev, Y.N.; Schnakenburg, G. Silicon-Oxygen Double Bonds: A Stable Silanone with a
Trigonal-Planar Coordinated Silicon Center. Angew. Chem. Int. Ed. 2014, 53, 565-570. [CrossRef] [PubMed]

22. Filippou, A.C.; Hoffmann, D.; Schnakenburg, G. Triple Bonds of Niobium with Silicon, Germaniun and Tin: The Tetrylidyne
Complexes [(k*-tmps)(CO),Nb=E-R] (E = Si, Ge, Sn; tmps = MeSi(CH,PMe)3; R = aryl). Chen. Sci. 2017, 8, 6290-6299. [CrossRef]
[PubMed]

23. Ghana, P; Arz, M.L; Chakraborty, U.; Schnakenburg, G.; Filippou, A.C. Linearly Two-Coordinated Silicon: Transition Metal
Complexes with the Functional Groups M=5Si-M and M=Si=M. ]. Am. Chem. Soc. 2018, 140, 7187-7198. [CrossRef]



269

Inorganics 2023, 11, 129 28 of 30

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Ghana, P.; Arz, M.I,; Schnakenburg, G.; Straimann, M.; Filippou, A.C. Metal-Silicon Triple Bonds: Access to [Si(ns—C5Me5)]Jr from
SiXp(NHC) and Its Conversion to the Silylidyne Complex [TpMe(Co)zMOSi(T]3—C5M85)] (TpMe = k3NN’ ,N”-hydridotris(3,5-
dimethyl-1-pyrazolyl)borate). Organometallics 2018, 37, 772-780. [CrossRef]

Mork, B.V,; Tilley, T.D. Multiple Bonding Between Silicon and Molybdenum: A Transition-Metal Complex with Considerable
Silylyne Character. Angew. Chem. Int. Ed. 2003, 42, 357-360. [CrossRef] [PubMed]

Hayes, P.G.; Xu, Z.; Beddie, C.; Keith, ].M.; Hall, M.B.; Tilley, T.D. The Osmium-Silicon Triple Bond: Synthesis, Characterization,
and Reactivity of an Osmium Silylyne Complex. J. Am. Chem. Soc. 2013, 135, 11780-11783. [CrossRef]

Fukuda, T.; Yoshimoto, T.; Hashimoto, H.; Tobita, H. Synthesis of a Tungsten-Silylyne Complex via Stepwise Proton and Hydride
Abstraction from a Hydrido Hydrosilylene Complex. Organometallics 2016, 35, 921-924. [CrossRef]

Yoshimoto, T.; Hashimoto, H.; Hayakawa, N.; Matsuo, T.; Tobita, H. A Silylyne Tungsten Complex Having an Eind Group on
Silicon: Its Dimer-Monomer Equilibrium and Cycloaddition Reactions with Carbodiimide and Diaryl Ketones. Organometallics
2016, 35, 3444-3447. [CrossRef]

Diibek, G.; Hanusch, F.; Munz, D.; Inoue, S. An Air-Stable Heterobimetallic SiyM; Tetrahedral Cluster. Angew. Chem. Int. Ed.
2020, 59, 5823-5829. [CrossRef]

Vyboishchikov, S.E; Frenking, G. Structure and Bonding of Low-Valent (Fischer-Type) and High-Valent (Schrock-Type) Transition
Metal Carbyne Complexes. Chem.—Eur. ]. 1998, 4, 1439-1448.

Lein, M.; Szabd, A.; Kovacs, A.; Frenking, G. Energy Decomposition Analysis of the Chemical Bond in Main Group and Transition
Metal Compounds. Faraday Discuss. 2003, 124, 365-378. [CrossRef]

Pandey, KK.; Lein, M.; Frenking, G. Metal Germylyne Complexes [M=Ge-R] and Metallogermylenes [M-Ge-R]: DFT Analysis of
the Systems [(Cp)(CO),M=GeMe] (M = Cr, Mo, W, Fe?*,n=2;M=Fe,n=1) and [(Cp)(CO) M-GeMe] (M = Cr, Mo, W, n =3;
M =Fe, n=2). ]. Am. Chem. Soc. 2003, 125, 1660-1668. [CrossRef]

Pandey, K K.; Lledés, A. Linear M=E—Me Versus Bent M—E—Me: Bonding Analysis in Heavier Metal-Ylidyne Complexes
[(Cp)(CO);M=EMe] and Metallo-Ylidenes [(Cp)(CO)sM-EMe] (M = Cr, Mo, W; E = Si, Ge, Sn, Pb). Inorg. Chem. 2009, 48,
2748-2759. [CrossRef]

Pandey, K.K; Patidar, P. Insights into the Nature of M=E Bonds in [(PMe3)sM=E(Mes)]* (M = Mo, W) and [(PMe3)s W=E(Mes)]*:
A Dispersion-Corrected DFT Study. RSC Adv. 2014, 4, 13034. [CrossRef]

Dewar, M.J.S. A Review of the -Complex Theory. Bull. Soc. Chim. Fr. 1951, 18, C71-C79.

Chatt, J.; Duncanson, L.A. 586. Olefin Co-Ordination Compounds. Part IIl. Infra-Red Spectra and Structure: Attempted
Preparation of Acetylene Complexes. J. Chem. Soc. (Resumed) 1953, 2939-2947. [CrossRef]

Guggenberger, L.J.; Schrock, R.R. A Tantalum Carbyne Complex. . Am. Chem. Soc. 1975, 97, 2935. [CrossRef]

Schrock, R.R. Multiple Metal-Carbon Bonds for Catalytic Metathesis Reactions (Nobel Lecture). Angew. Chem. Int. Ed. 2006, 45,
3748-3759. [CrossRef] [PubMed]

Filippou, A.C.; Barandov, A.; Schnakenburg, G.; Lewall, B.; van Gastel, M.; Marchanka, A. Open-Shell Complexes Containing
Metal-Germanium Triple Bonds. Angew. Chem. Int. Ed. 2012, 51, 789-793. [CrossRef]

Filippou, A.C.; Stumpf, KW.; Chernov, O.; Schnakenburg, G. Metal Activation of a Germylenoid, a New Approach to Metal-
Germanium Triple Bonds: Synthesis and Reactions of the Germylidyne Complexes [Cp(CO),M=Ge-C(SiMe3)3] (M = Mo, W).
Organometallics 2012, 31, 748-755. [CrossRef]

Hicks, J.; Hadlington, T.J.; Schenk, C.; Li, J.; Jones, C. Utilizing Steric Bulk to Stabilize Molybdenum Aminogermylyne and
Aminogermylene Complexes. Organometallics 2013, 32, 323-329. [CrossRef]

Fukuda, T.; Hashimoto, H.; Tobita, H. Reactions of a Tungsten-Germylyne Complex with Alcohols and Arylaldehydes. Chem.
Commun. 2013, 49, 4232-4234. [CrossRef]

Wienkenhover, N. 1,2-Dibromodisilenes: A Rich Source for Titanium Silylidyne Complexes, Acyclic Silylenes and Disilyne
Dianions. Dissertation (Dr. rer. nat.), University of Bonn, Bonn, Germany, 2017.

Arizpe, L. Synthesis and Characterization of Complexes Featuring Tantalum-Germanium Multiple Bonds. Dissertation (Dr. rer.
nat.), University of Bonn, Bonn, Germany, 2019.

Filippou, A.C.; Chakraborty, U.; Schnakenburg, G. Rhenium-Germanium Triple Bonds: Syntheses and Reactions of the Germyli-
dyne Complexes mer-[Xy(PMe3)sRe=Ge-R] (X = Cl, I, H; R = m-terphenyl). Chem.—Eur. |. 2013, 19, 5676-5686. [CrossRef]
Chakraborty, U. Multiple Bonds between Group 7 Transition Metals and Heavier Tetrel Elements (Ge-Pb). Dissertation (Dr. rer.
nat.), University of Bonn, Bonn, Germany, 2013.

Filippou, A.C.; Ghana, P.; Chakraborty, U.; Schnakenburg, G. Manganese-Tin Triple Bonds: A New Synthetic Route to the
Manganese Stannylidyne Complex Cation trans-[H(dmpe),Mn=Sn(C¢Hj3-2,6-Mes;)]* (dmpe = Me,PCH,CH,PMe,, Mes =
2,4,6-trimethylphenyl). J. Am. Chem. Soc. 2013, 135, 11525-11528. [CrossRef] [PubMed]

Blom, B. Reactivity of Ylenes at Late Transition Metal Centers. Dissertation (Dr. rer. nat.), University of Bonn, Bonn,
Germany, 2011.

Lebedev, Y.N. Multiple Bonding of Low-Valent Silicon and Germanium to Group 6 and 9 Metals. Dissertation (Dr. rer. nat.),
University of Bonn, Bonn, Germany, 2014.

Widemann, M.; Eichele, K.; Schubert, H.; Sindlinger, C.P.; Klenner, S.; Pottgen, R.; Wesemann, L. Synthesis and Hydrogenation of
Heavy Homologues of Rhodium Carbynes: [(Me3P),(Ph3P)Rh=E-Ar*] (E = Sn, Pb). Angew. Chem. Int. Ed. 2021, 60, 5882-5889.
[CrossRef]



270 E. Appendix

Inorganics 2023, 11, 129 29 of 30

51. Fischer, E.O.; Schneider, J.R. Ubergangsmetallcarbin—komplexe. J. Organomet. Chem. 1985, 295, c29—-c34. [CrossRef]

52. Papazoglou, I. Unprecedented Tetrylidyne Complexes of Group 6 and 10 Metals. Dissertation (Dr. rer. nat.), University of Bonn,
Bonn, Germany, 2016.

53. Keil, PM.; Hadlington, TJ. Accessing Cationic Tetrylene-Nickel(0) Systems Featuring Donor-Acceptor E-Ni Triple Bonds (E = Ge,
Sn). Chem. Commun. 2022, 58,3011-3014. [CrossRef] [PubMed]

54. Watanabe, C.; Inagawa, Y.; Iwamoto, T.; Kira, M. Synthesis and Structures of (Dialkylsilylene)Bis(Phosphine)-Nickel, Palladium,
and Platinum Complexes and (n°-Arene)(Dialkylsilylene)Nickel Complexes. Dalton Trans. 2010, 39, 9414. [CrossRef]

55. A CSD survey (11.08.2022) gave 6 compounds with Ni=Si double bond lengths ranging from 209.4(1) pm to 222.41(5) pm with a
median and mean value of 215.1 pm and 216.4 pm, respectively

56. A CSD survey (11.08.2022) gave 5 compounds with Pt=Si double bond lengths ranging from 220.8(2) pm to 227.0(2) pm with a
median and mean value of 221.2 pm and 223.1 pm, respectively

57. A CSD survey (11.08.2022) gave 1 compound with a Ni=Sn double bond length of 238.7(2) pm

58. Tao,].M.; Perdew, ].P; Staroverov, V.N.; Scuseria, G.E. Climbing the Density Functional Ladder: Nonempirical Meta-Generalized
Gradient Approximation Designed for Molecules and Solids. Phys. Rev. Lett. 2003, 91, 146401. [CrossRef]

59. Zhao, Y.; Truhlar, D.G. Design of Density Functionals That Are Broadly Accurate for Thermochemistry, Thermochemical Kinetics,
and Nonbonded Interactions. J. Phys. Chem. 2005, 109, 5656-5667. [CrossRef]

60. Biihl, M.; Kabrede, H. Geometries of Transition-Metal Complexes from Density-Functional Theory. . Chem. Theory Comput. 2006,
2,1282-1290. [CrossRef]

61. Waller, M.P; Braun, H.; Hojdis, N.; Biihl, M. Geometries of Second-Row Transition-Metal Complexes from Density-Functional
Theory. J. Chem. Theory Comput. 2007, 3, 2234-2242. [CrossRef] [PubMed]

62. Biihl, M.; Reimann, C.; Pantazis, D.A.; Bredow, T.; Neese, F. Geometries of Third-Row Transition-Metal Complexes from
Density-Functional Theory. J. Chem. Theory Comput. 2008, 4, 1449-1459. [CrossRef]

63. Maurer, L.R.; Bursch, M.; Grimme, S.; Hansen, A. Assessing Density Functional Theory for Chemically Relevant Open-Shell
Transition Metal Reactions. J. Chem. Theory Comput. 2021, 17, 6134-6151. [CrossRef] [PubMed]

64. van Wiillen, C. Molecular Density Functional Calculations in the Regular Relativistic Approximation: Method, Application to
Coinage Metal Diatomics, Hydrides, Fluorides and Chlorides, and Comparison with First-Order Relativistic Calculations. J.
Chem. Phys. 1998, 109, 392-399. [CrossRef]

65. Andrae, D.; Hiuflermann, U.; Dolg, M.; Stoll, H.; Preuf}, H. Energy-Adjusted Ab-Initio Pseudopotentials for the Second and Third
Row Transition Elements. Theor. Chim. Acta 1990, 77, 123-141. [CrossRef]

66. Metz, B; Stoll, H.; Dolg, M. Small-Core Multiconfiguration-Dirac-Hartree-Fock-Adjusted Pseudopotentials for Post-d Main
Group Elements: Application to PbH and PbO. J. Chem. Phys. 2000, 113, 2563-2569. [CrossRef]

