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Silylenes, divalent silicon(i) compounds, once considered highly reactive and transient species, are now
widely employed as stable synthons in main-group and coordination chemistry for myriad applications.
The synthesis of stable silylenes represents a major breakthrough, which led to extensive exploration of
silylenes in stabilizing low-valent main-group elements and as versatile ligands in coordination chemistry
and catalysis. In recent years, the exploration of transition metal complexes stabilized with silylene
ligands has captivated significant research attention. This is due to their robust c-donor characteristics
and capacity to stabilize transition metals in low valent states. It has also been demonstrated that the
transition metal complexes of silylenes are effective catalysts for hydroboration, hydrosilylation,
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hydrogenation, hydrogen isotope exchange reactions, and small molecule activation chemistry. This
review article focuses on the recent progress in the synthesis and catalytic application of transition
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Introduction

Developing task-specific ligands is vital in various fields of
chemistry, such as organometallic chemistry, catalysis, and
material chemistry. The need for novel ligands has always been
a key area of research because chemists are always curious to
learn about new compounds and ways to improve the proper-
ties and processes of already existing ones." The enormous
significance of phosphine ligands in various fields of chemistry
also suggests that one can tailor-make task-specific ligands for
various applications.” Over the past few years, fundamental and
application-oriented transition-metal chemistry has seen a
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surge in studying the ligand characteristics of stable N-hetero-
cyclic carbenes (NHCs) over phosphines. NHCs are considered
excellent ligands due to their strong o-donor and weak n-
acceptor properties, facilitating strong bonding interactions with
metals and main-group elements. They are widely utilized in
main-group chemistry, coordination chemistry, and catalysis.
The fast growth of NHC-based transition-metal complexes has
influenced scientists to discover and explore the ligating cap-
abilities of heavier carbene analogues, such as silylene.
Silylenes, heavier analogues of carbenes, feature a Si(u) atom
with one lone pair of electrons and a vacant 3p orbital, render-
ing them potential c-donor and n-acceptor ligands for transi-
tion metals. In 1937, Schwarz and Pietsch reported the first
divalent Si(i) compound, Cl,Si:, by reducing SiCl, through glow
discharge.” After this, dimethylsilylene (Me,Si:) was observed at
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Fig. 1 Important breakthrough in silylene chemistry over the years.

low-temperature in argon matrices and was considered a reac-
tive intermediate in the chemical reactions.’ Silylenes (R,Si:),
were often regarded as very reactive intermediates that lost
their identity by various mechanisms, including cycloaddition,
polymerization, insertion, and oligomerization, which pre-
vented silylenes from being utilized as reactants in laboratory
experiments.® It was observed that silylenes with a small R
substituent are unstable.® In contrast, disilene formation was
observed when the steric bulk of the R substituent was
increased.” This suggests that kinetic and/or thermodynamic
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stabilization is essential to isolate silylene (R,Si:) as a stable
compound. In 1986, Jutzi et al. made a ground-breaking
discovery in silylene chemistry by isolating decamethyl silico-
cene (n°-CsMes),Si: (I), the first stable compound featuring
divalent silicon(u) atom (Fig. 1).® This discovery demonstrated
that electronic and steric saturation is necessary for synthesizing
bottleable silylenes. The first significant breakthrough in silylene
chemistry occurred with synthesis of the first N-heterocyclic
silylene (NHSi) II in 1994 by West and Denk (Fig. 1).” Following
this, divalent silicon compound chemistry saw a rapid expansion.
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Since the mid-1990s, numerous stable cyclic silylenes III-V with
diverse substitution patterns and ring sizes have been
reported.®'® However, all these stable silylenes contain divalent
Si(u) atoms with no further scope for functionalization. In 2006,
Roesky and co-workers isolated a unique heteroleptic three-
coordinate chlorosilylene VI.'* Following this in 2009, Roesky
and Filipou groups independently synthesized NHC-stabilized
X,Si: VII'? silylenes with functionalizable Si-X (X = Cl, Br)
bonds (Fig. 1).

A three-coordinate chlorosilylene VIII stabilized by pB-
diketiminate ligand was also isolated by Driess in 2018." Very
recently, Hinz isolated a unique two-coordinate chlorosilylene
IX stabilized by a bulky carbazole ligand."* Nakata isolated a
strong o-donor three coordinate iminophosphonamido-chloro-
silylene X in 2021."> These compounds have been widely
employed in silylene chemistry for many years after these
discoveries."'®!” Recently, the Power, Jones, Aldridge, and Inoue
groups developed a unique class of two coordinate acyclic
silylenes XI-XIII, and Lips and co-workers developed a homo-
cyclic silylene XIV with small HOMO-LUMO gap.'®* Two-
coordinate acyclic silylenes, owing to vacant 3p orbital at the
Si atom and small HOMO-LUMO gap, are very reactive and act
as transition metal mimics in small molecule activation
chemistry.'® These discoveries changed the course of silylene
chemistry and started a burgeoning era.

Transition metal complexes of
silylenes: a historical perspective

Unlike NHC, transition metal complexes of NHSis are still in
the early stages of development. The exploration of transition
metal complexes of NHSis lags behind the extensive utilization of
NHC-stabilized transition metal complexes in various important
applications."® The lack of progress is mostly due to the restricted
techniques available for synthesizing silylene transition metal
complexes and their instability. The syntheses of silylene com-
plexes via a 1,2-hydride shift from a silyl ligand to the transition
metals are known.** However, unlike the trans-metalation and
the base-mediated procedures to synthesize NHC-stabilized tran-
sition metal complexes, the primary method for synthesizing
silylene transition metal complexes involve free silylene coordina-
tion, which restricts their production and use. In 1977, Welz and
Schmid unveiled the first example of a thermolabile Fe complex of
silylene, which was only stable below —20 °C.*° However, in 1987,
a breakthrough came when Zybill and Miiller achieved the first
structural characterization of the silylene transition metal
complex, promising further development.”! Their methodology
involved treating Fe(u) precursors [Ky(Fe(CO),)] or [Hy(Fe(CO),)]
with (‘Bu0),SiCl, under salt metathesis conditions or with a base
(Et3N), to produce the first pioneering silylene Fe complex.

The landscape of this field transformed significantly with the
synthesis of the first bottleable NHSis in 1994, following which
several reports emerged detailing silylene complexes with various
transition metals. These advancements and early breakthroughs
were succinctly compiled and reviewed in a comprehensive report

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Catalytic applications of transition metal silylene complexes.

by West and co-workers.® The synthesis of three-coordinate
chlorosilylene by Roesky and co-workers significantly boosted
the development of transition metal complexes of base-
stabilized silylenes. The presence of the Si-Cl bond enabled the
synthesis of various functionalized silylenes, leading to the
exploration of their transition metal chemistry in diverse
avenues.'® As a result, the past few years have seen a surge of
interest in the synthesis of transition metal complexes of various
silylene ligands and their utility in various catalytic applications
(Fig. 2)."7%** The presence of silylene in this class of compounds,
as potent c-donor ligands, fine-tune the catalytic activity of the
metal center in metal-mediated homogeneous catalysis.

Driess and co-workers were the first to summarize the utility of
transition metal complexes of silylenes in various -catalytic
reactions.'’#?** Recently, Li and co-workers summarized the pro-
gress in the synthesis and characterization of Fe, Co, and Ni
complexes of silylenes.'”” In 2021, Khan and co-workers surveyed
the coinage metal complexes of silylenes.'”* Although these elegant
reviews provide a state-of-the-art description of silylene-transition
metal complexes, there is a need to survey the recent advancements
made in the field from 2021. This review aims to bridge the gap by
summarizing recent advancements in the synthesis, characteriza-
tion, and catalytic utilities of transition metal complexes of silylenes
reported after 2021. Through a systematic literature analysis, this
review highlights key findings, discusses synthetic strategies, and
evaluates catalytic performances, providing valuable insights for
future research in this rapidly evolving field.

Fe, Co, and Mn complexes of silylenes

Unlike other transition metals, the report on Fe silylene com-
plexes is mature.'’? Some of the early developments in the field
included the first spectroscopic characterization of Fe silylene

Chem. Commun., 2024, 60, 9483-9512 | 9485
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complex XV in 1977.”° Followed by the first structural charac-
terization of Fe silylene complex XVI in 1987.>' Subsequently,
West reported the silylene coordinated Fe(0) complex XVII in
2001.%% In 2009, Roesky and co-workers introduced the first
stable Fe complex XVIII, featuring a base-stabilized tricoordi-
nate silylene ligand.>* Following which, several Fe-silylene
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Fig. 3)."7"¢ The Fe complexes of silylenes are active in impor-
tant catalytic reactions such as hydroboration and hydrosilyla-
tion of carbonyl compounds® and the reductive function-
alization of dinitrogen.>® Unlike Fe, the report on the Co and
Mn complexes of silylenes is not extensive. However, recent
years have seen a surge in the synthesis of Co and Mn
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important catalysts for the hydroboration of aldehyde and
ketones and in the reductive functionalization of highly inert
dinitrogen gas.'”” Some of the earlier reported Co and Mn
complexes are shown in Fig. 3 (XXVI-XXXII).'”>%?” In this
section, we will discuss the synthesis and application of Fe,
Co, and Mn silylene complexes, focusing on recent advances
from 2021 to the present date.