67. Hong, G.; Dolg, M,; Li, L. A Comparison of Scalar-Relativistic ZORA and DKH Density Functional Schemes: Monohydrides,
Monooxides and Monofluorides of La, Lu, Ac and Lr. Chem. Phys. Lett. 2001, 334, 396—402. [CrossRef]

68. Pyykko, P. Additive Covalent Radii for Single-, Double-, and Triple-Bonded Molecules and Tetrahedrally Bonded Crystals: A
Summary. J. Phys. Chem. A 2015, 119, 2326-2337. [CrossRef] [PubMed]

69. Bent, H.A. An Appraisal of Valence-Bond Structures and Hybridization in Compounds of the First-Row Elements. Chem. Rev.
1961, 61, 275-311. [CrossRef]

70. Power, PP. An Update on Multiple Bonding between Heavier Main Group Elements: The Importance of Pauli Repulsion,
Charge-Shift Character, and London Dispersion Force Effects. Organometallics 2020, 39, 4127-4138. [CrossRef]

71.  Kutzelnigg, W. Chemical Bonding in Higher Main Group Elements. Angew. Chem. Int. Ed. Engl. 1984, 23, 272-295. [CrossRef]

72. Desclaux, J.P. Relativistic Dirac-Fock Expectation Values for Atoms with Z =1 to Z = 120. At. Data Nucl. Data Tables 1973, 12,
311-406. [CrossRef]

73. Pandey, KK, Patidar, P.; Power, P.P. Structure and Bonding Energy Analysis of Cationic Metal-Ylyne Complexes of Molybdenum
and Tungsten, [(MeCN)(PMe3)sM=EMes]* (M = Mo, W; E = Si, Ge, Sn, Pb): A Theoretical Study. Inorg. Chem. 2011, 50, 7080-7089.
[CrossRef]

74. Schubert, U.; Fischer, E.O.; Wittmann, D. Structure of [(CO);CrNEt;]BF,, a Key Organometallic Compound; Reaction to Give the
Carbene Complex(CO)5;CrC(AsPhy)NEty. Angew. Chem. Int. Ed. Engl. 1980, 19, 643-644. [CrossRef]

75.  Kostic, N.; Fenske, R. Molecular Orbital Calculations on Carbyne Complexes CpMn(CO),CR* and (CO);CrCNEt,*. Frontier-
Controlled Nucleophilic Addition to Metal-Carbon Triple Bond. J. Am. Chem. Soc. 1981, 103, 4677-4685. [CrossRef]

76. Filippou, A.C.; Griinleitner, W.; Fischer, E.O.; Imhof, W.; Huttner, G. Ubergangsmetall—Carbin-Komplexe: XCIX. Synthese und
Rontgenstruktur von (n?-Cs5Mej5)(CO),Mo=CNEt,, dem ersten niedervalenten Diethylaminocarbin-Komplex von Molybdan mit
einem Pentamethylcyclopentadienyl-Liganden. . Organomet. Chem. 1991, 413, 165-179. [CrossRef]

77. Filippou, A.C; Portius, P; Jankowski, C. Aminomethylene Complexes of Molybdenum(IV) and Tungsten(IV) Bearing 1,2-
Dithiolato Ligands. J. Organomet. Chem. 2001, 617618, 656-670. [CrossRef]

78. Biancalana, L.; Marchetti, . Aminocarbyne Ligands in Organometallic Chemistry. Coord. Chem. Rev. 2021, 449, 214203. [CrossRef]

79. Pipek, J.; Mezey, P.G. A Fast Intrinsic Localization Procedure Applicable for ab initio and Semiempirical Linear Combination of
Atomic Orbital Wave Functions. J. Chem. Phys. 1989, 90, 4916-4926. [CrossRef]

80. Weiss, K. Catalytic Reactions of Carbyne Complexes. In Carbyne Complexes; VCH Verlagsgesellschaft: Weinheim, Germany; VCH
Publishers: New York, NY, USA, 1988; p. 205.



271

Inorganics 2023, 11, 129 30 of 30

81. Ervin, KM.; Gronert, S.; Barlow, S.E.; Gilles, M.K.; Harrison, A.G.; Bierbaum, V.M.; DePuy, C.H.; Lineberger, W.C.; Ellison, G.B.
Bond Strengths of Ethylene and Acetylene. J. Am. Chem. Soc. 1990, 112, 5750-5759. [CrossRef]

82. Lai, TY;; Tao, L.; Britt, R.D.; Power, P.P. Reversible Sn-Sn Triple Bond Dissociation in a Distannyne: Support for Charge-Shift
Bonding Character. ]. Am. Chem. Soc. 2019, 141, 12527-12530. [CrossRef]

83. Ziegler, T.; Rauk, A. On the Calculation of Bonding Energies by the Hartree Fock Slater Method: L. The Transition State Method.
Theor. Chim. Acta 1977, 46, 1-10. [CrossRef]

84. Michalak, A.; Mitoraj, M.; Ziegler, T. Bond Orbitals from Chemical Valence Theory. |. Phys. Chem. A 2008, 112, 1933-1939.
[CrossRef]

85. Mitoraj, M.P.,; Michalak, A.; Ziegler, T. A Combined Charge and Energy Decomposition Scheme for Bond Analysis. J. Chem.
Theory Comput. 2009, 5, 962-975. [CrossRef] [PubMed]

86. Okuniewski, A.; Rosiak, D.; Chojnacki, J.; Becker, B. Coordination Polymers and Molecular Structures among Complexes of
Mercury(Il) Halides with Selected 1-Benzoylthioureas. Polyhedron 2015, 90, 47-57. [CrossRef]

87. Neese, F. Software Update: The ORCA Program System—Version 5.0. WIREs Comput. Mol. Sci. 2022, 12, e1606. [CrossRef]

88. Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and Accurate Ab Initio Parametrization of Density Functional
Dispersion Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010, 132, 154104. [CrossRef] [PubMed]

89. Grimme, S,; Ehrlich, S.; Goerigk, L. Effect of the Damping Function in Dispersion Corrected Density Functional Theory. J. Comput.
Chem. 2011, 32, 1456-1465. [CrossRef] [PubMed]

90. Axilrod, B.M.; Teller, E. Interaction of the van Der Waals Type Between Three Atoms. J. Chem. Phys. 1943, 11, 299-300. [CrossRef]

91. Muto, Y. Force between Nonpolar Molecules. Proc. Phys. Math. Soc. Jpn. 1943, 17, 629-631.

92.  Weigend, F,; Ahlrichs, R. Balanced Basis Sets of Split Valence, Triple Zeta Valence and Quadruple Zeta Valence Quality for H to
Rn: Design and Assessment of Accuracy. Phys. Chem. Chem. Phys. 2005, 7, 3297-3305. [CrossRef]

93. Goerigk, L.; Grimme, S. Efficient and Accurate Double-Hybrid-Meta-GGA Density Functionals—Evaluation with the Extended
GMTKNB30 Database for General Main Group Thermochemistry, Kinetics, and Noncovalent Interactions. J. Chem. Theory Comput.
2011, 7, 291-309. [CrossRef]

94. Vahtras, O.; Almlof, ].; Feyereisen, M.W. Integral Approximations for LCAO-SCF Calculations. Chem. Phys. Lett. 1993, 213,
514-518. [CrossRef]

95. Weigend, F,; Kattannek, M.; Ahlrichs, R. Approximated Electron Repulsion Integrals: Cholesky Decomposition versus Resolution
of the Identity Methods. J. Chem. Phys. 2009, 130, 164106. [CrossRef]

96. Weigend, F. Hartree-Fock Exchange Fitting Basis Sets for H to Rn. J. Comput. Chem. 2008, 29, 167-175. [CrossRef]

97. Hellweg, A.; Hittig, C.; Hofener, S.; Klopper, W. Optimized Accurate Auxiliary Basis Sets for RI-MP2 and RI-CC2 Calculations
for the Atoms Rb to Rn. Theor. Chem. Acc. 2007, 117, 587-597. [CrossRef]

98. Glendening, E.D.; Badenhoop, J.K.; Reed, A.E.; Carpenter, ].E.; Bohmann, J.A.; Morales, C.M.; Karafiloglou, P.; Landis, C.R,;
Weinhold, F. NBO 7.0; 2018.

99. te Velde, G.; Bickelhaupt, EM.; Baerends, E.J.; Fonseca Guerra, C.; van Gisbergen, S.J.A.; Snijders, ].G.; Ziegler, T. Chemistry with
ADE. J. Comput. Chem. 2001, 22, 931-967. [CrossRef]

100. Baerends, E.J.; Ziegler, T.; Atkins, A.J.; Autschbach, J.; Baseggio, O.; Bashford, D.; Bérces, A.; Bickelhaupt, EM.; Bo, C.;
Boerrigter, PM.; et al. ADF; 2021.

101. Van Lenthe, E.; Baerends, E.]. Optimized Slater-Type Basis Sets for the Elements 1-118. |. Comput. Chem. 2003, 24, 1142-1156.
[CrossRef] [PubMed]

102. Lu, T.; Chen, F. Multiwfn: A Multifunctional Wavefunction Analyzer. ]. Comput. Chem. 2012, 33, 580-592. [CrossRef]

103. Pettersen, E.F; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera—A Visualiza-

tion System for Exploratory Research and Analysis. J. Comput. Chem. 2004, 25, 1605-1612. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



272 E. Appendix
Supporting Information
The Electronic Nature of Cationic Group 10 Ylidyne Complexes
Leonard R. Maurer'3, Jens Rump?3t and Alexander C. Filippou®*
! E-Mail: L maurer@uni-bonn.de
2 E-Mail: jens.rump@uni-bonn.de
3 Institute of Inorganic Chemistry, University of Bonn, D-53121 Bonn, Germany
* Correspondence: filippou@uni-bonn.de
* Contributed equally to this work and are joint first authors
Table of Contents

1) Structural parameters of tetrylidyne complexes [M=E-R]* and their metallotetrylene
ISOMETS [IMmERI¥ ettt ettt sttt e 2
2) Influence of other levels of theory on the structures of NiSiTbb, NiSnArMes and
PEGEAIMES ... s 4
3) Comparison of methods for treating relativistic effects.........c.cccccoeeveeeeinnnnnnncccccenne 4
4) Calculated and experimental data of compounds B-Ge and B-Sn.............ccccooovvinninnnns 5
5) Selected canonical MOs of compounds MER.........c.cccccoriiiiiiiiieiirreeecceeenenes 6
6) Selected Pipek-Mezey localized MOs of compounds MER .............cccccooviiiiiiinnnininnnc. 23
7)  Selected canonical and localized MOs of compounds B-Ge and B-Sn ................c.ccoo.... 31
8) Spin-spin excitation energies for the fragments of compounds MER ...............ccccccevnnnnee. 32
9)  BCEs and BDES Of MISTATIMES . .......cooiirieirieiiieieieieteteieste ettt ettt et s e sans 33
10)  Thermodynamically corrected BDES.........ccccccocvuviiiiininiiiiicciceeisseccnceee e 33
11)  EDA components of the interaction energy of MER.............ccccccccovivnnnnnicicnnnen, 35
12)  ETS-NOCV deformation densities of compounds MER ..............ccccccvuvviiiiicncnnnne. 36
13)  Metallotetrylene isomers MER-2 as found by PES scans ..........cccoueeceiiicieiniicieiecnen, 47



273

1) Structural parameters of tetrylidyne complexes [M=E-R]* and their metallotetrylene isomers

[M-E-R]*

Me;P2 — Me;P2 —

4 ..
MesP1lliM=—=E—C{ R' MesP1iM—EiC R'
{ / { /

\

Me3P3 Me3P3

R
tetrylidyne complex isomer metallotetrylene isomer
Figure S1. Lewis representations for the numbering of the tetrylidyne complexes and metallotetrylene isomers.