Fe—silylene complexes

Recently, there has been significant progress in CO activation
chemistry, including low-valent elements from Group 13 and
Group 14.® Among many classes of main group compounds that
exhibit the ability to activate CO, silicon(1) and silicon(u) com-
pounds have been extensively researched because of their small
HOMO-LUMO energy gap, the presence of a lone pair, and a free
p-orbital at the silicon center. The amidinate stabilized three
coordinate bis-silylenes [{PhC(N‘Bu),}Si], developed by Roesky
and co-workers represent one of the most sought-after systems
in silylene chemistry."®” The presence of a lone pair of electrons at
each Si(1) atom and a dynamic Si(1)-Si(1) bond make this compound
highly reactive; as a result, a remarkable array of reactions is
known with this system.'®” Nevertheless, the activation of CO has
not been investigated using this class of compound until recently.

Given this, Jones and co-workers explored the reactivity of an
interconnected bis(silylene) 1 in the presence of CO gas. The
reaction of 1 with CO gas (1 atm.) led to the cleavage of the Si-Si
bond and the subsequent insertion of CO into the N-Si bond
of one of the four-membered CNSi, ring of bis(silylene) 1,
leading to the formation of a novel bis(silylene) compound 2
(Scheme 1).>° The product, 2, can be formulated as a spacer-
separated bis(silylene) and comprises an O atom bridge that
connects one four-membered silylene fragment with a five-
membered silylene ring. The unique five-membered silylene
ring is the first example of a silicon analog of an ‘“abnormal” N-
heterocyclic carbene (aNHC). The 2°Si NMR spectrum of 2
showed two singlet resonances at 35.2 and —12.2 ppm that
are significantly upfield shifted compared to 1 (6 = 96.9 ppm).
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Scheme 1 Synthesis of 2—4.
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The molecular structure of compound 2 revealed a distance
of 3.441(1) A between two- and three-coordinate silicon atoms,
thus ruling out any significant bonding interaction (Fig. 4). As a
result, compound 2 has the potential to function as a bidentate
ligand in coordination chemistry. The bis-silylene 2 did not
undergo a reaction with Mo(CO), or Fe(CO)s at room tempera-
ture. However, when a solution of 2 in toluene or benzene,
together with Mo(CO), or Fe(CO)s, was exposed to UV light from
an LED lamp (370 nm, 43 W) for two hours, resulted in the
formation of a mono-nuclear k>-Si molybdenum complex 3 and
a silyleneyl-bridged iron complex 4, respectively. Interestingly,
compound 3 was also obtained by irradiating a mixture of 1 and
Mo(CO)e with a UV lamp for two hours. This indicates that 1
initially reacts with CO released from Mo(CO)s, forming 2.
Subsequently, compound 2 reacts with Mo(CO)s to produce
the k*-Si molybdenum complex 3. In the case of complex 4, the
reaction proceeds with the release of CO molecules from 2
under UV irradiation to afford 1, which further reacts with
Fe(CO)s to afford silyleneyl-bridged iron complex 4. The control
experiments further demonstrated this, which showed that a
1:1 mixture of 1 and 2 resulted from irradiating a solution of 2.
Furthermore, compound 4 was formed when 1 reacted with two
equivalents of Fe(CO)s under UV light. These control experi-
ments suggest that the CO release from 2 is the first step during
the reaction of 2 with Fe(CO)s.

Further, the molecular structure of 4 also revealed, formally
three-electron donor, silyleneyl ligands are bridging the (CO);-
Fe-Fe(CO); moiety, yielding an 18-electron complex. The IR
spectrum of complex 3 showed CO stretching vibrations at (v =
2005, 1900, 1870, 1835 cm™ '), which are higher than the same
reported for chelating bis(NHC)Mo(CO), complexes,*® hence
suggesting the bis-silylene 2 to be less o-donor than NHCs or
aNHCs. The authors have also done detailed DFT calculations to
understand the formation of 2 from 1. The reaction starts with
the initial coordination of CO to one Si atom of 1 to yield Int1.
Next, via TS1 (11.2 kecal mol '), the coordinated CO inserts into a
Si-N bond to produce Int2. Attack of the O-atom of Int2 to the
four-membered silylene Si atom occurs via TS2 (4.7 keal mol ™),
leading to the cleavage of the Si-Si bond to give 2 (Fig. 5).

Fig. 4 Molecular structure of 2 showing Si---Si distance between two
coordinate and three coordinate Si atoms. Reproduced from ref. 29
©2022 Wiley-VCH GmbH.
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Fig. 5 DFT calculated probable mechanism for the formation of 2 (ener-
gies are expressed as kcal mol™%, Ar = 4-'BuCgH.). The calculation was
done with Gaussian09 using the hybrid functional B3PW91.6-31G(d,p),
double-{ basis set was used for C, H, O and N atoms, whereas Si atoms
were represented with a small-core StuttgartDresden relativistic effective
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Bis(silylene)s are categorized into two types: (i) intercon-
nected bis(silylene)s, where two Si(i) atoms are directly con-
nected. (ii) spacer-separated bis(silylene)s, wherein a spacer
motive connects two Si(u) centers.'®” Reactivity studies of
interconnected bis(silylene)s with transition metals, aimed at
forming mononuclear metal complexes, typically result in Si-Si
bond cleavage (Scheme 2(a)). This phenomenon is also exem-
plified in the reaction of 1 with Fe(CO)s, separating two silicon
centers and forming 4. However, it is worth noting that there
are instances where the formation of multinuclear transition
metal complexes with interconnected bis(silylene)s has been
observed.*’ Krogman and co-workers reported the first mono-
nuclear metal complex 7 of interconnected bis(silylene) by
altering the reaction pathway, wherein the Si-Si bond can
induce n’-coordination to the metal center (Scheme 2).°* A
two-step reduction of the chlorosilylene-stabilized Fe(u)
complex 5 with KCg produced the mononuclear metallacyclic
complex 7, characterized by a direct Si-Si bond. The molecular
structure of 7 (Fig. 6) shows that Si(1)-Fe-Si(i) atoms form a
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Fig. 6 Molecular structure of 7. Reproduced from ref. 32 Copy-
right©2022, American Chemical Society.

three-membered equilateral triangle with Si-Si bond distance
of 2.217(6) A, which falls in the range of Si=Si double bonds
(2.120-2.250 A).** Complex 7 exhibits an unconventional elec-
tronic structure, where the three-membered Fe-Si-Si ring dis-
plays 2m-aromaticity. DFT calculations on this compound
unveiled an electronic configuration where the Si-Si fragment
acts as a four-electron c-donor to the Fe center.

Furthermore, a considerable n-back donation from the Fe(0)
center to the silicon atoms within the disilylene moiety enhances
the overall structural stabilization. The reactivity of compound 7
was assessed through its reaction with trimethylsilylazide and
benzophenone (Scheme 3). The reaction of compound 7 with
trimethylsilylazide at 40 °C resulted in the insertion of azide into
the Si-Si bond. According to DFT calculations, the mechanism of
this reaction can be elucidated by the capability of 7 to exhibit
nucleophilic-induced FLP (Frustrated Lewis Pair) reactivity. This
means that the Si(1) centers in complex 7 have the dual ability
to act as nucleophiles and electrophiles. In the first step, the
azide undergoes a nucleophilic attack on one of the Si centers,
inducing a nucleophilic character at the second Si center.
Subsequently, this nucleophilic Si center attacks back onto the
azide, forming 8 (Fig. 7).

Heating 8 to 80 °C supplies the necessary energy for the
release of N, and the formation of 9. This process follows a
Staudinger pathway involving a four-membered ring transition
state. The release of dinitrogen from 8 ultimately yields product 9
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Scheme 2 (a) Non-reactivity of interconnected bis(silylene) for the formation of mononuclear metal adduct to Si—Si bond (b) Synthetic of complex 7.
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(Fig. 7). During the reaction of 7 with benzophenone, a selectively
formed seven-membered ring product, 10, was obtained through
a formal 1,4-addition of benzophenone. This highlights the
characteristic of moderated and controlled reactivity of the Si-Si
fragment within complex 7. In contrast, previous reports on the
reaction of disilylene(r) with benzophenone resulted in selective
C-O cleavage, yielding a cyclodisiloxane.**

In 2022, Khan and co-workers reported a new mixed donor
ligand (11) (Scheme 4) and synthesized its M(u) complexes
(M = Fe(u), Co(u), and Ni(un)). The authors also studied the
electrochemical, optical, and magnetic properties of these
complexes.®® The reaction of 11 with FeBr, resulted in the for-
mation of a four-coordinate silylene-Fe(r) complex 12 (Scheme 4).
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The molecular structure of 12 confirmed the distorted tetrahedral
geometry around the Fe center, suggesting its paramagnetic
nature (Fig. 8). The crystallization of compound 12 in the ferro-
electric active space group Pna2,, suggests a new application of
silylene transition metal complexes. The magnetic property of
complex 12 was studied using SQUEED magnetometry. At room
temperature (300 K), complex 12 displayed paramagnetic beha-
vior with an increasing linear trend of magnetization with
magnetic field strength. In comparison, at lower temperatures
(5 K), it showed soft magnetic behavior with S-shaped isothermal
magnetization (M-H) curves and negligible coercivity (Hc) and
remanence (Mr) magnetization values. The low coercivity and
remanence values at lower temperatures suggest that complex 12

9+N;

Fig. 7 DFT calculated free energy profile for the formation of 9 from trimethylsilyl azide and complex 7 (B3LYP-TZVP/def2-TZVP). The consumption of 7
is shown in the inset. (Reproduced from ref. 32 Copyright©2022, American Chemical Society).
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possesses properties of soft magnetic materials, making it
suitable for electronic devices and magnetic data storage systems.
The cyclic voltammogram (CV) studies of 12 also indicated its
electroactive nature, with a reversible redox peak at E,, = 506 mV,
corresponding to the Fe() — Fe(u) transition, and its corres-
ponding reduction peak appeared at E,. = 436 mV. Another
reduction peak at E,. = —1250 mV was attributed to Fe(r) —
Fe(0), while the oxidation peak occurs at a more positive potential,
Ep, = 1644 mV, signifying the Fe(u) — Fe(m) transition.

The effective magnetic moment of 12 was found to be 5.3
BM (linear fit) and 5.5 BM (Langevin fit), corresponding to four
unpaired electrons. Consequently, it can be inferred that 12 is a
high spin complex.

In 2022, Rieger and co-workers studied the electronic and
steric properties of phosphinimide-silylene-Fe(0) complexes.
The authors judiciously trapped the in situ generated silylenes
with an olefin to afford phosphinimide-substituted siliranes.
The reaction of N-trimethylsilyl-phosphinimide with SiBr, afforded
N-tribromosilyl-phosphinimides, which on further reduction with
potassium hypersilanide [KSi(TMS);] in the presence of cyclohex-
ene afforded the desired phosphinimide-substituted siliranes. The
phosphinimide-substituted siliranes on treatment with Fe(CO)s
led to the formation of silylene-substituted Fe complexes 13-15
(Scheme 5).>® The reaction, facilitated by gentle heating to 40 °C,
involves the opening of the silirane ring, leading to the generation
of transient silylenes. The *'P NMR signals indicate the electronic
property changes in complexes 13-15. The signals are downfield
shifted, transitioning from 14.02 ppm for 13 to 14.33 ppm for 14
and 51.49 ppm for 15. This shift aligns with the steric trend
observed on Tolman’s map of the phosphines. Simultaneously,
the electronic trend is reflected in the *°Si NMR spectra, where a
downfield shift is observed for the central silicon atoms.

Fig. 8 Molecular structure of 12 showing distorted tetrahedral geometry
around Fe center. Reproduced from ref. 35 Copyright©2022, American
Chemical Society.
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Table 1 Wavenumbers corresponding to the CO vibrations of the
Fe(CO)4L complexes 13-15 ascertained via IR spectroscopy

Fe(CO),L Veo (em™)

2007, 1925, 1872
2003, 1921, 1869
1998, 1916, 1867

Ph-silylene complex 14
Me,Ph-silylene complex 13
‘Bu-silylene complex 15

Specifically, the shift progresses from the complex of ‘Bu-silylene
with a signal at 293.4 ppm to the complex of Me,Ph-silylene at
311.5 ppm and, finally, to Ph-silylene at 320.5 ppm. The IR spectra
of complexes 13-15 reveal a correlation similar to what is observed
for phosphines on Tolman’s map: an increase in the donor
strength of the phosphine ligand results in a decrease in the
wavelength of the CO vibrations (Table 1). This observation
suggests that the relative donor strength of phosphinimide-
based silylenes can be predicted by knowing the position of the
utilized phosphine on Tolman’s map.

Dinitrogen functionalization, among various catalytic reac-
tions involving silylene-Fe complexes, stands out as one of the
most significant transformations. This is due to its pivotal role
in numerous industrially relevant processes. Dinitrogen (N,) is
the predominant gas in the Earth’s atmosphere. However, its
inert nature challenges its utilization as a nitrogen source in
biosphere and industrial applications.>” Therefore, various
approaches have been made to overcome this problem by
reducing and functionalizing N,.*® In 2023, Li and co-workers
designed and synthesized a new class of spacer-separated
bis(silylene)-Fe(i) complexes and studied their catalytic reac-
tivity in dinitrogen silylation reaction.*®

The reaction of bis(pyrrol-2-yl)-methane derivatives with two
equivalents of [PhC(N‘Bu),SiCl] in the presence of a base
LiN(SiMe3;), resulted in the formation of bis(silylene) [SiCSi]
pincer ligands 16-18. Which on further treatment with FeCl,-
(THF), 5 in THF, resulting in the formation of tetra-coordinate
bis(silylene) iron(u) chloride complexes 19-21 (Scheme 6).

The catalytic activity of complexes 19-21 was evaluated in a
dinitrogen silylation reaction. Despite all three complexes
exhibiting some degree of activity, it was found that the
sterically bulky group on the central carbon had a positive

This journal is © The Royal Society of Chemistry 2024
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impact. As a result, complex 21, showed the highest catalytic
performance with an overall turnover number of 746. Notably,
this represents the highest reported TON value for dinitrogen
silylation among all silylene transition-metal catalysts. Further-
more, the authors found that the transient intermediates,
pentacoordinated bis(dinitrogen) iron(0) complexes 22-24,
function as the actual catalysts in N, silylation reactions
(Scheme 7).

Bis-silylene synthesis with a reactive Si(1)-Si(1) bond repre-
sents a breakthrough in low-valent silicon chemistry. Recently,
Roesky and co-workers synthesized a unique bis-silylene
bridged by Si(v) center.”® A 2:1 molar reaction of LSiCl (L =
Ph(*BuN),) with Ph,SiCl, in the presence of 4 equivalents of KCg
led to the formation of unique bis-silylene 25. The *°Si NMR
spectrum of 25 showed two resonances at —29.2 ppm and 59.9
ppm, corresponding to Si(iv) and Si(u) atoms, respectively. The
Si(u)-Si(1v)-Si(u) bonding arrangement in the bis-silylene 25 is
unique, with Si()-Si(iv) bond lengths of 2.4212(8) and 2.4157(7) A.
Further, the authors also explored the coordination ability of 25
with Fe(0) precursor. The reaction of 25 with two equivalents of
Fe(CO)s resulted in the formation of a dinuclear Fe(0) complex 26
(Scheme 8). The *°Si NMR spectrum of 26 showed resonances at
—29.6 ppm and 113.0 ppm due to Si(v) and Si(u) — Fe(CO),

F
Si” _~Cl
19-21
N, | THF
KCg
(Si\ /N2
(SiMe3) Si’\o\Nz Me;SiN3
2Ny 2224 N,
Si Si
CS.:Fe_N(SiMes)a CS_:Fe:N—N(SiMe3)3
! i
B A

N(SiMes);  Me;SiNg

Scheme 7 Proposed mechanism for the N, silylation by Fe complexes
22-24.
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centers, respectively. As can be seen from the *Si NMR chemical
shift values, the silylene atom in Si(n) — Fe(CO), becomes highly
deshielded due to coordination to Fe(CO), center when compared
to the same in 25. The Si(u)-Si(iv)-Si(u) bond distances as well as
the Si---Si distance is elongated upon coordination with Fe(0)
(Fig. 9).

The IR spectrum of 26 showed frequency for CO at
1893 cm™ ', which is slightly lower than the same in similar
amidinate stabilized Fe(0) complexes, suggesting the electron-
rich nature of 25.>* The authors have performed extensive DFT
calculations to understand the nature of these Si-Si bonds. The
Si-Si bonds in 25-26 are of an electron-sharing type, as suggested
by NBO (natural bond orbital) and EDA-NOCV (energy decom-
position analysis orbital for chemical valence) investigations.

Aminosilylene, comprising reactive -NH and Si(u) centre
next to each other, is a versatile compound. Very recently,
Roesky and co-workers used the concept of steric protection of
the NH group to produce aminosilylene Ar*NHSi(PhC(N‘Bu),)

-Si distance is
ref. 40 Copy-

Fig. 9 Molecular structures of 25 and 26 showing Si--
elongated upon coordination to Fe. Reproduced from
right©2023 Wiley-VCH GmbH.

Chem. Commun., 2024, 60, 9483-9512 | 9491


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cc01930j

Open Access Article. Published on 29 Juni 2024. Downloaded on 18/10/2025 13:24:28.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Feature Article

0.5 [Ru]
fluorobenezene
120°C, 16 h
Ph
Ph
By
N N
4
S‘\\N)>—Ph
Ph |
PR oy Bu Ph
Ph
1
[Fe(CO)s] BB
N
si_ >—ph
[Ru] = [Ru(7-p-cymene)Cl,], PRl
Ph oc\Fl By
s
oc”” |
co

Scheme 9 Synthesis of 28 and 29.

(27) (Ar* = 2,6-dibenzhydryl-4-methylphenyl) in its free form
and studied its reactivity with Ru and Fe metal precursors.*!
The reaction of [Li{NH(Ar*)}] with [(PhC(NBu),SiCl)], resulted
in the formation of aminosilylene 27. The *°Si{'"H} NMR spectra
of 27 displayed a singlet at —3.4 ppm, akin to R,NSi(amidinate)
(R = Cy, 'Pr).*> The "H NMR spectrum of 27 exhibits a charac-
teristic -NH proton singlet at 4.21, confirming compound
formation.

While phosphine and nitrogen donor ligands are common
in tethered Ru complexes, silylene ligands are seldom utilized
in such systems.>® Treatments of 27 with [Ru(n°-p-cymene)Cl,],
afforded a m®arene tethered complex [RuCl,{Ar*NHSi(PhC(*
BuN),)-«'-Si-n°-arene}] (28), whereas with the Fe(CO); precursor
a Fe(0) complex [Fe(CO){Ar*NHSi(PhC(‘BuN),)-k"-Si}] (29) was
obtained (Scheme 9). The molecular structure of complex 28
confirmed the presence of a rare n°-arene tethered complex,
whereas complex 29 exhibited a trigonal-bipyramidal geometry
around the Fe atom, with ligand 27 occupying one of the apical
positions to reduce steric hindrance, and four CO groups
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occupying the other positions (Fig. 10). In the case of 28, the
HOMO is centered around the {RuCl,} group, wherein the
Ru(d,,) orbital interacts with both Cl(3p,) ions in a n* type
manner. However, the LUMO is centered on the {RuCl,Ph}
group, where Ru(d,._,) interacts with the Ph(r) and CI(3py)
orbitals. Because of the interaction between Fe(d,._,.) and
CO(n*) orbitals, the HOMO for 29 is centered at {Fe(CO),}.
However, the LUMO is centered on the substituted silylene
group and is of the n* type.