The geometry index 74 is used to distinguish whether the geometry of the coordination centre
M is planar or tetrahedral. The formula is:

_ p-a +180°—B
T360°—9  180°—19

Ty

where p>a are the two greatest valence angles of the coordination centre;
9 = cos™(-1/3) = 109.5° is a tetrahedral angle.[1] When 74 is close to 0 the structure is similar to
square planar, while if 74 is close to 1 then the structure is similar to tetrahedral.
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Table S1. Selected bond parameters of level of theory I optimized gas-phase structures (calc.) and structures

obtained experimentally by single crystal X-ray diffraction (exp.) of group 10 tetrylidyne complexes. Bond lengths

and angles are given in pm and deg, respectively.

compound M-E E-C1 M-E-C1 M-P1  M-P2 M-P3 T
NiCArVes (calc.) 169.1 1413 168.4 2219 2245 226.4 0.80
NiSiTbbey (exp.) ~ 203.11(7) 183.8(2) 172.40(8) 218.96(8) 220.04(7) 220.54(8) 0.93
NiSiTbb (calc.) 204.5 184.0 167.2 219.8 217 221.9 0.92
NiSiArMes (calc.) 204.2 186.6 163.8 219.0 2219 2224 0.90
, 21040(6) 194.6(4) 16492)  2161(1) 2203(1)  220.1(1) 091
NiGeAr™ew (&XP-) 510 20(6) 195.0&4; 166.58 218.121; 218.78 220.421; 0.91
NiGeArMes (calc) 2133 197.1 165.3 219.4 217 222.0 0.91
NiSnArVeep (exp.)  228.08(9)  214.0(5)  165.1(2) iigg iig:gg; ;igig 8:38
NiSnArves (calc)  235.1 219.4 150.9 217.5 214 2223 0.92
NiPbArMes (calc)  244.9 229.7 142.7 216.7 221.1 222.0 0.92
PACAr™es (calc.) 182.0 140.9 168.4 235.2 237.7 239.8 0.77
PdSiTbb (calc.) 215.1 184.0 163.1 2343 2377 238.0 0.89
PdSiArve (calc)  216.1 187.6 150.7 232.0 238.0 239.3 0.86
PdGeArMe (calc)  227.9 199.5 144.9 231.2 23742 2386 0.87
PdSnArVe (calc) 2516 222.9 134.4 230.5 236.8 238.8 0.87
PdPbArVe (calc)  263.1 232.4 129.6 230.2 236.3 238.6 0.83
PtCArVe (calc.) 179.9 1412 175.1 235.4 236.3 237.8 0.79
PtSiTbbey (exp.)  21343(7) 184.2(3) 173.83(9) 231.81(8) 232.65(7) 232.81(8) 0.93
PtSiTbb (calc.) 215.8 183.8 168.1 232.3 234.8 234.7 0.90
PtSiArves (calc.) 2157 186.3 166.1 2314 234.6 235.4 0.88
22242(7)  1947(7) 161.8(2)  2268(2) 2323(2)  2314(Q2)  0.89
PtGeAr™en (XP)  10r608)  1952(7) 1633(2)  22882) 2303(3)  2322(2) 088
PtGeArMes (calc)  228.4 198.9 149.7 229.0 234.0 235.6 0.88
PtSnArVe (calc)  255.1 223.9 132.1 228.6 234.0 235.8 0.83
PtPbArves (calc) 2677 233.1 127.3 2287 233.4 235.4 0.79

2: Due to structural disorder of the PMes ligands the Ni-P bond lengths of NiSnArMesey, vary in a wide range and

are inaccurate.
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Table S2. Selected bond parameters of level of theory I optimized gas-phase (calc.) structures of group 10

metallotetrylenes. Bond lengths and angles are given in pm and deg, respectively.

compound M-E E-C1 M-E—C1 M-P1 M-P2 M-P3 T4

NiCArMes-2 (calc.) 180.6 145.0 99.7 232.3 225.0 223.8 0.51
NiSiTbb-2 (calc.) - - - - - - -

NiSiArMes-2 (calc.) - - - - - - -

NiGeArMes-2 (calc.) 235.9 204.0 95.1 229.5 221.0 220.7 0.51
NiSnArMes-2 (calc.) 256.3 224.3 96.0 226.8 219.2 219.5 0.54
NiPbArMes-2 (calc.) 264.2 234.3 94.8 225.5 218.8 219.0 0.54
PACArMes-2 (calc.) 194.7 144.4 103.8 248.0 239.3 237.6 0.44
PdSiTbb-2 (calc.) 235.1 189.7 98.8 253.9 236.7 235.0 0.50
PdSiArMes-2 (calc.) 232.4 191.0 87.9 248.6 237.0 235.9 0.61
PdGeArMes-2 (calc.) 246.4 202.7 90.6 247.9 236.9 236.8 0.50
PdSnArMes-2 (calc.) 270.3 223.6 93.1 246.7 234.6 234.9 0.44
PdPbArMes-2 (calc.) 277.4 232.7 93.6 244.0 233.3 233.8 0.43
PtCArMes-2 (calc.) 196.4 145.1 108.9 245.2 234.7 233.4 0.43
PtSiTbb-2 (calc.) 239.0 191.0 101.0 250.0 230.6 232.2 0.49
PtSiArMes-2 (calc.) 238.1 192.5 100.0 249.0 232.2 232.0 0.42
PtGeArMes-2 (calc.) 250.7 204.0 98.7 245.0 231.8 231.7 0.41
PtSnArMes-2 (calc.) 274.3 2254 96.9 243.1 231.4 231.4 0.42
PtPbArMes-2 (calc.) 281.9 233.7 94.3 241.3 230.6 230.8 0.43

2) Influence of other levels of theory on the structures of NiSiTbb, NiSnArMe and

PtGeArMes

Table S3. Selected bond parameters of the optimized gas-phase structures of NiSiTbb, NiSnArMes and
PtGeArMe . Bond lengths and angles are given in pm and deg, respectively. The minimum nature of the TPSS-
and PW6B95-optimized structures was not confirmed by successive numerical frequency calculations.

compound level of theory M-E E-C M-E-C1
B97-D3(BJ)-ATM/def2-TZVP 204.5 184.0 167.2
NiSiTbb TPSS-D3(BJ)-ATM/def2-TZVP 204.0 183.6 167.7
PW6B95-D3(BJ)-ATM/def2-TZVP 201.2 182.6 165.2
B97-D3(BJ)-ATM/def2-TZVP 235.1 219.4 150.9
NiSnArMes TPSS-D3(B])-ATM/def2-TZVP 232.4 217.4 149.3
PW6B95-D3(BJ)-ATM/def2-TZVP 231.3 217.1 149.8
B97-D3(BJ)-ATM/def2-TZVP 228.4 198.9 149.7
PtGeArMes TPSS-D3(BJ)-ATM/def2-TZVP 226.7 197.2 151.3
PW6B95-D3(BJ)-ATM/def2-TZVP 225.4 196.2 150.2

3) Comparison of methods for treating relativistic effects

The compound that is influenced most by relativistic effects is presumed to be PtPbArMes with two
elements of the sixth period. As can be seen in Table 54 the differences in the structural parameters
obtained by using ECPs and the ZORA method are small. It is expected that the more accurate
ZORA method would improve the results, but this is outmatched here by the great cost/benefit ratio

of the ECPs.
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Table S4. Comparison of the structure of PtPbArMes with electronic core potentials (ECP) or explicit relativistic
treatment by the Zero Order Regular Approximation (ZERO) method. Bond lengths and angles are given in pm
and deg, respectively.

PtPbArMes Pt-Pb Pb-C1 Pt-P1 Pt-P2 Pt-P3 Pt-Pb—Cl1
ECP 267.7 233.1 235.4 228.7 233.4 127.3
ZORA 266.4 233.1 233.7 227.5 232.0 128.3

4) Calculated and experimental data of compounds B-Ge and B-Sn

Table S5. Comparison of selected structural parameters of theoretically and experimentally obtained
structures of compounds B-Ge and B-Sn. The values for B-E” and B-Eexp were taken from ref. [2]. B-Ge-PMes
refers to [(PMes)sNi=GeN(Si'Prs)(Dipp)]*. Bond lengths and angles are given in pm and deg, respectively.

compound level of theory M-E E-N M-E-N
B-Ge-PMes  B97-D3(B])-ATM/def2-TZVP 214.2 184.9 163.7
B-Ge B97-D3(BJ)-ATM/def2-TZVP 218.3 186.4 173.4
B-Ge’ wB97XD/def2-SVP 212.7 181.0 174.3
(Ni,Ge: def2-TZVPP)

B-Geexp 215.9(1) 185.3(2) 175.9
B-Sn B97-D3(BJ)-ATM/def2-TZVP 239.6 209.1 167.8
B-Sn’ wB97XD/def2-SVP 232.8 202.6 169.3

(Ni,5n: def2-TZVPP)
B-Snexp 235.5(1) 206.6(6) 173.7




277

5) Selected canonical MOs of compounds MER

In all following figures the isosurface value is set to 0.04 e'2 Bohr-%? and hydrogen atoms are omitted
for clarity. Due to the Tbb and ArMes substituents enhancing the delocalized nature of the MOs, the same
sets of orbitals could not be depicted for each compound equally. This, in contrast, is much more
straightforward for the Pipek-Mezey localized MOs (vide infra).

o 0
QO

HOMO-29 [-11.68 eV]

HOMO-1 [-7.64 eV] HOMO [-7.37 eV]

</

LUMO [-5.65 eV] LUMO+1 [-5.23eV]
Figure S2. Selected canonical MOs of NiCArMes,
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HOMO [-7.35 eV]

LUMO [-5.55 eV] LUMO+1 [-5.08 eV]
Figure S3. Selected canonical MOs of PdCArMes,

o

HOMO [-7.45 eV]

LUMO [-5.22 eV] LUMO+1 [4.62 V]

Figure S4. Selected canonical MOs of PtCArMes,
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HOMO [-7.19 eV] LUMO [-5.15 eV] LUMO+1 [-4.91 eV]

Figure S5. Selected canonical MOs of NiSiTbb.
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HOMO-23 [-10.43 eV] HOMO-15 [-9.56 eV] HOMO-13 [-9.40 eV]

HOMO [-7.24 eV]

LUMO [-5.08 eV] LUMO+1 [-4.80 eV]

Figure S6. Selected canonical MOs of PdSiTbb.
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HOMO-2 [-7.44 eV] HOMO-1 [-7.27 eV] HOMO [-7.21 eV]

LUMO [-4.92 V] LUMO+1 [-4.51 eV]

Figure S7. Selected canonical MOs of PtSiTbb. The HOMO is depicted in a slightly different perspective for
better visibility of the orbital lobes.

10
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HOMO-11 [-9.62 eV] HOMO-10 [-9.07 eV] HOMO-8 [-8.61 eV]

HOMO-7 [-8.40 eV] HOMO-2 [-7.43 eV] HOMO-1 [-7.33 eV]

00

HOMO [-7.25 eV] LUMO [-5.37 eV] LUMO+1 [-4.93 eV]
Figure S8. Selected canonical MOs of NiSiArMes,

11
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HOMO-12 [-10.08 eV] HOMO-10 [9.66 eV] HOMO-9 [-9.38 eV]

HOMO [-7.29 eV] LUMO [-5.24 V] LUMO+1 [-4.80 eV]

Figure S9. Selected canonical MOs of PdSiArMes,

12
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°
o

<
L]

HOMO [-7.25 eV] LUMO [-5.13 eV] LUMO+1 [-4.55 eV]
Figure S10. Selected canonical MOs of PtSiArMes,

13
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HOMO-11 [-9.51 eV] HOMO-8 [-8.49 eV] HOMO-7 [-8.33 eV]

HOMO-2 [-7.41 eV] HOMO-1 [-7.30 eV] HOMO [-7.24 eV]

LUMO [-5.42 V] LUMO+1 [-5.05 eV]

Figure S11. Selected canonical MOs of NiGeArMes, Although difficult to see, the non-bonding m(M-E)-type
character in the HOMO is also present in the HOMO-1 and should not be mistaken for the m(M-E) bond.

14
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HOMO-9 [-9.27 eV]

HOMO-2 [7.56 eV] HOMO-1 [-7.36 eV] HOMO [-7.30 eV]

LUMO [-5.26 eV] LUMO+1 [-4.96 eV]

Figure S12. Selected canonical MOs of PdGeArMes,

15



287

HOMO-2 [-7.50 V] HOMO-1 [-7.32 eV] HOMO [-7.23 eV]

LUMO [-5.21 eV] LUMO+1 [-4.72 V]

Figure S13. Selected canonical MOs of PtGeArMes, The HOMO-1 is depicted in a different perspective for better
visibility of the orbital lobes.

16
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HOMO-2 [7.26 eV] HOMO-1 [-7.19 eV] HOMO [-7.12 eV]

LUMO [-5.38 V] LUMO+1 [-5.03 V]

Figure S14. Selected canonical MOs of NiSnArMes,

17
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HOMO-11 [-9.41 eV]

HOMO [-7.19 eV]

LUMO [-5.25 eV] LUMO+1 [-4.98 eV]
Figure S15. Selected canonical MOs of PASnArMes,

18
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HOMO-11 [-9.53 eV]

HOMO [-7.07 eV]

LUMO [-5.27 eV] LUMO+1 [-4.85 eV]
Figure S16. Selected canonical MOs of PtSnArMes,

19
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HOMO-11 [-8.74 eV] HOMO-5 [-8.06 eV] HOMO-3 [7.87 eV]

HOMO-2 [-7.21 eV] HOMO-1 [-7.15 eV] HOMO [-7.04 eV]

LUMO [-5.28 V] LUMO+1 [-4.98 V]

Figure S17. Selected canonical MOs of NiPbArMes,

20
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HOMO-11 [-9.15 eV] HOMO-10 [-9.10 eV] HOMO-9 [-8.89 eV]

HOMO-1 [-7.30 eV] HOMO [-7.10 eV]

LUMO [-5.20 eV] LUMO+1 [-4.98 eV]
Figure S18. Selected canonical MOs of PAPbArMes.

21
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HOMO-11 [-9.29 eV] HOMO-10 [-9.28 eV] HOMO-9 [-9.03 eV]

HOMO [-6.96 eV]

LUMO [-5.24 V] LUMO+1 [4.85 eV]

Figure S19. Selected canonical MOs of PtPbArMes,

22
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6) Selected Pipek-Mezey localized MOs of compounds MER

In all following figures the isosurface value is set to 0.04 e'2 Bohr”2 and hydrogen atoms are omitted
for clarity. For each localized MO, the attributed bond type and corresponding atomic Mulliken
populations are also given.

The o(M-P), o(E-C) and n(E-C) as well as the three lone pair type orbitals di(M), d2(M) and ds(M)
at the metal atom not used for m-bonding are plotted exemplary only for NiSiTbb and PtPbArMes
as they look very similar for all compounds, with only the participation of the E atom decreasing in
the m(E-C) type LMO according to the Mulliken populations.

o(Ni-C) Txe(Ni-C) Ttyz(Ni-C)
0.22 (Ni), 1.31 (C) 0.75 (Ni), 0.19 (C) 0.72 (Ni), 0.26 (C)
Figure S20. Selected Pipek-Mezey MOs of compound NiCArMes,

O'(Pd—c) ﬂxz(Pd—C) Nyz(Pd—C)
0.18 (Pd), 1.12 (C) 0.77 (Pd), 0.16 (C) 0.76 (Pd), 0.20 (C)

Figure S21. Selected Pipek-Mezey MOs of compound PdCArMes,

U(Pt—c) ﬂxz(Pt—C) ﬂyz(Pt—C)
0.25 (Pt), 1.30 (C) 0.74 (Pt), 0.21 (C) 0.72 (Pt), 0.26 (C)

Figure S22. Selected Pipek-Mezey MOs of compound PtCArMes,

23
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O'(Nl—sl) T[xz(Nl—sl) nyz(Nl—Sl)

0.19 (Ni), 0.80 (Si) 0.81 (Ni), 0.19 (Si) 0.79 (Nii), 0.19 (Si)

dxy(Ni) dx2-2(Ni) d-2(Ni)

0.93 (Ni), 0.00 (Si) 0.93 (Nii), 0.00 (Si) 0.93 (Nii), 0.04 (Si)

o(Ni-P1) o(Ni-P2) o(Ni-P3)

0.82 (P1), 0.13 (Ni) 0.83 (P2), 0.14 (Ni) 0.81 (P3), 0.13 (Ni)

_ (Si—C1)
0(Si-C1) e
0.42 (Si), 0.74 (C1) 8:}; E(S:l))%%(g))

Figure S23. Selected Pipek-Mezey MOs of compound NiSiTbb. Co = ortho carbon atoms of the phenyl
substituent.

24
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o(Pd-Si) Te(Pd-5i) Tty-(Pd-5i)
0.15 (Pd), 0.86 (Si) 0.83 (Pd), 0.13 (Si) 0.83 (Pd), 0.14 (Si)
Figure S24. Selected Pipek-Mezey MOs of compound PdSiTbb.

o(Pt-5i) Toe(Pt-5i) Ttyz(Pt-Si)
0.13 (Pt), 0.87 (Si) 0.81 (Pt), 0.14 (Si) 0.80 (Pt), 0.17 (Si)
Figure S25. Selected Pipek-Mezey MOs of compound PtSiTbb.

|®

O'(Nl—sl) TCyz(Nl—Sl) T(XZ(NI—SI)
0.20 (Ni), 0.81 (Si) 0.80 (Ni), 0.17 (Si) 0.80 (Ni), 0.16 (Si)
Figure S26. Selected Pipek-Mezey MOs of compound NiSiArMes,

25
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o(Pd-Si) Ttxa(Pd=Si) Ty(Pd-Si)
0.88 (Si) 0.82 (Pd), 0.15 (Si) 0.84 (Pd), 0.13 (Si)

Figure S27. Selected Pipek-Mezey MOs of compound PdSiArMes,

o(Pt-Si) Ty(Pt=Si) Toxo(Pt=Si)
0.14 (Pt), 0.88 (Si) 0.79 (Pt), 0.16 (Si) 0.81 (Pt), 0.15 (Si)

Figure S28. Selected Pipek-Mezey MOs of compound PtSiArMes,

o(Ni-Ge) mxz(Ni-Ge) Ttyz(Ni-Ge)
0.21 (Ni), 0.70 (Ge) 0.80 (Ni), 0.16 (Ge) 0.81 (Ni), 0.15 (Ge)

Figure S29. Selected Pipek-Mezey MOs of compound NiGeArMes,

26



298 E. Appendix

o(Pd-Ge) Txz(Pd-Ge) Ttyz(Pd-Ge)
0.16 (Pd), 0.89 (Ge) 0.82 (Pd), 0.13 (Ge) 0.85 (Pd), 0.11 (Ge)
Figure S30. Selected Pipek-Mezey MOs of compound PdGeArMe. Due to the M-E-C bending, the mx(Pd—Ge)
orbital appears distorted.

a(Pt-Ge) Txe(Pt=Ge) my(Pt-Ge)
0.05 (Pt), 0.92 (Ge) 0.80 (Pt), 0.14 (Ge) 0.83 (Pt), 0.12 (Ge)
Figure S31. Selected Pipek-Mezey MOs of compound PtGeArMes,

o(Ni-Sn) Tixz(Ni-Sn) Ttyz(Ni-Sn)
0.13 (Ni), 0.85 (Sn) 0.84 (Ni), 0.11 (Sn) 0.83 (Ni), 0.11 (Sn)
Figure S32. Selected Pipek-Mezey MOs of compound NiSnArMes,

27
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O'(Pd—Sn) dxz(Pd) dyz(Pd)
0.85 (Pd), 0.11 (Sn) 0.95 (Pd), 0.02 (Sn) 0.88 (Pd), 0.08 (Sn)

LP(Sn)
0.10 (Pd), 0.91 (Sn)

Figure S33. Selected Pipek-Mezey MOs of compound PdSnArMes,

O(Pt—Sn) dxz(Pt) dyz(Pt)
0.81 (Pt), 0.14 (Sn) 0.94 (Pt), 0.02 (Sn) 0.87 (Pt), 0.08 (Sn)

LP(Sn)
0.06 (Pt), 0.97 (Sn)

Figure S34. Selected Pipek-Mezey MOs of compound PtSnArMes,

28
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U(Nl—Pb) nxz(Nl—Pb) ﬂyz(Nl—Pb)
0.07 (Ni), 0.90 (Pb) 0.85 (Ni), 0.10 (Pb) 0.84 (Ni), 0.11 (Pb)
Figure S35. Selected Pipek-Mezey MOs of compound NiPbArMes,

0.86 (Pd), 0.10 (Pb) 0.95 (Pd), 0.02 (Pb) 0.90 (Pd), 0.06 (Pb)

LP(Pb)
0.05 (Pd), 0.93 (Pb)

Figure S36. Selected Pipek-Mezey MOs of compound PdPbArMes,

29
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O'(Pt—Pb) dxz(Pt) dyz(Pt)
0.82 (Pt), 0.13 (Pb) 0.95 (Pt), 0.01 (Pb) 0.89 (Pt), 0.06 (Pb)

dwy diy2 LP(Pb)
0.92 (Pt), 0.00 (Pb) 0.92 (Pt), 0.00 (Pb) 0.02 (Pt), 0.96 (Pb)

S

o(Pt-P1) o(Pt-P2) o(Pt-P3)
0.83 (P1), 0.14 (Pt) 0.90 (P2), 0.10 (Pt) 0.87 (P3), 0.14 (Pt)

m(C1-Co-Co')
0.02 (Pb), 0.49 (C1),
0.21 (Co), 0.21 (Cv)

o(Pb-C1)
0.23 (Pb), 0.85 (C1)

Figure S37. Selected Pipek-Mezey MOs of compound PtPbArMes,

30
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7) Selected canonical and localized MOs of compounds B-Ge and B-Sn

In the main text, some canonical orbitals of B-Ge are already presented (Figure 7) and show the bonding
(Txz), non-bonding (m"bxz) and antibonding (7t*xz) combinations of the filled metal dx, empty tetrel px and
filled nitrogen px orbitals. We searched for the same combinations in the MOs of B-Sn, but we were only
able to find convincing representations of the m"™x. and m*« orbitals (Figure S38), with the 7
combination presumably lying very low in energy and further obscured by the enhanced delocalization
caused by the PPhs ligands.

HOMO-3 [-7.51 eV] (1t"Pxz) LUMO+1 [-4.88 eV] (1t¥xz)
Figure S38. Selected canonical orbitals of B-Sn, their respective orbital energies and the type of bond they
represent. Hydrogen atoms are omitted for clarity, the isosurface value is set to 0.04 e'/> Bohr=/2. It was not
possible to find a convincing orbital combination of the 7tx. (all-in-phase) bond, although it is assumed to be
present by symmetry considerations of the HOMO-3 and LUMO+1.

T(yz(Ni—sn) T(Xz(Ni—Sn) T(XZ(SH—N)
0.81 (Ni), 0.14 (Sn) 0.86 (Ni), 0.10 (Sn) 0.13 (Sn), 0.83 (N)

o(Ni-Sn) o(Sn-N)
0.18 (Ni), 0.78 (Sn) 0.35 (Sn), 0.62 (N)

Figure S39. Selected Pipek-Mezey localized molecular orbitals of B-Sn, their attributed bond type and
corresponding Mulliken populations. Hydrogen atoms are omitted for clarity, the isosurface value is set to 0.04 e'2
Bohr2,
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However, as for B-Ge, the Pipek-Mezey localized MOs reveal the presence of competing mx(Ni-Sn) and
mx(Sn—N) bonds (Figure S39). Based on the associated Mulliken Populations, the LMOs of B-Sn can
clearly confirm the picture of a tetrylidyne complex with one o(Sn—M) and two (M—5n) dative bonds,

whose M=E bond order is slightly decreased by the competitive 7(N—5Sn) donation.

As mentioned in the main text, we think that the mx,(M-E) and mty2(M-E) interactions in the canonical
HOMO and HOMO-1 are non-bonding interactions. With the same isosurface value as for our own
complexes in this study (0.04 e!> Bohr-3?2), the HOMO-1 of B-Ge is mostly metal-centred (Figure S40 a),
but when the isosurface value is decreased to 0.02 e'2 Bohr32, it shows a considerable orbital lobe on
the germanium atom, which can be easily misunderstood as bonding interaction. However, by closer
inspection of the lobes and comparison with our own complexes (see Figure 5S40 ¢ and also section 5 of
the SI), only half of the metal d-orbital can positively interact with the tetrel p-orbital, whereas the other
half has a negative interaction being anti-bonding. In total, this leads to a cancellation of both
interactions, being non-bonding in total.

a) HOMO-1 of B-Ge b) HOMO-1 of B-Ge ¢) HOMO-1 of NiSiTbb
(0.04 e2 Bohr372) (0.02 e12 Bohr372) (0.04 e2 Bohr372)

Figure S40. Canonical HOMO-1 of B-Ge (a,b) and NiSiTbb (c) for comparison with different isosurface values in
brackets. The view for a) and b) is slightly above the Ge-Ni bond axis, while for c) it is along the Si-Ni bond axis
to highlight the non-bonding nature of this MO. Hydrogen atoms are omitted for clarity.

8) Spin-spin excitation energies for the fragments of compounds MER

Table S6. Electronic singlet-triplet AEd(s—t) and doublet—quartet AEa(d—q) excitation energies for the
structurally relaxed fragments of MER in kJ-mol ..

Level of theory I Level of theory II

fragment AEa(s—t) AEa(d—q) AEa(s—t) AEa(d—q)
[Ni(PMes)s]o* 191.4 232.5 209.3 241.8
[Pd(PMes)s]o 214.3 284.0 2184 297.7
[Pt(PMes)s]o+ 195.3 260.5 198.9 269.0
CArMes*? -31.6 120.3 -33.2 137.6
SiTbb*0 140.8 175.6 170.1 200.8
SiArMes+0 158.9 191.9 191.1 216.8
GeArMes+0 164.8 209.2 - 230.0
SnArMes+0 174.7 212.1 -2) 228.1
Pb ArMes+/0 173.2 218.7 197.7 233.8

a) No SCF convergence could be achieved for the triplet state.
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9) BCEs and BDEs of MSiArMes

Table S7. Calculated BCEs and BDEs in k]-mol™ on the level of theory II of the M-E bonds of the [LsMER]*
complexes leading to the MLs + ER* and MLs* + ER fragment combinations. BCEs and BDEs of the energetically
favourable fragmentation scheme are highlighted bold.

BCE BDE
compound ML:s + ER* MLs* + ER MLs + ER* MLs* + ER
NiSiArMes 491.5 421.4 392.3 368.9
PdSiArMes 427.4 387.9 322.5 295.3
PtSiArMes 520.3 450.2 362.1 324.1

10) Thermodynamically corrected BDEs

The given thermodynamic parameters are defined as follows:

a. Ea - The electronic energy is defined as the sum of the components of the single point
energy, resulting from the application of the Hamiltonian H to the N-electron
wavefunction W. This consists of the kinetic energy T, attraction between the nuclei and
electrons Ere, the electron-electron repulsion Ee, the nuclear repulsion Ean and other
correcting terms like Grimme’s correction for London dispersion forces Edisp and its

three-body correction Earm:
HY =E,¥ =(T+Epe +Eee + Epy + Edisp + Epri)?.

b. BCE - The bond cleavage energy is defined as the difference of the electronic energies
Ea of two structurally unrelaxed fragments (A and B) and the unfragmented compound
(AB). Herein the total spin of the two fragments must be equal to the spin of the
molecule AB:

BCE = Eo\(4) + Eo(B) — E.(AB).

¢.  AEreiax—The structural relaxation energy is the energy difference between the electronic
energies of the structurally unrelaxed (X) and relaxed fragment (X*):

AErelax(X) =Ey *x) - Eq (X7).

d. BDE - The bond dissociation energy is the difference between the BCE and structural
relaxation energies of the fragments:

BDE = BCE — AErelax(A) - AErelax(B)-

e. U(0K) - The inner energy at 0 K is the sum of the electronic energy and the zero point
vibrational energy Ezeve:

UOK) = Eg + Ezpy.
f.  U° — The inner energy at standard ambient conditions (T =298.15 K, p = 100.000 kPa)

additionally takes the temperature dependent vibrational (Evb), rotational (Ert) and
translational (Etrns) terms into account:
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Table S8. Energies in kJ-mol™ for the dissociation of the M-E bonds of the [LsMER]* complexes into the MLs + ER*
fragments obtained on the level of theory II. Entropies are given in J-mol™-K™1. Thermodynamic corrections to the

5° — The entropy is made up of electronic (Se), vibrational (Svib), rotational (Srot) and
translational (Stans) contributions:

§°=So1 + Svip + Srot + Strans-

H® = U° + kyT.