In 2024, the same group utilized a short-bite bis(NHSi)
ligand to synthesize a unique bimetallic Fe complex with a
Fe-Fe bond distance of 2.6892(13) A.** The short-bite bis(NHSi)
30 was synthesized by the treatment of dilithiated amide ArNLi,
(Ar = p-toluidine) with [(PhC(N‘Bu),SiCl]) in 1:2 molar ratios.
The reaction of 30 with Fe(CO); in a 1:2 molar ratios afforded a
unique bimetallic complex 31 featuring an intriguing five-
membered (N-Si-Fe-Fe-Si) ring (Scheme 10). In complex 31,
the ligand bite angle is expanded from 109.33(8)° to 118.2(2)° to
accommodate two Fe atoms, and the ligand acts as a p-bridging
A-frame ligand to afford an interesting binuclear complex with
Fe-Fe bond (Fig. 11). The *Si NMR spectrum of 31 showed a
singlet resonance at 36.5 ppm, which is considerably downfield
shifted (49 ppm) compared to the free ligand 30 (—12.2 ppm),
and the IR spectrum showed two types of CO stretching
frequencies for the terminal and bridging CO groups in 2056
and 1851 cm ' respectively. DFT studies have examined
the strong Si---Si contact in complex 31, suggesting that the

Fig. 10 Molecular structures of 28 and 29. For simplicity, the phenyl and ‘Bu groups are represented in the wire and sticks model. Reproduced from

ref. 41 Copyright©2023 Wiley-VCH GmbH.
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Fig. 11 Molecular structure of 31. Reproduced from ref. 43 Copyright ©
2023 Wiley-VCH GmbH.

interaction is strong due to a back donation from Fe(0) to
Si(u) atoms.

Co-silylene complexes

Hydrogenation of olefins is one of the most important trans-
formations in organic synthesis, owing to its application in
producing agrochemicals, pharmaceuticals, and commodity
chemicals.** Driess and co-workers recently reported the olefin
hydrogenation catalyzed by NHSi, they utilized a bis(N-
heterocyclic silylene)xanthene nickel(0) complex as an efficient
precatalyst for the hydrogenation of olefins.”> However, the
olefin hydrogenation with Co complexes of silylene ligands was
not explored. The success achieved using NHSi ligands in

View Article Online

Feature Article

various catalytic transformations and with the knowledge that
low-valent cobalt complexes are known to serve as effective
catalysts for the hydrogenation of olefins. Mo and co-workers
hypothesized that N-heterocyclic imino substituted silylene
owing to its strong o-donor ability and the presence of a
sterically demanding group in the NHSi backbone might sta-
bilize low-valent Co(1) complex.

The reaction of 32 with CoCl, in the presence of reducing
agent Na/Hg afforded a unique arene-tethered complex 33
(Scheme 11). On further treatment with Buz;BHK afforded the
cobalt hydride complex 34.® Both the complexes were diamag-
netic and showed a highly deshielded singlet resonance in the
9Si NMR spectra at 35.27 and 40.83 ppm, respectively (—26.97
ppm for 32). The characteristic Co-H resonance for 34 in the
'H NMR spectrum was observed at —13.2 ppm, suggesting the
Co-bound hydride ligand in 34. With the cobalt hydride
complex 34, catalytic hydrogenation of styrene was investi-
gated. The cobalt hydride complex 34 was found to be a very
efficient catalyst for the olefin hydrogenation reactions under
very mild conditions (5 mol% 34, 60 °C, 1 bar H, gas). The
reaction worked well even with 0.5% catalyst loading but
required more time (24 h) for completion. No product for-
mation was observed when only NHSi ligand was employed,
hence suggesting the crucial role of Co center in the catalysis.
Further, the authors also checked a variety of substituted
olefins under the optimum conditions and found that the
reaction worked well and afforded quantitative yields of hydro-
genated products in all of the cases (Scheme 11). While the
detailed mechanism was not probed, the authors hypothesized
that the reaction starts with the insertion of Co-H to olefin to
afford cobalt alkyl complex, which might undergo o-bond
metathesis with H, gas to afford the hydrogenated product
together with the regeneration of the catalyst 34.
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(a) Synthesis of NHSi stabilized Co() complexes 32—-34. (b) Catalytic utility of 34 in olefin hydrogenation.
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Scheme 12 Hydrosilylation of carbonyl compounds by Co complex 35.

To get insight into the impact of replacing phosphine with
silylene ligands, Hinz and Li studied the hydrosilylation of
carbonyl compounds catalyzed by Co(PMe;);Cl and Co(LSi:),-
(PMe;),Cl (35) (LSi: = {PhC(N‘Bu),}SiCl) complexes.*” The reac-
tion of [(PhC(N‘Bu),SiCl)] with Co(PMe;);Cl in 2:1 molar ratio
afforded the desired complex Co(LSi:),(PMe;),Cl (35) as red
solid in excellent yield."® The *°Si NMR spectrum of 35 showed
a singlet resonance at 30.0 ppm which is slightly downfield
shifted when compared to [(PhC(N‘Bu),SiCl)] (14.6 ppm).
The authors found that both complexes are active catalysts
for the hydrosilylation of carbonyl compounds. However, the

View Article Online
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replacement of phosphine with silylene in Co(LSi:),(PMej;),Cl
(35) proved beneficial, and the complex showed higher activity
in the catalytic hydrosilylation of aldehydes. Under the opti-
mized condition, this catalyst reduced a series of substituted
aldehydes to corresponding alcohols with good to excellent
yields (Scheme 12). In contrast, the Co(PMe;);Cl complex was
more active for ketone hydrosilylation. The authors also probed
the mechanism for catalytic hydrosilylation reactions and
found that the hydrosilylation of aldehydes catalyzed by
Co(PMes);Cl proceeds via a mechanism different from that of
the analogous reaction with complex 35. However, in the case of
ketones, both complexes catalyze the reaction using the same
mechanism.

Catalytic hydrogen isotope exchange (HIE) reactions play a
pivotal role in synthesizing deuterated and tritiated molecules,
indispensable in diverse fields such as pharmaceuticals and
medicinal chemistry.*® Traditionally, the advancement of HIE
methodologies utilizing transition metals has leaned heavily on
precious metal catalysts, owing to their efficacy in activating
C-H bonds.>® However, recent research has shifted its focus
towards exploring first-row transition metal alternatives, which
offer distinctive advantages in terms of selectivity compared to
the more conventionally employed precious metals. Pioneering
investigations by Chirik®* and De Ruiter®® have underscored
the importance of diverse electronic properties in catalytic HIE
reactions, particularly by utilizing iron complexes bearing
electron-rich pincer ligands. Driess and co-workers demon-
strated that the substitution of phosphine and nitrogen donors
with N-heterocyclic silylenes can furnish electron-rich metal
centers, thereby enhancing catalyst activity for C(sp®)-H boryla-
tion reactions.® The incorporation of ligands containing
N-heterocyclic silylenes has been identified as a means to
enhance the electron richness of metal centers, thereby
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Scheme 13 Synthesis of complexes 37 and 38 (pincer modification by H, addition) and 39 (deuterium incorporation evaluation).
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Scheme 14 Substrate scope for HIE reaction using 36.

boosting improvements in HIE methodologies. Building upon
this foundation, Chirik and co-workers employed their pre-
viously reported®® well-defined bis(silylene)pyridine cobalt(m)
dihydride boryl, trans-[P*°'SiNSi]Co(H),BPin (P°'SiNSi = 2,6-
[EtNSi(N‘Bu),CAr],CsH;N, P*' = 4-MeCgH,, Pin = pinacolato)
(36) complex as precatalyst in HIE reactions involving arenes
and heteroarenes using benzene-dg as the deuterium source.>

The authors first tested the HIE reactions using 1-(H),BPin (36)
complex and D, gas as a deuterium source, which resulted in only
moderate deuterium incorporation. Stoichiometric studies with
H, gas afforded a mixture of [P*'SiNSi(H),][Co(H),BPin] (37) and
[P*ISiNSi(H)][CoH,(H,)] (38) complexes formation by irreversible
modification of the pincer ligand through H, addition, leading to
catalyst deactivation (Scheme 13). The reactivity of 1-(H),BPin (36)
in C¢D¢ was explored to evaluate benzene-ds as a deuterium
source. Heating benzene-ds solution of 36 at 60 °C resulted in
deuterium incorporation into cobalt hydrides and the 4-position
of pyridine, demonstrating C¢Ds as a potential source for catalytic
HIE reaction. The standard catalytic conditions comprised 1
mol% of 1-(H),Bpin (36) in a 0.25 M substrate solution dissolved
in benzene-dg, at 80 °C. This protocol worked well for a diverse
range of substrates and provided good to excellent deuterium
incorporation in the majority of the cases by facilitating C-H
activation at sterically hindered sites (Scheme 14).