G° — The Gibbs free energy is given as:

electronic energies are calculated on the level of theory I.

G=H-TS.

Ue = Eel + EZPVE + Evib + Erat + Etrans~

H° - The enthalpy at standard ambient conditions is then given as:

compound BCE  AEwx(MLs) AErei(ERY) BDE AU(0 K) AU° AHP AS® AG®
NiCArMes 718.6 104.0 92.8 521.8 507.5 504.3 506.8 2385 4357
NiSiTbb 470.4 52.7 152 4025 383.3 383.1 385.5 263.3 307.0
NiSiAtMes 4915 54.7 445 392.3 381.6 381.0 383.4 246.5 310.0
NiGeArMes 4593 52.7 416 365.0 354.1 351.2 353.7 229.6 2852
NiSnArMes 3839 36.7 304 3169 306.4 303.4 305.8 2336 236.2
NiPbArMes 3427 27.9 23.0 291.7 281.7 2784 280.9 235.6 210.7
PdCArMes 625.1 133.6 87.3 404.2 391.9 386.0 3885 2212 322.6
PdSiTbb 4153 69.1 13.2 333.0 3169 315.4 317.9 255.5 241.7
PdSiArMes 4274 65.4 395 3225 3126 309.6 312.1 2349 242.1
PdGeArMes 3832 543 395 289.4 278.8 2765 2789 244.4 206.1
PdSnArMes  321.9 346 33.7 253.6 2427 240.4 2429 247.1 169.2
PdPbArMes 2933 263 26.6 240.4 229.8 227.2 229.6 2437 157.0
PtCArMes 799.3 2243 89.0 486.0 4719 466.5 468.9 225.6 401.7
PtSiTbb 504.0 116.9 135 3735 357.1 3553 357.8 251.4 282.8
PtSiArMes 520.3 117.6 406 362.1 351.9 3487 351.2 2248 2842
PtGeArMes  444.0 89.6 39.8 314.5 303.0 301.0 303.5 248.0 229.5
PtSnArMes  354.6 44.0 365 274.1 2635 260.9 263.4 2427 191.0
PtPbArMes 3135 339 285 251.1 238.7 237.1 239.6 256.1 163.2
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Table S9. Energies in k]-mol™ for the dissociation of the M—E bonds of the [LsMER]* complexes into the MLs* + ER
fragments obtained on the level of theory II. Entropies are given in J-mol™-K™1. Thermodynamic corrections to the

electronic energies are calculated on level of theory I.

compound BCE AEwiax(ML3*) AEwe(ER)  BDE AU(0 K) AU® AHP AS® AG®
NiCArMes 544.3 69.7 12.9 461.6 4421 443.9 446.3 283.5 361.8
NiSiTbb 427.9 42.8 7.5 377.5 364.2 363.7 366.2 269.1 286.0
NiSiArMes 421.4 42.0 10.4 368.9 359.2 360.0 362.5 269.2 282.2
NiGeArMes 387.7 40.4 7.3 340.0 330.0 328.7 331.1 255.6 254.9
NiSnArMes 346.0 33.7 7.9 304.5 295.7 294.1 296.6 256.2 220.1
NiPbArMes 328.6 32.0 11.0 285.6 279.0 276.0 278.4 246.5 204.9
PdCArMes 469.7 122.0 7.5 340.1 323.8 321.7 324.2 2514 249.2
PdSiTbb 395.0 84.1 6.8 304.1 295.0 292.2 294.7 246.5 221.2
PdSiArMes 387.9 79.7 12.9 295.3 287.4 284.8 287.2 242.9 214.8
PdGeArMes 349.2 73.5 15.2 260.5 251.9 250.1 252.5 255.7 176.3
PdSnArMes 319.5 64.0 18.1 237.3 229.3 227.3 229.8 255.0 153.8
PdPbArMes 309.0 59.3 19.3 230.4 224.3 220.8 223.3 239.8 151.8
PtCArMes 618.3 200.3 6.8 411.3 393.2 391.6 394.1 259.0 316.9
PtSiTbb 462.5 123.8 4.7 334.0 324.6 321.6 324.1 245.7 250.8
PtSiArMes 450.2 119.4 6.6 324.1 316.1 313.4 315.9 236.0 245.5
PtGeArMes 386.3 99.9 11.5 274.9 265.5 264.1 266.5 262.5 188.3
PtSnArMes 332.6 66.0 194 247.2 239.4 237.3 239.7 253.8 164.1
PtPbArMes 307.8 574 19.9 230.5 222.6 220.2 222.7 255.4 146.5
11) EDA components of the interaction energy of MER
Table S10. Detailed results of the EDA of the MER compounds. Energies are given in k]-mol..
compound AEor AEpauli AEeistat AEdisp AEint

NiCArMes —-645.3 1076.6 -820.6 -138.3 -527.5

NiSiTbb -498.1 699.7 -528.8 -131.0 -458.2

NiSiArMes -486.2 815.4 -591.5 -131.4 -393.6

NiGeArMes -443.5 683.7 -482.6 -120.8 -363.3

NiSnArMes -372.7 521.9 -399.7 -117.7 -368.2

NiPbArMes -331.9 495.9 -368.8 -126.1 -330.9

PACArMes -671.7 1244.0 -915.6 -126.1 -469.7

PdSiTbb —472.0 857.3 -674.5 -116.3 -405.5

PdSiArMes -494.5 999.6 -755.8 -127.0 -377.7

PdGeArMes -426.8 688.9 -515.6 -125.1 -378.5

PdSnArMes -334.8 566.5 -430.7 -124.4 -312.5

PdPbArMes -291.1 499.0 -371.0 -130.4 -293.5

PtCArMes -903.3 1674.8 -1247.3 -132.1 -607.8

PtSiTbb -585.8 1077.6 -863.1 -118.9 -490.3

PtSiArMes -573.8 1192.5 -929.4 -124.8 -435.5

PtGeArMes -499.1 1009.9 -762.2 -124.6 -376.0

PtSnArMes -380.4 668.3 -507.0 -1325 -351.6

PtPb A rMes -319.6 559.1 -417.7 -136.7 -314.9
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12) ETS-NOCV deformation densities of compounds MER

Isosurface plots (isosurface value = 0.002 e Bohr?) of deformation densities (Apx) in e Bohr of
complementary NOCVs (- and 1+), split into a- and -spin derived deformation densities
when required, given with their respective eigenvalues (v-» and v+:). Regions of charge depletion
(Apn < 0 e Bohr-?) are shown in red and regions of charge accumulation (Ap» > 0 e Bohr=3) in grey.
Level of theory: B97-D3(B])/TZ2P//1.

CArMes — Ni(PMes)s* Ni(PMes)st — CArMes CArMes — Ni(PMes)s*
AEorb,l,zx =-75.5 k]-mol‘l AEorb,Z,a =-126.4 k]~m01‘1 AEorb,3,a =-62.2 k]~m01‘1
Apra=-0.85¢2-1,0 + 0.85 %10 Ap2a=-0.44 P24+ 0.44 P20 Apsa=-0.22 Y234+ 0.22 P30

Ni(PMes)s* — CArMes Ni(PMes)s* — CArMes CArMe — Ni(PMes)s*
AEor1,5 =~158.4 kJ-mol ! AEor24 =-153.0 k]-mol ! AEo 35 =~63.2 kJ-mol ™!
Apip=-0.51 Y215+ 0.51 Y2 Apzp=-050 9225 +0.50 225 Apsp=-0.22 235+ 0.22 P23

Figure S41. Deformation densities of NiCArMes,
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CArMes — Pd(PMes)s* CArMes — Pd(PMes)s Pd(PMes)st — CArMes
AEor1,a =-216.3 kJ-mol™! AEo2a=-71.5 kJ-mol™! AEor3,a=-33.3 kJ-mol™!
Apra=-0.981%1a +0.98 Y21a Ap2a=-0.25 224+ 0.25 Y220 Apsa=-0.21 Y230+ 0.21 Y230

Pd(PMes)s* — CArMes Pd(PMes)s* — CArMes CArMes — Pd(PMes)s*
AEor,1,4=-123.0 k]-mol™? AEor2 =-147.8 k]-mol ™ AEor3p =-68.4 k]-mol™
Ap1g=-0.50 P21, + 0.501)%1, Ap2p=-0.50 P24 + 0.50 P25 Apsp=-0.24 P35+ 0.24 P*3p

Figure S42. Deformation densities of PACArMes,
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CAe —s PHPMes)s* CAes — P{PMes)s* Pt(PMes)s* — CArVes
AEorb,l,a =-2439 k]'mol‘l AEorb,Z,a =-110.9 k]~m01‘1 AEorb,3,a =-61.0 k]~m01‘1
Apra=-0.93y214 +0.93 Y210 Apza=-032 220 +0.32 Y20 Ap3a=-030 1?30 +0.30 P

Pt(PMes)s* — CArMes Pt(PMes)s* — CArMes CArMes — Pt(PMes)s*
AEow,15=-163.6 k]-mol™ AEor25=-184.3 k]-mol™! AEom,3p=-98.5 k]-mol™!
Apip=-0.53 %1+ 0.53¢2,p Ap2p=-0.52 224+ 0.52 P?2p Apsp=-0.30 Y234+ 0.30 P*3p

Figure S43. Deformation densities of PtCArMes.

HOMO-1(Ni(PMes)s)»>LUMO+1(SiTbb*) HOMO(Ni(PMes)s)—»>LUMO(SiTbb*) HOMO-10(SiTbb*)—>LUMO(Ni(PMes)3)
AEor,1 =-199.6 k]-mol! AEor,2 =-206.8 k]-mol™! AEow,3 =-53.5 k]-mol!
Ap1=-0.77 p>1+0.77 Y*a Ap2=-0.76 22+ 0.76 *2 Ap3=-0.39 P23+ 0.39 %3

Figure S44. Deformation densities of NiSiTbb.
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SiTbb — Pd(PMes)s Pd(PMes)s* — SiTbb SiTbb — Pd(PMes)s*
AEorb,l,a =-171.7 k]'mol‘l AEorb,Z,a =-56.1 k]~m01‘1 AEorb,3,a =-31.8 k]~m01‘1

Apra=-091¢210 +091 Y2 Apra=-0.30 Y220 +0.30 Y20

ApS,a =-0.18 IPZ—S,D{ +0.18 ¢2+3,a

Pd(PMes)s* — SiTbb Pd(PMes)s* — SiTbb SiTbb — Pd(PMes)s*

AEorb,15 =-65.2 k]-mol! AEorb2p =-69.9 k]-mol! AEorb3p =-31.9 k]-mol!
Apip=-0.36 P*1+ 0.36¢21p Ap2p=-0.35 224+ 0.35 P?2p Apsp=-0.17 Y>35+ 0.17 P*3p

Figure S45. Deformation densities of PdSiTbb.

HOMO-1(Pt(PMes)s)—»LUMO+1(SiTbb*) HOMO(Pt(PMes)s)->LUMO(SiTbb*) HOMO-10(SiTbb*)—»>LUMO(Pt(PMes)s)
AEorb,l =-194.7 k]-rnol‘l AEorb,Z =-205.5 k]-mol‘l AEorb,B =-82.4 k]~mol‘1
Ap1=—0.78 11+ 0.78 11 Ap2=—-077 Y22+ 0.77 Y2 Aps=—0A47 Y3+ 0.A7 23

Figure S46. Deformation densities of PtSiTbb.
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SOMO(SiArMes)->SOMO(Ni(PMes)s*) HOMO-3(Ni(PMes)s*)—>LUMO(Si ArMes) HOMO(SiArMes) > LUMO(Ni(PMes)s*)
AEor,1,a =-140.1 kJ-mol™ AEor,2a=-55.1 k]-mol™! AEor3,a =-37.4 k]-mol™!
Ap1a=-0.90 21,0 +0.90 Y210 Ap2a=-0.29 Y224+ 0.29 P20 Apsa=-0.19 Y2354+ 0.19 P30

SOMO(Ni(PMes)s)—SOMO(SiArMes) HOMO-3(Ni(PMes)s")—LUMO(SiArMes) HOMO(SiArMes)—»LUMO(Ni(PMes)s*)
AEow,15=-82.7 k]-mol™! AEom,2p=-84.7 k]-mol™! AEom,3p=-36.5 k]-mol™!
Aprp=-0.41p>1+0.41 P2 Ap2p=-0.37 Y225+ 0.37 P?2p Apsp=-0.18 Y235+ 0.18 P*3p

Figure S47. Deformation densities of NiSiArMes,
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SOMO(SiArMes)»SOMO(Pd(PMes)s*) HOMO-3(Pd(PMes)s*)—LUMO(SiArMes) HOMO(SiArMes) > LUMO(Pd(PMes)s*)
AEor,1,a ==194.7 kJ-mol™ AEor2,a=-37.5 k]-mol™! AEor3,a =-26.6 k]-mol™!
Ap1a=-0.93 21,0 +0.93 Y210 Ap2a=-0.23 Y224+ 0.23 P20 Apsa=-0.16 Y230+ 0.16 P30

SOMO(Pd(PMes)s")—SOMO(SiArMes) HOMO-3(Pd(PMes)s")—LUMO(SiArMes) HOMO(SiArMes)-»LUMO(Pd(PMes)s*)
AEow,15=-78.2 k]-mol™! AEom,2=-68.4 k]-mol™! AEom,3p=-26.3 k]-mol™!
Ap1p=-0.38 P>1+ 0.38 2 Ap2p=-0.34 Y225+ 0.34 P>2p Ap3p=-0.16 Y235+ 0.16 P*3p

Figure S48. Deformation densities of PdSiArMes.
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SOMO(SiArMes)»>SOMO(Pt(PMes)s*) HOMO-3(Pt(PMes)3*)>LUMO(SiArMes) HOMO(SiArMes) - LUMO(Pt(PMes)s*)
AEor,1,a ==172.4 kJ-mol™ AEor,2.a =-56.0 k]-mol™! AEor,3,a =-52.0 k]-mol™!
Ap1a=-0.87 21,0+ 0.87 P?1a Ap2a=-0.30 Y224+ 0.30 Y20 Apsa=-0.23 Y230+ 0.23 P30

SOMO(Pt(PMes)s)—=SOMO(SiArMes) HOMO-3(Pt(PMes)s")—LUMO(SiArMes) HOMO(SiArMes) - LUMO(Pt(PMes)s*)
AEorb,16 =-79.3 kJ-mol! AEorw,2s=-76.1 k]-mol™ AEor,3s =-50.5 k]-mol™
Aprp=-0.41 %1+ 0.41 P2 Ap2p=-0.36 Y225+ 0.36 P?2p Apsp=-0.22 Y235+ 0.22 P*3p

Figure S49. Deformation densities of PtSiArMes,
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SOMO(GeAr¥es)—SOMO(Ni(PMes)s) HOMO(Ni(PMes)s)—LUMO(GeArMes)  HOMO-1(GeArVes)»LUMO(Ni(PMes)s")
AEOI‘b,l,LX =-108.4 k]-mol‘l AEorb,Z,a =-59.4 k]-mol‘l AEorb,3,a =-38.1 k]~m01‘1
Apra=—0.87 Y210+ 0.87 Y1 Apra=-033 20 +033 0 Apsa=—0.18 Y20 +0.18 Y230

SOMO(Ni(PMes)s*)—SOMO(GeArMes) HOMO(Ni(PMes)s)—LUMO(GeArMes) HOMO-1(GeArMes)»LUMO(Ni(PMes)s*)
AEor,1,4 =-71.2 kJ-mol™ AEor,25 =-76.3 k]-mol™ AEor,35 =-39.3 k]-mol™
Ap1p=-0.41 ¢>15+0.41 P2 Ap2p=-0.38 Y225+ 0.38 P?2p Apsp=-0.18 P35 + 0.18 *3p

Figure S50. Deformation densities of NiGeArMes,

HOMO-1(Pd(PMes)s)>LUMO+1(GeArMes+) HOMO(Pd(PMes)s) >LUMO(Ge ArMes+) HOMO-10(GeArMesH) L UMO(Pd(PMes)s)
AEorw,1 =-208.5 k]-mol! AEor,2 =-144.3 k]-mol! AEor3 =-36.6 k]-mol!
Ap1=-0.81 21 +0.81 P21 Ap2=-0.70 Y>2+0.70 P?2 Aps=-0.30 23 +0.30 Y>3

Figure S51. Deformation densities of PdGeArMes.
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SOMO(GeArVes)>SOMO(Pt(PMes)s) HOMO(Pt(PMes)s")»>LUMO(GeAre) HOMO-1(GeAr¥es)>LUMO(PH(PMes)s*)

AEorb,l,zx =-202.5 k]-mol‘l AEorb,Z,a =-31.6 k]-mol‘l AEorb,S,a =-41.5 k]-mol‘l

Apra=-0.92 Y210+ 0.92 Y24 Apra=-023 220 +0.23 Y220 Ap3a=-0.20 250 +0.20 ¢34

SOMO(Pt(PMes)s)—=SOMO(GeArMes) HOMO(Pt(PMes)s" ) —LUMO(GeArMes) HOMO-1(GeArMes)—»LUMO(Pt(PMes)s)
AEow,15=-74.9 k]-mol™ AEom,2=-61.5 k]-mol™! AEom,3p=-41.2 k]-mol™!
Ap1p=-0.40 >1+ 0.40 2 Ap2p=-0.35 224+ 0.35 P?2p Apsp=-0.20 Y235+ 0.20 P>3p

Figure S52. Deformation densities of PtGeArMes,

HOMO-1(Ni(PMes)s) >LUMO+1(SnArMest)  HOMO(Ni(PMes)s)->LUMO(SnArVes?) HOMO-6(SnArMest)—LUMO(Ni(PMes)s)
AEor1 =-185.0 kJ-mol ! AEa2 =-136.3 k]-mol ™! AEors = —42.9 kJ-mol!
Ap1=-0.79 21+ 0.79 Y2a Ap2=—-0.67 Y22+ 0.67 Y% Aps=-0.32 Y23+ 0.32 %3

Figure S53. Deformation densities of NiSnArMes,
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HOMO-4(Pd(PMes)s)>LUMO+1(SnArMest)  HOMO-3(Pd(PMes)s)—>LUMO(SnArMest)  HOMO-6(SnArMet)—LUMO(Pd(PMes)s)
AEor1 =-183.5 kJ-mol™! AEor2 =-93.0 kJ-mol™! AEors =-27.2 kJ-mol™!
Ap1=-0.77 Y21+ 0.77 Y2 Ap2=—-0.57 Y22+ 057 2 Aps=—-0.25 23+ 0.25 %3

Figure S54. Deformation densities of PdSnArMes,

HOMO-4(Pt(PMes)s)—LUMO+1(SnArves)  HOMO-3(P{(PMes)s)—LUMO(SnAMe)  HOMO-6(SnArMes)—LUMO(PHPMes)s)
AEor,1=-198.5 k]-mol‘l AEorn2=-98.3 k]~mol‘1 AEorn3 =-38.4 k]~mol‘1
Api==0.79 21+ 079 2 Ap2=-057 22+ 057 Y2a Aps=-0.31 Y25+ 031 P2

Figure S55. Deformation densities of PtSnArMes.

HOMO(Ni(PMes)s)>LUMO+1(PbArMes)  HOMO-1(Ni(PMes)s)>LUMO(PbArMest)  HOMO-5(PbArMes) LUMO(Ni(PMes)s)
AEor1 ==175.9 k]-mol™! AEomz =-113.7 kJ-mol™! AEors =-34.3 kJ-mol™!
Ap1=-0.76 21+ 0.76 Y2 Ap2=—-0.62 22+ 0.62 Y22 Aps=—-0.27 Y23+ 027 %3

Figure S56. Deformation densities of NiPbArMes.
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HOMO-4(Pd(PMes)s)>LUMO+1(PbAr¥esr)  HOMO-3(Pd(PMes)s)—>LUMO(PbArMest)  HOMO-6(PbArVes)LUMO(Pd(PMes)s)
AEor1 ==170.4 k]-mol ™! AEomz =-71.2 kJ-mol! AEors =-20.8 kJ-mol™!
Ap1=—-0.74 121+ 0.74 Y2 Ap2=—-0.50 122+ 0.50 22 Aps=-0.21123+0.21 23

Figure S57. Deformation densities of PAPbArMes,

v

HOMO-4(Pt(PMes)s)>LUMO+1(PbArMes+) HOMO-3(Pt(PMe3)s)>LUMO(Pb ArMes+) HOMO-6(PbArMes*) LUMO(Pt(PMes)s)
AEow, =-180.1 k]-mol™! AEow,2 =-74.7 k]-mol! AEorw,s =-26.8 k]-mol!
Ap1=-0.76 $>1+0.76 P*a Ap2=-0.50 Y22 +0.50 1?2 Aps=-0.25 23 +0.25 %3

Figure S58. Deformation densities of PtPbArMes,
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13) Metallotetrylene isomers MER-2 as found by PES scans
Table S11. Key properties of metallotetrylene isomers MER-2 derived from the MER complexes. AEr is
the energy difference at level of theory II (E(MER-2) — E(MER)). No MER-2 isomer could be obtained for
NiSiTbb and NiSiArMes,
MER MER-2
compound AE:e _E—
P M-E E-C1 M-E-C1 M-E E-C1 Mcf
NiSiTbb / 204.5 184.0 167.2 / / /
NiSiArMes / 204.2 185.6 167.4 / / /
NiGeArMes 83.5 213.3 197.1 165.3 235.9 204.0 95.1
NiSnArMes 55.3 235.1 2194 150.9 256.3 224.3 96.0
NiPbArMes 36.4 2449 229.7 142.7 264.2 234.3 94.8
PdSiTbb 47.1 215.1 184.0 163.1 235.1 189.7 98.8
PdSiArMes 28.7 216.1 187.6 150.7 2324 191.0 87.9
PdGeArMes 1.5 227.9 199.5 144.9 246.4 202.7 90.6
PdSnArMes -17.6 251.6 2229 134.4 270.3 223.6 93.1
PdPbArMes -25.3 263.1 232.4 129.6 277.4 232.7 93.6
PtSiTbb 78.4 215.8 183.8 168.1 239.0 191.0 101.0
PtSiArMes 41.8 215.7 183.6 166.1 238.1 192.5 100.0
PtGeArMes 7.4 228.4 198.9 149.7 250.7 204.0 98.7
PtSnArMes -13.7 255.1 223.9 132.1 274.3 225.4 96.9
PtPbArMes -28.5 267.7 233.1 127.3 281.9 233.7 94.3
14) References
1. Okuniewski, A.; Rosiak, D.; Chojnacki, J.; Becker, B. Coordination Polymers and Molecular

Structures among Complexes of Mercury(II) Halides with Selected 1-Benzoylthioureas. Polyhedron

2015, 90, 47-57, doi:10.1016/j.poly.2015.01.035.

2. Keil, P.M.; Hadlington, T.J. Accessing Cationic Tetrylene-Nickel(0) Systems Featuring Donor-
Acceptor E-Ni Triple Bonds (E = Ge, Sn). Chem. Commun. 2022, 3011, doi:10.1039/D2CC00422D.
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Abstract

Although showing fascinating chemical properties and reactivity in solution, heavier tetrelylidyne complexes with M=E triple
bonds have not been studied in the gas phase before due to their high sensitivity towards air and moisture. We selected four
group 6 germylidyne complexes, [Cp(PMe;),M=GeAr™*] (M=Mo (1-Mo), W (1-W), Ar"s=2,6-dimesitylphenyl) and
[Tp’(CO),M=GeAr™®] (M =Mo (2-Mo), W (2-W), Tp’ =«>-N,N’,N"-hydridotris(3,5-dimethylpyrazolyl) borate), for a mass-
spectrometric study. Liquid Injection Field Desorption lonization (LIFDI) proved to be a well-suited technique to ionize
these sensitive compounds as the spectra show the molecular ions as radical cations and only minor traces of fragmentation
or degradation products. In addition, Atmospheric Pressure Chemical lonization (APCl) connected to a high-resolving tan-
dem mass spectrometer allowed us to study the gas-phase fragmentation behaviour of these compounds. The fragmentation
patterns not only comprise the expected losses of phosphane or carbonyl ligands, respectively, but also indicate C-H bond
activation by the electron-deficient metal centre. An enhanced reactivity of the tungsten species is visible in a preferred
methyl abstraction in the phosphane complex 1-W compared to 1-Mo. Although degradation in solution before ionization
obviously can destroy the M=Ge triple bond, the cleavage of the M=Ge bond upon gas-phase activation is not observed for
the Mo species and only as a minor pathway for the W compounds, highlighting the high bonding energy between metal and
tetrel.

Keywords
germylidyne complex, metal germanium triple bond, LIFDI, APCI, mass spectrometry, collision-induced dissociation
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Introduction solution chemistry.'> Mass spectrometry as a tool to
explore properties and reactivity in the gas phase is, to the
best of our knowledge, completely absent for heavier tetrely-
lidyne complexes and only observed for analytical purposes
in some cases to confirm the successful synthesis.'”! One of
the reasons for this is the extreme susceptibility of heavier
tetrelylidyne complexes towards moisture and oxygen
(with silicon usually the most sensitive due to its high oxophi-
licity), which impedes the sample introduction into the MS
instrument.