The method was also compatible with aryl halides, favouring
chemo-selective C(sp®)-H over C(sp*)-X (X = Cl, Br) bond

This journal is © The Royal Society of Chemistry 2024

activation. NMR monitoring reveals cobalt(ui) resting states
and inhibition by HBPin addition. Studies on precatalyst acti-
vation support bis(hydride)aryl cobalt intermediates in the
catalytic HIE process. Mechanistic insights lead to an opti-
mized protocol using [P**'SiNSi]Co(H);-NaBHEt; as the precata-
lyst, enhancing isotopic incorporation. A proposed mechanism
for the catalytic HIE reaction is depicted in Scheme 15. First the
1-(H),BPin complex 36 loses HBPin to generate a cobalt()
hydride complex, subsequently the cobalt(1) hydride reacts with
benzene-dg to form a cobalt(1) deuteride that transfers deuter-
ium to the substrate (fluoro benzene) and regenerate the cobalt
(1) hydride. Post-catalytic turnover, HBPin may react with
cobalt(r) hydride, forming the dihydride boryl resting state 36.

Mn complexes of silylenes

The chelating bis(silylene) ligands stabilize main-group ele-
ments and transition metals in low-valent states due to their
strong o-donor attributes.?”” However, examples of Mn(0)
complexes stabilized by silylenes are rare. An earlier attempt
from our group to obtain a Mn(0) complex stabilized by silylene
(Si —» Mn(0)) was unsuccessful. It led to a disproportionation
reaction, forming a silylene-Mn(1) complex (XXVI).>” The 17
valence electron (VE) Mn(0) compound Mn(CO)s has only been
achieved in low-temperature matrices.”® Encouraged by the
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success achieved using SiNSi pincer ligand derived from dia-
minopyridine backbone in the isolation of Fe(0) complexes and
their utility in carbonyl hydrosilylation reactions.>” The authors
utilized the SiNSi pincer ligand to synthesize Mn(0) complexes and
studied its reactivity and catalytic properties.”® The reaction of
SiNSi ligand with one equivalent of MnX, (X = Cl, Br) resulted in
four-coordinate Mn(u) complexes (40-41), akin to Mn(i) complexes
of carbenes. However, the Mn(i1) complexes of PNP*® and NNN®
pincer ligands generally adopt a five-coordinate coordination
environment around Mn. This stark difference in the coordination
environment around the Mn center was supposed to be due to the
stronger c-donor nature of the bis(silylene) arms, which forces
the Mn center to adopt tetrahedral coordination. The reduction
reactions of Mn(u) complexes 40 and 41 using KCg without any
supporting ligand did not work. The presence of a supporting
ligand and the sequence of its addition to the reaction strongly
affected the reaction yield. The reduction of 40 and 41 with KCg
followed by the addition of dmpe (dmpe = 1,2-bis-dimethyl
phosphinoethane) resulted in the formation of an unusual Mn-
H complex 42 (Scheme 16). The reaction was proposed to proceed
via the formation of Mn(0) complex as an intermediate. Never-
theless, altering the order of dmpe addition by introducing it

9496 | Chem. Commun., 2024, 60, 9483-9512

before the addition of KCg resulted in the successful production
of the intended Mn(0) complex 43. Further, the reaction of 43
with CO gas under ambient reaction conditions led to the
replacement of supporting ligand dmpe by three CO groups,
forming a unique 17-valence electron Mn(0) complex 44.
The IR spectrum of 44 showed three CO stretching vibrations
at 1844, 1811 and 1716 cm ™', which are shifted to a lower
frequency compared to known Mn(0) complex [Mn(CO),-
(CNATrP'PP2),] (ArP"PP? = 2 6-(2,6-('Pr),CsH,),CeHs),** suggesting
strong backdonation from Mn to CO group in 44. Further, the
Mn(0) complex 43 was utilized as a pre(catalyst) for the regio-
selective hydrogenation of N-heteroarenes. Complex 43 was
superior to the other complexes, and under optimized condi-
tions, a series of N-heteroarene were regioselectively hydroge-
nated with this practical catalyst (Scheme 16).

Given that silylenes are better donors than phosphines and
carbenes, Arevalo and co-workers utilized an Mn(SiNSi)Cl,
complex for the C(sp)-H borylation of terminal alkynes.®* The
authors tested a series of Mn complexes stabilized by different
donors in the catalytic C-H borylation of 4-fluorophenylacetylene
with HBPin (Pin = pinacolate). Silylene stabilized Mn(SiNSi)Cl,
complex 40, was found to be the best catalyst and provided a good

This journal is © The Royal Society of Chemistry 2024
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yield of alkynylboronate ester. Control experiments (with only
ligand and with only MnCl,) suggested a crucial role of well-
defined Mn(SiNSi)Cl, complex in catalysis.

The authors varied the reaction condition to find the optimum
conditions, and it was found at 80 °C, with 5 mol% of Mn(SiNSi)Cl,
40 and 2.5 equiv. of HBPin is the best condition for this reaction.
Under optimum conditions, alkynes with electron-withdrawing
andelectron-releasing substituents were successfully borylated in
good to excellent yield (Scheme 17). Further, the authors have done
stoichiometric studies to get insight into the mechanistic pathways.
The reaction of 40 with HBPin was crucial for generating a
catalytically active complex, and the authors hypothesized that
the catalyst 40 enters the catalytic cycle after reaction with HBPin.

Compounds featuring Ni-Si (silylenes)
bond

The first silylene-nickel complex [Ni(CO),(‘Bu,NHSi),] was
reported by West in 1994, which was trigonal planar at the Ni

This journal is © The Royal Society of Chemistry 2024

center.®® Subsequently, Lappert and co-workers reported a
homoleptic tetrahedral complex Ni{L}, {L = Si[(NCH,Bu),-
CeH,4-1,2]} in 1998, by the reaction of Si[(NCH,'Bu),CeH41,2]
with Ni(COD),.** However, West silylene (‘Bu,NHSi) reaction
with Ni(COD), only afforded a trigonal planar Ni(0) complex.
Following these initial breakthroughs, several attempts have
been made to synthesize and characterize new Ni complexes of
silylenes and study their reactivity (Fig. 12), which are thor-
oughly discussed in a recent review by Li and co-workers.'””
This class of compounds usually demonstrates excellent reac-
tivity toward small molecules and mostly are known for their
efficiency in small molecule activations.'”®

Most of the Ni complexes of silylenes contain 18 valence
electrons. In 2017, Driess and co-workers synthesized a 16 valence
electron (VE) silylene Ni(0) complex 46 by a silylene transfer
reaction utilizing a readily accessible NHC-stabilized acyclic sily-
lene (Scheme 18).> This opened a new doorway in small-molecule
activation chemistry, and the same group examined its reactivity
with H,, catechol borane, and organic m-systems (Scheme 19).°
The reaction of 46 with H, (1 atm.) resulted in the facial H,

Chem. Commun., 2024, 60, 9483-9512 | 9497
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Scheme 17 The catalytic utility of SiNSi—-MnCl, complex 40 in C(sp)—H borylation reactions.

activation and formation of the hydrido(silyl)nickel complex
[(™SL)CISi(H)Ni(H)(NHC),] (47). In contrast, catechol borane
resulted in the reductive transformation of HBcat to a monovalent
BH ligand and the formation of complex [cat("™5L)Si(CI)Ni «:
BH(NHC),] (48).

The four-membered nickelasilacycle formation was observed in
49-52 when 46 was treated with unsaturated organic compounds.
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Fig. 12 Selected examples of Ni complexes of silylenes.
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The [2+2] cycloaddition reaction of unsaturated organic
compounds with Si-Ni multiple bonds led to the formation of
a four-membered nickelasilacycle 49-52. In the case of the
reaction of 46 with acetophenone and phenylacetylene, both
of which feature acidic C-H bonds, C-H bond activation
occurred and resulted in the formation of 53 and 54, respec-
tively. This indicates a low tolerance of 46 towards relatively
acidic C-H moieties in these reactions. A noteworthy observa-
tion is that the addition of ethylene is reversible. However,
when exposed to excess ethylene, the reaction undergoes a
[2+2+2] cycloaddition, culminating in the activation of C(sp®)-
H bonds in 56 (Scheme 20). The reaction is proposed to proceed
via formation of 1-nickela-4-sila-cyclohexane intermediate 55.
Although complex 55 was highly unstable, it could be isolated
by the reaction of 46 with excess ethylene at —30 °C. Complex 55
on Ni mediated B-hydride elimination/reductive elimination
afford complex 56. Further, complex 46 on treatment with an
excess of 2-butyne proceed through the elimination of silole 57a.

Previous examples of silylene-Ni complexes discussed above
are based on monodentate silylene ligands. In 2021, Xi and co-
workers synthesized a novel phosphine-silylene mixed donor
ligand and studied its coordination chemistry with Ni(0).®” The
reaction of [(PhC(N‘Bu),SiCl)] with Li[(3,5-Me,-C¢H;)NP'Pr,] in
THF afforded the desired mixed donor ligand 58 in good yield.
Treatment of 58 with Ni(COD), in a 1:1 molar ratio resulted in
a k>-P, Si-Ni complex 59, where the ligand acts as a bidentate
ligand (Scheme 21). Interestingly, the reaction of 59 with Ad-
C=P resulted in the formation of a unique 1,3-diphos-
phacyclobutadiene complex 60 via Ni(0)-mediated selective
head-to-tail cyclization of two phosphaalkynes (Scheme 21).

This journal is © The Royal Society of Chemistry 2024
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The *°Si NMR spectrum of 58 (—58.85 ppm) is downfield shifted
to those of Ni(0) complexes 59 (6 11.34 ppm) and 60 (6 17.44
ppm), respectively.

The molecular structures of 59 and 60 show that the Ni
center adopts distorted tetrahedral geometry with cycloocta-
diene/1,3-diphosphacyclobutadiene occupying one of the coor-
dination sites (Fig. 13).