As other analytical methods like IR or NMR greatly
benefitted from advances in Schlenk and glove box tech-
niques and became routinely applicable to sensitive
samples, also mass spectrometry can rely on those
methods to improve the handling of challenging com-
pounds. Regarding the sample application, it is possible
to install a glove box around the ionization source or
inject the sample directly from a Schlenk tube.?*** On
the other hand, the ionization method can be chosen to
minimize the influence of air, as done with the Liquid

The first triple bonds between a transition metal and a group
14 tetrel atom were reported in the year 1973 with the carbyne
complexes [X(CO);M=C-R] (X =Cl,Br, ;M =Cr, Mo, W,
R = CHj, Ph) by Nobel prize winning Fischer et al."> Only
two years later, Schrock managed to obtain an alkylidyne
complex [(CH;);CCH,);Ta=CC(CH;);]eLi(dmp)® that
comprises a slightly different electronic structure than
Fischer’s carbyne complexes.* Simultaneously to the deri-
vatization, structure elucidation and reactivity studies of
Fischer-type carbyne complexes,® Schrock developed the
rich metathesis chemistry of alkylidyne complexes, which
was also awarded with a Nobel prize later on.” More than
two decades later, in 1996, the group of Power successfully
isolated the first heavier homologue of a carbyne complex,
the germylidyne complex [Cp(CO),Mo=GeAr™*] with a
molybdenum germanium triple bond (Cp =n’-CsHs, Ar™
=2,6-dimesitylphenyl).® This was then followed by the
first representatives of tin,” lead'® and finally silicon'' by
Filippou et al. In the past 20 years, this topic gained a lot of
interest and a plethora of new tetrelylidyne complexes
could be synthesized for various metal tetrel combina-

fi 12-16 Corresponding author:
10nS. . . . Marianne Engeser, Kekulé-Institut fiir Organische Chemie und Biochemie,
As the synthesis of these compounds is a challenge on its Rheinische Friedrich-Wilhelms-Universitit Bonn, Bonn, Germany.

own, broad reactivity studies are scarce and confined to Email: marianne.engeser@uni-bonn.de
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Injection Field Desorption Ionization (LIFDI) tech-
nique.”® By keeping the FD emitter in a high vacuum
environment and loading it via a thin capillary connected
to a vial with the inertly prepared sample, the risk for the
decomposition of the compound is lowered significantly.

As a first entry point into the mass spectrometric study of
heavier tetrelylidyne complexes, we selected four group 6
germylidyne complexes, [Cp(PMe;),M=GeAr™®] (M=
Mo (1-Mo), W (1-W))***” and [Tp’(CO),M=GeAr™*]
(M =Mo (2-Mo), W (2-W),'**" Tp’ =>-N,N’,N" -hydrido-
tris(3,5-dimethylpyrazolyl)borate, see Scheme 1). The bulky
scorpionate ligand Tp’, as introduced by Trofimenko in
1966, protects the reactive M=E moiety more effectively
than the Cp ligand, whereas in both 1-M and 2-M, further
kinetic stabilization is achieved by the large Ar™®® substituent
at the germanium atom, thus decreasing the sensitivity
against moisture and oxygen. By keeping the GeAr™® unit
unvaried, we facilitate the observation of trends caused by
the metal and its coordination sphere.

Motivated by the unexplored gas-phase chemistry of
heavier tetrelylidyne complexes, we hereby present a
mass spectrometric study on the four molybdenum and
tungsten germylidyne complexes 1-Mo, 1-W, 2-Mo and
2-W. Application of the LIFDI technique for inert
sample injection combined with its mild ionization
enables us to observe intact molecular ions. By employing
Atmospheric Pressure Chemical lonization (APCI) con-
nected to a high-resolving tandem mass spectrometer,
we further explore the fragmentation behaviour of those
complexes for the very first time.

Experimental details

LIFDI mass spectra were recorded in positive mode on a
Thermo Finnigan MAT90 reverse geometry double focus-
sing sector instrument equipped with a Linden CMS
LIFDI source. The samples were transferred via a fused
silica capillary (50 pm inner diameter) into the ion source
from a small three-chamber glass vial (sample solution in
one chamber, toluene in the other two for pre-, intermediate-
and post-flushing, ca. 0.3 mL per chamber), which was
capped by a rubber septum. Before each measurement,
the LIFDI capillary and source was conditioned with pure
toluene. Approximately 30 drops of the sample were
applied to the emitter for each measurement. In each case,
the LIFDI heating protocol was manually adjusted for
optimal signal intensities.

The MAT90 instrument was operated in LProf scan
mode (exponential magnet scan profile data) with a scan
rate of 3 s per decade, an inter scan time of 0.2 s and a
mass range of 50-1000 (1-W, 2-Mo, 2-W) and 50-1500
(1-Mo). The spectra are obtained as a summation over mul-
tiple scans without further background correction.

APCI mass spectra were recorded in positive mode on
a Thermo Fisher Scientific LTQ Orbitrap XL instrument
equipped with an APCI source. The samples were trans-
ferred via polyetheretherketone (PEEK) tubing using a
syringe pump at a flow rate of 5 pL-min~' from 250 pL
Hamilton Gastight™ syringes. The spectra are obtained

as a sum over multiple scans for a better signal-to-noise
ratio. Standard APCI source conditions were used;
however, the tube lens voltage was set to 0V for
minimal fragmentation of the molecular ions.

Collision-induced dissociation (CID) and higher-
energy C-trap dissociation (HCD) experiments were per-
formed in the helium-filled ion traps of the Orbitrap XL
instrument, whereas the ion detection was carried out in
the orbitrap analyser. Fragmentation energies were indi-
vidually optimized for each compound.

For both ionization methods, toluene solutions of the
sample in concentrations of approximately 2 mmol-L™"
were used. Toluene was dried by a MBraun SPS-800
solvent purification system and stored inside the glove
box in 500 mL SCHOTT DURAN® laboratory glass
bottles. The sample preparation was performed in each
case in the glove box to strictly exclude air and moisture.
The three-chamber vials and the syringes were stored in
drying ovens at 88 °C.

Results and discussion

LIFDI spectra

The LIFDI spectrum of 1-Mo (Figure 1) reveals the suc-
cessful detection of the intact molecular ion [M]** as base
peak with the expected isotope pattern and mass (found
m/z 700.2, calculated 700.2 u for [C3sHssGeMoP,]**).
The only other considerable signal in this spectrum
appears to be at m/z 92.0, which corresponds to the
used solvent toluene (calec. 92.1 u for [C,Hg]"®).
Degradation products are absent, as well as fragments,
which illustrates the mild ionization of LIFDI.

In contrast, the tungsten germylidyne complex 1-W
turned out to be more sensitive towards degradation, as mul-
tiple measurements led to unsatisfying MS spectra.
Interestingly, most degradation products appear at early
LIFDI heating currents and we were able to identify a
small range, where the [M]** is observed as base peak and
the amount of decomposition peaks is small, resulting in
the spectrum of Figure 2 (see Figure S1 in the Supporting
Information for the corresponding spectrum averaged over
the full measurement). The low signal-to-noise ratio caused
by the little number of scans exacerbates the interpretation,
however, the [M]"* ion is still obtained as base peak at m/z
786.3 (calc. 786.2 u for [C3sH4sGeWP,]**) with matching
isotope pattern. The ion [Ar™® + H]" is also visible at m/z
314.3 (calc. 314.2 u for [Co4H,6]"), showing the cleavage
of the Ge—C bond.

Similarly, LIFDI spectra could be obtained for com-
pounds 2-Mo (Figure 3) and 2-W (Figure 4). They also
feature the molecular ions [M]™* as base peaks (2-Mo:
found m/Zz 836.2, calc. 8362 u for [C4Hy47BGe
MoNgO,]™; 2-W: found m/z 922.2, calc. 922.3 u for
[C41H47BGeWN0,]"*). However, in contrast to the germy-
lidyne complexes 1-Mo and 1-W, the LIFDI spectra of 2-Mo
and 2-W additionally show the hydrogen and oxygen
adducts, [M+2H+301** at m/z 886.3 and m/z 971.8,
respectively. These could be rationalized as species
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Scheme 1. Lewis formulae of complexes 1-M and 2-M used throughout this study.

[M +H,0 + O,]**, present despite careful sample prepar-
ation. Interestingly, only the adducts [M +2H +30]** are
observed in both cases, whereas the single adducts [M +
0,]™ and [M +H,0]** could not be detected. Finally,
another significant signal in the LIFDI spectrum of 2-W
appears at m/z 566.2, which could be confirmed as
[Tp’(CO);WH]" with the help of high-resolving APCI
Orbitrap mass spectrometry (vide infra).

APCI spectra and fragmentation

With the LIFDI spectra successfully showing that ioniza-
tion of germylidyne complexes is possible without con-
siderable degradation, we sought to confirm these
results by employing high-resolution mass spectrometry
with an Orbitrap XL instrument equipped with an APCI
source.

Figures 5 and 6 show the APCI spectra of compounds
1-Mo and 1-W, respectively. In both cases, after flushing
the capillary for a couple of minutes with the sample, the
molecular ion [M]** is obtained once again as a base peak
at m/z 700.147 (1-Mo, calc. 700.151 u for
[C3sH43GeMoP,]**) and m/z 786.196 (1-W, calc. 786.196
u for [C35sH4sGeWP,] ™) with the expected isotope pattern.
No further signals with intensities above 30% are present.
Prominent in both spectra is the ion [ArM*+H]" at m/z
314.202 (1-Mo) and 314.203 (1-W) that was already found
in the LIFDI spectrum of 1-W (Figure 2). Signals of air and
moisture degradation products, such as [M —PMe; +H +
201" at m/z 657.101 (1-Mo) and 743.146 (1-W) or the
simple water adduct [M +H,O]** at m/z 718.157 (1-Mo)
and 804.206 (1-W), are of low intensity (< 5%), thus demon-
strating the successful sample injection. Interestingly, one
degradation ion could be identified as [M—PMe;+
GeAr™® + OH]" at m/z 1026.224 (1-Mo, calc. 1026.228 u
for [Cs¢HgsGe:MoOP]") and 1114.274 (1-W, calc.
1114.274 u for [Cs¢HesGe,WOP]Y) that can be seen as

hydroxy-adduct of a cationic bisgermylidyne complex, a
class of compounds with two germylidyne units coordinated
to a metal centre that could already be isolated in the con-
densed phase for group 6 metals by C. Lindlahr (M =Mo;
E =Sn)* and I. Papazoglou (M =Mo, W; E =Ge)*’ in the
Filippou group. In the spectrum of 1-W, there is also a
signal for the presumptive bisgermylidyne complex hydro-
gen adduct [M —PMe; +GeAr™™ + H]* at m/z 1098.278
(calc. 1098.279 u for [Cs¢HesGe,WP]™), which is absent
for 1-Mo.

When the APCI tube lens voltage is set to 0 V, in
general fragmentation is scarce, the only considerable
signals being the germylidyne fragment [ArM*Ge]" at
m/z 387.114 (1-Mo, calc. 387.117 u for [Cy4H,5Ge]™)
and 387.116 (1-W) or its degradation adducts
[A™M*=GeCp]* (found at m/z 452.153 (1-Mo) and 452.155
(1-W), calc. 452.156 u for [CyoH30Ge]), and [ArM*Ge +
H+30]* (found at m/z 436.106 (1-Mo) and 436.109
(1-W) calc. 436.109 u for [CosH,6GeO5]).

The molecular ions [M]** were further examined by
CID experiments. For 1-Mo, a CID energy of 15eV
resulted in almost exclusive fragmentation to the ion
[M —2PMe;]*™ at m/z 548.056 under loss of two tri-
methylphosphane ligands, beneath a negligible cleavage
of CHS to m/z 685.120 (Figure 7).

Collisional activation of the mass-selected m/z 548.056
[M — 2PMe;]** ion in a MS® experiment does not lead to
cleavage of further ligands off the metal centre, neither the
Cp ligand nor the germylidyne unit GeAr™®, but only
induces a cascade of several dihydrogen eliminations
and cleavage of CH3. This fragmentation behaviour is
reproduced by HCD experiments (Figure 8), showing
again almost exclusively the initial cleavage of the two
phosphane ligands. Notably, a signal with very small
intensity at m/z 623.092 is present only in the spectrum
with the full pattern mass-selected at 30 eV that could
be misinterpreted as single phosphane cleavage, but it
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Figure 1. LIFDI-MAT90 spectrum of 1-Mo (summation over 23 scans). The insert shows a zoom of the [M]** m/z region and the calculated
isotope pattern for comparison.

rel. Int.
100

BO

60 -

10

20 A

786.2

786.3

[Ares4H]! l
3143

400

788.2 My
calculated for 786.3
[CasHasGeWP,] "
| | L
788.5

600

oi‘l..uliil..l“ BN Y I VORI ) VPR PO | P Y PN

200

BOO

100
miz

Figure 2. LIFDI-MAT90 spectrum of 1-W (summation over 5 scans). The insert shows a zoom of the [M]*" m/z region and the calculated
isotope pattern for comparison.
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Figure 3. LIFDI-MAT90 spectrum of 2-Mo (summation over 17 scans). The insert shows a zoom of the [M]*" m/z region and the calculated
isotope pattern for comparison.
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Figure &. LIFDI-MAT90 spectrum of 2-W (summation over 21 scans). The insert shows a zoom of the [M]*" m/z region and the calculated
isotope pattern for comparison.
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Figure 5. APCl-Orbitrap spectrum of 1-Mo. The insert shows a zoom of the [M]** m/z region and the calculated isotope pattern for

comparison.
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Figure 7. APCI-Orbitrap CID spectra for the fragmentation of 1-Mo with mass selection of the most abundant signal in the isotope pattern
(m/z 700) with 0 eV (a) and 15 eV (b), and the further activation of the m/z 548 ion at 15 eV (c) in a MS® experiment.

comprises neither the correct mass (calc. 624.107 u for
[C3,H30GeMoP]™) nor the correct isotope pattern.