In 2022, Khan and co-workers designed and synthesized
novel phosphine-silylene hybrid ligands 11 and 61 (Scheme 22)
and their transition metal halide complexes.*® The ligands 11
and 61 were easily obtained by the reaction of [(PhC(N‘Bu),SiCl)]
with LiN(R)(C¢H,)PPh, (R = TMS, TBDMS). The *'P and *°Si NMR
spectra of ligands displayed up-field shifted chemical reso-
nances compared to those reported for similar hybrid silylenes,
suggesting this might be due to the presence of strong electron

View Article Online

Feature Article

donating TMS/TBDMS group on the N atoms in 11 and 61,
respectively. They investigated the reactivity of these ligands with
MX, complexes (M = Fe(ir), Co (u), and Ni(u)), and their electro-
chemical, optical, and magnetic properties were also explored.
As shown in (Scheme 22), the reaction of 11 and 61 with NiX,-
dme (X = Cl, Br), (dme = ethylene glycol dimethyl ether), afforded
the desired phosphine-silylene-Ni(un) complexes 62 and 63.

The *P-NMR and *’Si-NMR spectroscopies of 62 and 63
demonstrated a downfield shift in comparison with corresponding
phosphine-silylene ligands that is attributed to the decrease of
electron density on P and Si centers after coordinating to Ni(u)
center. Furthermore, the molecular structures of 62 and 63 showed
a disordered square planar geometry around Ni(n) metal. Com-
plexes 62 and 63 were thermally more stable up to 290 °C.

Cyclic voltammetry studies on 62 showed distinct redox peaks,
suggesting an electroactive nature of 62. At the same time, the
initial phosphine-silylene ligand did not demonstrate such a
property. In the CV analysis of 62, two reversible redox events
were identified with reduction peaks at E,. = —1522 mV and Ep,. =
1960 mV, corresponding to Ni(u) — Ni() and Ni() — Ni(0),
respectively. The associated oxidation peaks were observed at
Ep, = —1950 mV and Ejp,, = —1611 mV, corresponding to Ni(0) —
Ni(1) and Ni() — Ni(u), respectively (Fig. 14).

A reduction peak at Ep, = —1172 mV was also assigned to the
Ni(mr) — Ni(u) electron transfer event. The broad oxidation peak
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at an extreme positive potential indicates a Ni(u) — Ni(v) two-
electron oxidation with E,, values of 1054 mV and 1708 mV,
respectively. Although the standard oxidation potential of Ni(u)
to Ni(w) is Ep, = 1590 mV, a dual peak behaviour is observed
when Ni(u) directly oxidizes to Ni(wv). Similar redox behaviour
was noted for compound 63.

Studies on magnetic properties have disclosed that com-
plexes 62 and 63 exhibit magnetization under an external
magnetic field. A magnetic moment of zero is anticipated in a
four-coordinate Ni(u) complex with a square planar geometry.
Nevertheless, substantial distortion in this geometry can
induce magnetization in the complex. As a result of such
distortion, complexes 62 and 63 exhibit magnetic moments of
1.75 and 1.4 Bohr magnetons (BM), respectively, affirming their
paramagnetic nature at room temperature and superparamag-
netic behavior at low temperatures. This marks the first exam-
ple of a silylene-supported nickel(n) complex showcasing
superparamagnetic behavior. This phenomenon is linked to
the distorted square planar geometry, which, in turn, is influ-
enced by the structure of the ligand. The magnetic measure-
ment studies suggest that the complexes show super magnetic
character at low temperatures, suggesting that with future
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generations, silylene-based ligands could provide a unique
opportunity to be utilized in material science for various
applications.

Transition metals, including Ni, typically act as Lewis acids
but can also function as Lewis bases, which is less common.®®°%?
Metallylene ligands from group-14 (R,E:) (E = C, Si, Ge, Sn, Pb),
such as carbene and its heavier analogs, exhibit an ambiphilic
character featuring a divalent center with a lone pair orbital (ns)
and a vacant orbital (p,). This ambiphilic nature leads to two
potential coordination modes through o-electron donation:
(i) from R,E to metal [RE: — M],**'® resulting in classical
complexes with a planar geometry around the E atom, classified
as Fischer or Schrock-type complexes; or (ii) from metal to ER,
[M — ER,],%° giving rise to non-classical metallylene complexes
characterized by a strongly pyramidalized E center. Base-
stabilized metallylenes exhibit [R,E:—M] bond formation due
to the significantly lower Lewis acidity of the E atom compared
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Fig. 13 Molecular structures of 59 and 60. Reproduced from ref. 67 Copyright@©2021, American Chemical Society.

to their base-free counterparts. In contrast, base-free metally-
lenes are more prone to n-backdonation (M — ER,), resulting in
non-classical metallylene complexes with M—E double bond
character. Descending a group in the periodic table influences
the nucleophilicity of divalent atoms (E), resulting in a decrease
due to an increase in the s-character of the lone pair. Simulta-
neously, the unoccupied p, orbital becomes more Lewis acidic.
Consequently, heavier divalent species (E = Ge, Sn, Pb) tend
to form M — ER, complexes stronger. The only known com-
pounds of this type are based on germylene, stannylene, and
plumbylene complexes.®® A non-classical novel metallylene
complex, stabilized by o-donating Ni(0) ligand coordination,
was introduced by Kato and co-workers in 2022 (Scheme 23).”°
Complex 65 is an unusual 16 VE-Ni(0)-silylene complex, displaying
distinct characteristics of non-classical metallylene complexes. It
features a strongly pyramidalized and nucleophilic divalent silicon
center, setting it apart from conventional coordination structures.

The molecular structure of 65 reveals an elongated Si-Ni
bond (2.178 A) compared to other Ni(0)-silylene complexes
(2.075-2.133 A).”® This value is within the range of Ni-Si single
bonds.®® These structural data of 65 agree with a non-classical

(a)

complex (Ni — silylene) with a lone pair on the Si atom and a
reduced Si-Ni multiple bonding character. Further, the authors
also explored the reactivity studies of 65 with various small
molecules and organic spacers (Scheme 24).

The reaction of 65 with MeOT( led to the formation of Si-
methylated Ni(i) complex 66 (Scheme 24). This highlights the
nucleophilic character present at the silicon center, which is, in
contrast, the electrophilic nature of the Si center in classical
silylene-TM complexes. Furthermore, when a Lewis base, such
as isopropyl isocyanide, coordinates with the metal center, it
forms a tetra-coordinate Ni(0) complex 67. The distinctive
characteristics of complex 67 include a Si(u) center that is less
pyramidalized () g =349.69°) and a shorter Si-Ni bond
[2.1108(5) A, in contrast to 65 [Y g = 321.58°, Si-Ni: 2.1780(7) A].
This implies an increased Si-Ni n-back donation in 67, potentially
attributed to geometrical modifications at the Ni(0) center (transi-
tion from T-shape to distorted tetrahedral). Silylene complex
65 reacts with H, at room temperature, forming a formal 1,2-
dihydrogen adduct 68. Over time, this adduct slowly undergoes a
gradual isomerization, generating the corresponding isomer 69.
This isomerization process involves the exchange of substituents

104 Eonset, ox = 1.37V
Ni(I)=»Ni(Iv)
04
Ni(1)=> Ni(l1)
g
2 104
|-
-~ . .
3 20 Ni(111)> Ni(11)
Ni(0)=> Ni(1)
Ni(11)> Ni(1)
-304 Eonset, red = -1.95 V
Ni(1)=»Ni(0)
T T T T T T
-3 -2 -1 0 1 2

Potential (V) vs Fc/Fc™

14

Current (pA)

24

T T | ]
-2 -1 0 1 2
Potential (V) vs Fe/Fc*

Fig. 14 CV of complex 62 in CH,Cl, (a) and ligand 61 in THF (b), with 0.05 M t-butyl-ammonium-hexafluorophosphate. All potentials were referenced
to the Fc/Fc* couple. Scan rate = 50 mV s~1. Reproduced from ref. 35 Copyright©2022, American Chemical Society.
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Scheme 23 Synthesis of Ni-stabilized silylene 65 and its molecular structure. Reproduced from ref. 70 Copyright©2022 Wiley-VCH GmbH.

between H and Cl on the Si and Ni atoms, as depicted in
Scheme 24.

The silylene-Ni complex 65 reacts rapidly with 2,3-dimethyl-
1,3-butadiene at room temperature, producing a mixture con-
taining two Si(v)Ni(u) complexes, 70 and 71, in a 1:1 ratio.
These complexes are formally generated through a C-H inser-
tion or a [4+1] cycloaddition at the Si center. This is followed by
a 1,2-migration of the chlorine atom to the Ni center, as
outlined in Scheme 24. Complex 70 undergoes isomerization
at 100 °C over 2 hours to produce 71.

The reaction of 65 with PhLi was conducted to investigate
the substituent effect on the reactivity/stability of the Ni — Si
complexes. This reaction produced the corresponding phenyl-
substituted silylene complex 72, as outlined in Scheme 25.
Complex 72 exhibits instability at temperatures above —30 °C.
It undergoes C-H activation of the NHC motive across the Si-Ni
fragment, forming the silyl hydride Si(v)Ni(u) complex 73.
Upon warming the reaction mixture to ambient conditions,
complex 74 undergoes further isomerization through the
exchange of ligands (H and CH,) on the Si and Ni centers,

resulting in the formation of a stable pincer-type nickel(u)
hydride complex 75 (Scheme 25).

Compound featuring Pd, Pt-Si
(silylenes) bond

Palladium (Pd) and platinum (Pt) complexes with silylene
ligands can be synthesized as either mononuclear or multi-
nuclear compounds bridged by silylene motifs. These com-
plexes are utilized in various applications, including cross-
coupling reactions and small molecule activations, owing to
their distinctive electronic and steric characteristics (Fig. 15).”*
This class of compounds has attracted considerable attention
due to its structural and catalytical properties, especially in
producing organosilicon compounds and polysilane(s).”> Dif-
ferent approaches for preparing Pd, and Pt-silylene complexes
have been introduced to date, anion abstraction, photolysis,
trapping method, dehydrogenative condensation approach,
and the direct reaction of isolabel silylene with metal

MT NHC T i\lHC H IJ\IHC
|
CI—/Si—l\#i—OTf CI—S|—I\#i—H H—Si—Ni—Cl
Ar—N PR, Ar—N PR, Ar—N PR,
MeOTf H,
-— —
rt rt rt
THC 6 days
Cluy, o0
66 i 69
Ar—N PR,
NHC
. H— Sl—N|—C[ |—N1—CI
Cl—Si=—Ni=L
65 Ar—N Ar—
Ar—N PR, .
rt rt ~_100°Cc ~
70:71 = 52:48
_ 2h
L= :C=NPr
67 70 71

Scheme 24 Reactivity studies of Ni-stabilized chlorosilylene complex 65.
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phenyl-substituted silylene 72

complexes.”*” The first example of platinum silylene complex

[trans-(Cy;P),(H)PtSi(SEt),][BPh,], was synthesized by Tilley and
Rheingold in 1993.7*¢ This cationic Fischer-type complex was
prepared via anion abstraction from a platinum silyl precursor.

In a recent work by Hinz, the coordination behaviour of the
carbazolyl stabilized bromosilylene 76 toward Pt metal and
their reactivity with ethylene has been investigated.”* As shown
in Scheme 26, the product formation depends on the platinum

View Article Online

Feature Article

source used in the reaction. The reaction of 76 with [(n*
C,H,)Pt(PPh;),] resulted in the formation of a four-membered
platinasilacyclobutane 77 with a tetra-coordinated silicon atom.
The reaction proceed via the formation of platinum-silylene
R(Br)Si—Pt(PPh;), complex which further undergoes a [2+2]
cycloaddition with the ethylene released during the reaction to
afford 77. Furthermore, it was demonstrated that 77 could be
expanded to a cyclohexane-like structure 78 by the insertion of
another ethylene into the Pt-Si bond. On the other hand, when
the bromosilylene 76 reacted with Pt(PCys),, the formation of
R(Br)Si=Pt(PCys;), (79) was observed. The reaction of 79 with
ethylene gas led to the formation of a six-membered platinasi-
lacycle R(Br)Si(C,H,),Pt(PCys), (80). The compound (79) is not
stable in the solution and at room temperature, and within one
day, it decomposed and resulted in the formation of a free
Pt(PCy;), and a silicon-containing decomposition product (79-I)
(Scheme 27). The proposed mechanism for the decomposition
of the product suggests that it proceeds through the =n-
coordination of one of the flanking arene moieties to the low-
coordinated silicon center. Subsequently, activation of the C-H
bond at the silicon center occurs, attributed to the increased
acidity of the silicon atom upon coordination with the metal
fragment. As a result, the Pt complex can dissociate readily,
generating a Si(iv) compound.

In another study conducted by Osakada and collaborators,
di- and trinuclear complexes featuring Pd(0) and Pt(0) with
bridging silylene ligands were synthesized, and their reactivity
towards alkynes was systematically examined.” Prior knowl-
edge indicated that the reaction of (aminosilyl)boronic esters
with Pt(0) and Pd(0) complexes leads to the formation of mono-
and dinuclear complexes containing bridging silylene ligands.
Building on this understanding, the researchers employed
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Fig. 15 Selected examples of Pd, Pt complexes of silylenes.
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Scheme 26 Synthesis of compounds 77—80 starting from RSiBr 76. Reaction condition: (a) toluene, RT, 12 h; (b) toluene, RT, sonication 15 min;
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Scheme 27 Decomposition of 79 to 79-I.

various ratios of (aminosilyl) boronic ester 81 and Pt(0), Pd(0)
precursors to create a diverse set of di- and trinuclear metal-
silylene complexes, as illustrated in Scheme 28. This strategic
variation in reactant ratios allowed for the exploration of
different synthetic pathways and the generation of a range of
metal-silylene complexes, contributing to a deeper understand-
ing of their reactivity and potential applications.

To get more insight into the chemistry of the synthesized
dinuclear Pt(0) and Pd(0) compounds, the reactivity of the
silylation of alkynes was investigated in this work. Based on this
study, the stoichiometric reaction of 82-Pt, with terminal alkynes
such as HC=C'Bu and HC=CSiMe; at room temperature
resulted in the formation of diplatinum complexes with hydride

[Pt)/[Si]=50/50
toluene, 70 °C, 18 h

[PtY[Pd)[Si] = 1/1/1.5
Ph o
I THF, 1t, 44 h
81 EtzN—Slw—B\
Ph O
i ]
[PY(PCy3),] or [Pd(PCys3),] [Pd)/[Si]=60/40

hexane, 60 °C, 1 h

a) [Pd]/[Si]=40/60
hexane, 60 °C, 1 h

Scheme 28 Preparation of di- and trinuclear Pd(0)/Pt(0) complexes with
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and bridging alkynyl ligands (84a, 84b) (Scheme 29). The reac-
tion involves C(sp)-H bond activation of the terminal alkyne by
the Pt center and n-coordination of the resulting alkynyl ligand
to another. Further reaction of 84b with the mentioned alkynes
resulted in the alkyne insertion into the Pt-Si bond and coupling
the resulting alkenyl carbon bonded to Pt and the hydride ligand
to form 85a and 85b. Therefore, this reaction can be regarded as
hydrosilylation of the alkyne by the hydride and bridging silyl
ligand (Scheme 29). This hydrosilated alkyne was easily sepa-
rated from platinum fragment by adding 1,2-bis(diphenyl-
phosphino)ethane (dppe) to diplatinum complex 85b resulted
in the reductive elimination of Me;SiC= CSi(Ph),C(SiMe;)—
CH, (86b, 68%), which was accompanied by formation of
[Pt(dppe);] (Scheme 29).

The reactivity of 82-Pt, with internal alkynes was also
studied in this work. The silylation of the alkyne group, followed
by the formation of their alkyne-coordinated Pt(0) complexes 87
was observed when the alkyne precursor does not have any
reactive group near to the triple bond (Scheme 30(a)). In con-
trast, in the case of the reaction of a 1:3 molar ratio of 82-Pt,
with dimethyl acetylenedicarboxylate (DMAD), which has carbox-
ylate group as a reactive group in its formula, a diplatinum
complex with a silaplatinacyclohexadiene structure 88 was
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bridging silylene ligands.
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Scheme 30 The reaction of 82-Pt, with internal alkynes.

produced (Scheme 30(b)). This group also used the dipalladium
complex 82-Pd, to demonstrate the catalytic reaction of alkynes
with dipalladium complex 82-Pd, and compared the result with
mononuclear Pd-silylene complexes.

The catalytic ability of dipalladium complex 82-Pd, in the
silylation of alkynes with (amino silyl) boronic ester 81 was
also examined in this work. And it was shown that 82-Pd,
could catalyze 1:2 cyclo coupling of Et,NSiPh,B(pin) with
monosubstituted acetylenes to form 2,4-disubstituted silole
(89) as the major product as well as by-products including
3,4-disubstituted silole (90) and alkynyl(alkenyl)silane (91)
(Scheme 31). The yields of the products, depended on the
amount of solvent, reaction temperature, and addition of the
PCy; ligands.

The possible mechanism for forming the product and the
by-products is demonstrated in Schemes 32 and 33, respec-
tively. As shown in Scheme 32, the reaction is carried on by the
coordination of the alkyne molecule to the Pd center in the first
step (A), followed by the insertion of this alkyne into the Pd-Si

This journal is © The Royal Society of Chemistry 2024
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Scheme 31 The catalytic reaction of 82-Pd; in the silylation of alkynes.
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Scheme 33 Possible pathway for the formation of acyclic silane 91 from
82-Pd, and terminal alkynes.

bond of the bridging silylene ligand. Further insertion of
another alkyne molecule to the remaining Pd-Si bond gives a
dipalladasilacyclopentene intermediate (B) and its regioiso-
mer (C). The resulting siladipalladacycloheptadienes (B and
C) undergo a 1,2-reductive elimination of the silole to form the
products (89 and 90).

Mono and dinuclear Pt/Pd complexes of silylenes and their
structural and catalytical properties have been extensively
studied, whereas trinuclear and multinuclear complexes incor-
porating silylene ligands are rare.'’? Given this, Nakata and
co-workers explored the coordination chemistry of chlorosily-
lene 92 with Pd(PPh;), and [PdMe,(tmeda)] (tmeda = N,N,N',N'-
tetramethylethylenediamine) as the metal precursors.”®
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Scheme 34 Synthesis of monometallic and tetrametallic Pd complexes
93 and 94 through the reaction with chlorosilylene ligand 92.