In contrast, the most dominant fragmentation in the CID
spectra of 1-W at 15 eV represents the elimination of a
methyl radical to m/z 771.171 beside the less favoured
cleavage of two PMejs ligands to m/z 634.106 (Figure 9).
Further activation of the [M —CHs]" cation in a MS>
experiment reveals a complex fragmentation pattern, com-
prising cleavage of PMe,H to m/z 709.143, of PMe; and H,
to m/z 693.112 (base peak) and, most interestingly, cleav-
age of a presumable diphosphane P,Me, to the fragment
ion at m/z 649.129, which may be followed by a methyl
group elimination to m/z 634.106 ([M — 2PMe;]*), which
itself shows only low intensity. This suggests that P-C
bond activation of the PMe; substituents by the tungsten
centre occurs in [M—CH;]", which gives rise to a more
complicated fragmentation behaviour. Finally, MS® acti-
vation of the ion [M — 2PMe;]" at m/z 634.106 reveals a
very similar behaviour as of [M —2PMe;]** of 1-Mo,
only leading to several H, eliminations and cleavage of
another methyl group to m/z 619.083.

The HCD spectra of 1-W mostly underline the results
of the respective CID spectra (Figure 10); however, they
additionally exhibit signals with very low intensities for
[A™*Ge]™ and [CpW(PMe;),—H]" at m/z 387.115 and
400.069, respectively, which are formed by cleavage of
the W=Ge triple bond.

Similarly to the cyclopentadienyl-bisphosphane ger-
mylidyne complexes 1-M, APCI spectra of 2-Mo
(Figure 11) and 2-W (Figure 12) could be recorded suc-
cessfully without considerable degradation signals
visible. The molecular ions [M]** appear as base peaks at
m/z 836.216 (2-Mo, calc. 836.214 u for [C41H47BN4O,
GeMo]*) and 922.262 (2-W, calc. 922259 u for
[C41H47BNsO,GeW]") with some underlying [M +H]"
intensity that is responsible for a slight mismatch
between the found and calculated isotope patterns (more
pronounced for 2-Mo). Both spectra feature [Ar™® + H]"
signals at m/z 314.203 and 314.204, respectively, as seen
before in the APCI spectra of 1-Mo and 1-W.
Furthermore, Figure 11 shows ions resulted from the cleav-
age of the Mo=Ge triple bond with and without degrad-
ation, such as [Ar™*Ge + H +20]" at m/z 420.114 (calc.
420.114 u for [Cy4H,Ge0,]"), [Tp’(CO),Mo]" at m/z
451.095 (calc. 451.095 u for [C17H2,BMoNgO,]") or
[Tp’(CO)sMo]* at m/z 479.090 (calc. 479.090 u for
[C1gH2,BMoNgOs]%). The [M +2H + 307" type adducts
as found in the corresponding LIFDI spectra are not
observed, only the ion [M + 3H + 30]"* could be identified
for 2-Mo with very low intensity at m/z 887.219 (calc.
887.222 u for [C4HsoBGeMoN¢Os] ") that could be ratio-
nalized as water-oxygen adduct of the protonated complex,
[M+H+H,0+0,]*. As the respective CID spectra of
2-M show, carbonyl dissociation to [M — CO]™* is feasible
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Figure 8. APCI-Orbitrap HCD spectra for the fragmentation of 1-Mo. The whole isotope pattern was mass-selected for (a) and (b) and only

the signal at m/z 700 for (c).

(vide infra) and can already be detected in the full spectrum
at m/z 808.214 (calc. 808.219 u for [C4oH47BGe
MoN4OT*).

The APCI spectrum of 2-W is obtained with even less
considerable signals beside the [M]** peak. Apart from
the above-mentioned [Ar™*+H]' signal, the ion
[Tp’(CO)sW +H]* could be identified at m/z 566.145
(calc. 566.143 u for [C;gH23BNgOsW]') with small
underlying amounts of the ion [Tp’(CO);W]*, which sup-
posedly originated from the [M + H]* and [M]** molecu-
lar ions, respectively.

The CID spectrum of the molecular ion of 2-Mo at m/z
836 mainly shows carbonyl ligand dissociations
(Figure 13). With a CID activation energy of 12 eV, the
first CO dissociation to m/z 808.220 ([M — CO]™) is most
prominent, whereas the second carbonyl dissociation is
only observed for the co-excited [M +H]" ion to [M+H
—2CO]" at m/z 781232 (cale. 781232 u for
[C3oH4sBGeMoNg]*). Due to residual water in the ion
trap, which tends to coordinate to free metal binding
sites, a [M — CO + H,0]" water adduct of the singly decar-
bonylated germylidyne complex is formed as well at m/z
826.229. Finally, the spectrum shows the fragment [M +
H — [HgCsN,]T* at m/z 741.153 with low intensity, which
can be rationalized by cleavage of a pyrazole unit
[HgCsN»] off the Tp’ ligand again from the protonated
molecular ion [M+H]*® (calc. 741.153 u for

[C3¢H40BGeMoN,4O,]"). This fragment is reproduced in
the HCD spectrum at 12 eV with the whole mass pattern
isolated (Figure 14(b)), as well as an additional water
adduct of this ion at m/z 759.163 along with the other
ions [M —COJ** and [M-CO + H,O]** already found by
the CID experiments. However, in contrast to the fragment
[M+H-2COJ" seen in the CID spectra, here the [M —
2CO —H,]** ion at m/z 778.206 (calc. 778.209 u for
[C30H4sBGeMoNg]*) superimposes the [M +H —2CO]*
signal with slightly higher intensity. Interestingly, when
only the signal at m/z 836 is mass-selected, the dihydrogen
cleavage is not observed and the fragment [M —2COJ** at
m/z 780.232 is obtained. Also, the cleavage of the pyrazole
ring from the Tp’ ligand is now found at m/z 740.153 for
[M —[HgCsN,]1** together with its water adduct at m/z
758.163.

Analogously, the CID spectrum in Figure 15 of the
mass-selected molecular ion of 2-W at m/z 922 shows the
sequential carbonyl loss to m/Zz 894.267 and 886.269
(calc. 894.264 u and 866.269 u for [C4H,;7BGeNc,OW]"
and [C3oH4&7BGeNgW]*, respectively), with a water
adduct [M — CO + H,O01** of the first at m/z 912.275 and
a subsequent dihydrogen loss [M—2CO—H,]™ at m/z
864.254 for the latter. In contrast, the recorded HCD
spectra of 2-W (Figure 16) appear to be more complex
with matching fragmentations between that with the
whole isotope pattern mass-selected and that with only
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(m/z 786) with 0 eV (a) and 15 eV (b), and the further activation of the mass-selected fragment ions m/z 771 at 15 eV (c) and m/z 634 at

14 eV (d) in MS® experiments.

the most abundant signal at m/z 922. Except for the carbonyl
expulsions, a cleavage of [CH;CN] at m/z 825.243 from the
decarbonylated fragment [M —2CO]** is observed (calc.
825.243 u for [C3;H44BGeNsW]™), which is plausible for
pyrazole rings like the Tp’ ligand comprises.>**! Another
fragmentation based on the [M —2CO]J** is the loss of a
pyrazole ring at m/z 770.204 (calc. 770.200 u for
[C34H30BGeN4W]™) as seen before from the (protonated)
molecular ions of the Mo species.

A very interesting feature of Figure 16 is the presence
of the [Tp’WH]" fragment at m/z 482.159 (and its water
adduct [Tp"WH +H,O0]* at m/z 500.169), caused by
W=Ge triple bond cleavage after excitation of the
molecular ion [M]*. As these signals are also present in
the HCD spectrum with mass selection of only m/z 922,
we think they are unlikely to originate from the [M+
H]* parent ion as the amount of [M+H]*" present is
found quite low in 2-W in contrast to 2-Mo (cf. the
isotope pattern zoom of Figures 11 and 12.). Instead, it
is possible that, upon W=Ge bond breaking, one of the
flanking methyl groups of the Ar™®® substituent is acti-
vated by the metal centre in the reactive [M]™* ion.
Abstraction of one proton from there leads to the observed
ion and the neutral [GeAr™**—H] fragment, which prob-
ably undergoes consecutive rearrangements to stabilize
the electronically unsaturated germanium atom.

Conclusion

A novel mass-spectrometric study of group 6 germylidyne
complexes, namely [Cp(PMe;),M=GeAr™*] and
[Tp’(CO)M=GeAr™*] (M=Mo, W) was performed
despite the high sensitivity of these compounds towards
air and moisture. Both the LIFDI and APCI ionization
methods in combination with advanced Schlenk and
glovebox technique enabled us to record mass spectra
without considerable amounts of degradation, comprising
the molecular ions [M]* as base peaks in all cases.
Furthermore, CID and HCD experiments were performed
for this class of compounds for the very first time. The
fragmentation patterns not only comprise the expected
losses of phosphane and carbonyl ligands but also indicate
C-H bond activation by the electron-deficient metal
centre. Although degradation in solution before ionization
can obviously destroy the M=Ge triple bond, its cleavage
is not observed upon gas-phase activation for the Mo
species and only as a minor pathway for the W com-
pounds, pointing towards the high bonding energy
between metal and tetrel. The higher reactivity of the
tungsten germylidyne complexes is also visible in the pre-
ferred methyl abstraction in the phosphane complex 1-W
compared to 1-Mo. With this first step being successful,
we aim to study the gas-phase behaviour of other
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Figure 10. APCI-Orbitrap HCD spectra for the fragmentation of 1-W. The whole isotope pattern was mass-selected for (a) and (b) and only
the signal at m/z 786 for (c).
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Figure 14. APCI-Orbitrap HCD spectra for the fragmentation of 2-Mo. The whole isotope pattern was mass-selected for (a) and (b) and only

the signal at m/z 836 for (c).
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Figure 16. APCI-Orbitrap HCD spectra for the fragmentation of 2-W. The whole isotope pattern was mass-selected for (a) and (b) and only

the signal at m/z 922 for (c).

tetrelylidyne complexes, including those with different
metal and tetrel atoms.
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1-ad
4-dmap
APCI
ArDipp
ApMes
ArTripp
ATM
BCE
BDE
BDG
BJ
BSIE
BSSE
CAAC
CAACMe
CC
CCSD(T)
CDASI
CI

CID
CN

Cp
Dipp
DFA
DFT

DLPNO-CCSD(T)

dme

EDA
ETS-NOCV
FMO
(meta-)GGA
GTO

HCD

HF
HOFMO
HOMO

IAO

1-adamantyl

4-dimethylaminopyridine

atmospheric pressure chemical ionization
2,6-(2,6-(iPr),-C4H;),-C4H;
2,6-(2,4,6-(CH;);-C4H,),-C4Hj,
2,6-(2,4,6-(iPr);-C4H,),-C¢H;
Axilrod-Teller-Muto three-body correction
bond cleavage energy

bond dissociation energy

free Gibbs bond dissociation energy
Becke-Johnson type damping

basis set incompleteness error

basis set superposition error

cylic alkylaminocarbene
C[N(2,6-(iPr),-CsH3)C(CH;),CH,C(CHj3), ]
coupled cluster

coupled cluster method with single, double and perturbative triple excitations
cyclic dialkylsilylene

configurational interaction

collision induced dissociation

coordination number

cyclopentadienyl, CsHs

diisopropylphenyl, 2,6-(iPr),-C¢H;

density functional approximation

density functional theory

domain-based local pair natural orbital CCSD(T)
dimethoxyethane

energy decomposition analysis

extended transition state method combined with natural orbitals of chemical valence

fragment molecular orbital

(meta-) generalized gradient approximation
Gaussian-type orbital

higher-energy collisional dissociation
Hartree-Fock

highest occupied fragment molecular orbital
highest occupied molecular orbital

intrinsic atomic orbital
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IiPr,Me,
KS-DFT
LCAO
LIFDI
LMO
LP
L(S)DA
LUFMO
LUMO
LV

Mes
MO
MP2
NBO
NHC
NHO
NLS
NMB
NO
NPA
NRT
pTol
QRRHO
RB
sc-XRD
SCF

SD
SIDipp
SIX

SRE
STO
Tbb
TD-DFT
thf
TMS
Tp’

intrinsic bond orbital
C[N(2,6-(iPr),-CsH3)CH],
C[N(CH;)C(CHs)],

C[N(iPr)C(CH3)],

Kohn-Sham density functional theory
linear combination of atomic orbitals
liquid injection field desorption ionization
localized molecular orbital

electron lone pair

local (spin) density approximation

lowest unoccupied fragment molecular orbital
lowest unoccupied molecular orbital

lone valence

mesityl, 2,4,6-(CH;);-C4H,

molecular orbital

second-order Moller-Plesset theory
natural bond orbital

N-heterocyclic carbene

natural hybrid orbital

natural Lewis structure

natural minimal basis

natural orbital

natural population analysis

natural resonance theory

para-tolyl

quasi rigid rotor harmonic oscillator
Rydberg basis

single-crystal X-Ray diffraction

self consistent field

Slater determinant
CIN(2,6-(iPr),-CsH;3)CH;],
C[N(2,6-(CH3),)-CsH3)CH, 1,

structural relaxation energy

Slater-type orbital
2,6-(CH(SiMe;);),-4-tBu-C¢H,
time-dependent density functional theory
tetrahydrofuran

trimethylsilyl
K*-N,N,N”-hydridotris(3,5-dimethylpyrazolyl)borate
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Tripp triisopropylphenyl, 2,4,6-(iPr);-C4H,
VT-NMR variable temperature nuclear magnetic resonance
WBI Wiberg bond index

WEFT wave function theory
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