The reaction of 92 with [Pd(PPh;),] yielded a homoleptic tris-
(silylene)palladium(0) complex 93 through a ligand-exchange
process (Scheme 34(a)). Whereas the reaction of 92 with
[PdMe,(tmeda)] resulted in an unprecedented tetranuclear
Pd,Si; cluster featuring palladium atoms in different oxidation
states (94) (Scheme 34(b)). The 2°Si NMR spectra of 93 and 94
showed a doublet resonance centered at 75.8 and 184.2 ppm
(Jsip = 9 Hz), downfield shifted compared to 92 (59.8 ppm). The
molecular structure of 92 revealed a trigonal planar arrange-
ment of silylene ligands around the Pd center. In contrast,
those of 93 showed that the central six-membered (Pd and Si
atoms) ring has a bowl shape (Fig. 16). Further, the X-ray
photoelectron spectroscopy study suggested that the Pd centers
in 94 are in different oxidation states (Pd(u) and Pd(0)). DFT
calculations revealed that the three silicon atoms in cluster 94
serve as Lewis-base-stabilized silylene ligands, coordinating
in a p’manner with both the outer and central palladium
atoms.

Fig. 16 Molecular structures of 93 and 94. Reproduced from ref. 76.
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Coinage metal complexes

Silylene-coinage metal complexes are still in their early stages
of development compared to their lighter counterparts. Given
the promising results with NHCs, there is a pressing need to
thoroughly investigate the chemistry of silylenes with coinage
metals, as their unique electron donor and acceptor properties
hold significant potential for diverse applications in the
future.'”®’” Jutzi and co-workers were the first to isolate the
first silylene coinage metal (Au) complex in 1990.”® Following
this, Lappert and co-workers synthesized a Cu complex.”
Several silylene coinage metal complexes have been synthesized
following these breakthroughs, and many of them have been
utilized in various catalytic transformations (Fig. 17)."”*

Valence tautomerism, or electromerism, is a well-known
phenomenon in transition metal chemistry where electrons
are redistributed between the metal and ligand without altering
the structural motif.®° Valence tautomerism can be induced
through external stimuli such as pressure, temperature, magnetic
fields, or exposure to visible light or weak X-rays. However, such
a phenomenon has only been recently reported in low-valent
main-group chemistry.®" Driess and co-workers demonstrated that
a redox non-innocent (bis)silylene-substituted ortho-carborane
ligand stabilizes a zero-valent silicon species A and exhibits
redox-induced electromerism. When compound A was subjected
to one-electron reduction using KCg, the Si(0) center underwent
formal oxidation to Si(1), while the ortho-carborane ligand back-
bone underwent two-electron reduction (Scheme 35(a)).5* Lately,
phase-dependent electromerism in silylone C has been described
by Iwamoto and co-workers (Scheme 35(b)).**

Very recently, P. Roesky and co-workers reported the first
example of Lewis acid/base-induced reversible electromerism
in low-valent silicon chemistry.** A mixed-valent silaiminyl-
silylene ligand [LSi-Si(NDipp)L] (L = PhC(N‘Bu),) (96), was
synthesized starting from LSiCl and DippNHLi (Dipp =
2,6-diisopropylphenyl) in toluene as a yellow solid in good
yield (Scheme 36(a)). The *°Si{'H} NMR spectrum showed a
resonance at 0 = —61.7 ppm for (Si=N) and at 6 = 31.8 ppm for

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cc01930j

Open Access Article. Published on 29 Juni 2024. Downloaded on 18/10/2025 13:24:28.

View Article Online

ChemComm Feature Article
'Bu
_ N, ,PPhs MeSi, $iMes Me;Si SiMeg
(Cp*),Sii—=AuC| @[ il N Y
N “PPh [ Si—Cu—si ]
Jutzi, 1990 . b N TR
Bu I\ .
Lappert, 2003 Me3Si- SiMe; MesSi SiMe;
lwamoto, 2014
— 24
Ar — —
/ Ph Ph Ph Ph +
N x A >>N_tBu tBu‘N<{ P/ \ P
. Si ! N N
@ N\ e o~ ] N \
o] N Bu /7 Bu
& N Sit=Cu=—35i /
.‘j’ Ar N / \O ) / \
= AT BU\N/SI 'SI\N/
£ ; Sis>Cu=— Sl
3 Ar=2,6-PrCgHs ‘Bu\N/ | NN Bu )/ \<
c X=OtBu, OH, H, OCg4F5 ))N <k tBu tBu
2 Bu
s Driess, 2014 PH
™ riess, —
s L Driess, 2014 _ Roesky, 2021
% Fig. 17 Selected examples of coinage metal complexes of silylenes.
<
2]
c
S
E a) Redox induced electromerism 2 [Kthf)l*
8 B Ph Ph Ph _“|
u
g \NA By Bu~ %\\NJBU Bu—, A
B B
B RN /S' c—3i
5 B// B\ AN B/// B/ \B \B/B
o | X7 /B\\ /-ST —=—= 05 | \ /3\2@ S.' 2 /\ I
e \B// // ~g \
5 Q(N_t S \N
N [ ,N
tgy” [ N Bu k/N\
g u bh Bu \F{h Y By
= A g Ph
2 o Soooooooooooooooooooees
% b) Phase dependent electromerism
® & , _
i) ISl [si] isip LS ) ; S i)
F : /'S?\ [si] q . [sil [SiH3] .
i~ i i Si Si
/S' -S\i dissolving Si7SI\°S; (il (s S/ \\Si\
N = / - 7
Ad Ad” crystallization N\ }\1 D N_ /N
N Ad  Ad” Ad  Ad
p-localized ylidene [Si] = SiMe, p-delocalized ylidene

in the solid state

(cc)

Scheme 35 Valence tautomerism in low-valent silicon chemistry.

(@) ‘Bu
b to
oluene
N Ho,  Li 0 h‘<(
N7 -78°Ctort /
2 Ph<< /S|\. + 2 'Tl _— > \ />>Ph
T l Dipp -2 LiCl ‘Bu // Y
- DippNH
Bu PR D|pp tBu
= Dipp 95 (90%)
(b) Lewis acid/base induced electromerism X
tBu Bu I Bu
'Bu 'h /Cu\ lll
Ph<< \||| N X s S )—Ph
Ph ~—— N 7N
'Bu // \ Carbene | N |
/ . Bu Bu
Dipp BU
96 96a, X = Mesityl, (82%)

96b, X = CI, (89%)
96¢, X = Br, (71%)
96d, X = I, (95%)

Scheme 36 Synthesis of 95 and its copper(i) complexes.

This journal is © The Royal Society of Chemistry 2024

Ad = 1-adamantyl

in solution

(silylene) silicon centers. This corroborates well with the oxida-
tion states of Si centers in compound 95 as +I and +III,
respectively. Interestingly, compound 95, on treatment with
Lewis acidic copper salts, Cu()X (X = Mesityl, Cl, Br, I), resulted
in the redistribution of oxidation states from +I and +III to +1I for
both the silicon atoms, leading to the formation of [{LSi(NDipp)-
Si(L)}CuX] (Scheme 36(b)). A singlet resonance in the *Si NMR
spectra (—9.7 to —5.9 ppm) and the molecular structure con-
firmed the bis-silylene coordinated copper complex formation.
The authors hypothesized that the reaction proceeds via
copper-coordination induced electromerisation of iminosilylsi-
lylene 95. The electromerisation starts with the coordination
of the lone pair on one of the Si atoms to the Cu center.
Subsequently, the two-coordinate Cu center induces the redis-
tribution of electrons, forming an additional silylene group,
which coordinates with the Cu center to afford 96. Further, the
authors also checked the reversibility of this process on an
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NMR scale reaction. When treated with strong Lewis basic
free NHCs, the copper complexes resulted in the regeneration
of iminosilylsilylene 95. This highlights that the stimuli-
responsive nature of silaiminyl-silylene conversion might be
useful for metal-ligand cooperation for bond-making and
breaking processes during catalytic cycles. Recent years have
seen a significant increase in interest in Au(i) complexes of
phosphines and N-heterocyclic carbenes (NHCs) because of their
significance in photophysical, biological application, and in
catalysis.*® Au(1) complexes typically exhibit a preference for a
linear geometry, which involves intra- or intermolecular aurophilic
interactions. The coordination chemistry of Au() complexes has
been greatly diversified by the efficient intra- and intermolecular
aurophilic interactions, resulting in supramolecular structures and
molecular aggregations in both the solid and solution phases.®®
To optimize these interactions, it is most effective to utilize short-
bite bidentate ligands, as they facilitate the close contact of metal
ions. However, unlike phosphines and NHCs, the Au(r) complexes
of silylenes have scarcely been studied. In this context, Nazish et al.
utilized short-bite bidentate ligands having both phosphine and
silylene as donors to synthesize dinuclear Au(i) complex with an
Au- --Au aurophilic interaction of 2.9987(7) A.*” The reaction of
phosphino-silylene 97 with two equivalents of AuCl(SMe,) in
dichloromethane afforded the desired dinuclear Au(f) complex
98 in good yield (Scheme 37).

The *'P NMR spectrum of compound 98 exhibited a singlet
resonance at 25.57 ppm, which is downfield shifted compared
to compound 97 (—11.18 ppm). This shift indicates the coordi-
nation of the phosphorus atom to gold (P — Au). The *°Si NMR
spectrum of compound 98 showed a doublet centered at
1.97 ppm (Jsi_p = 45.5 Hz) that is upfield shifted compared to
compound 97 (18.52 ppm), indicating coordination of a Si(u)
atom to an Au center. This upfield shift in the *°Si NMR
spectrum may be attributed to back-donation from the Au()
center to the Si(m) atom, resulting in an increase in electron
density at the Si(u) atom. The molecular structure of 98 showed
Au- - -Au aurophilic interaction of 2.9987(7) A, resulting in a six-
membered C-Si-Au-Au-P-C ring. Quantum chemical calcula-
tions were performed to gain insight into the bonding nature of
complex 98. QTAIM analysis showed a bond-path and bond-
critical point for the Au- - -Au aurophilic interaction. The EDA-
NOCV calculation indicates that the most significant orbital
interaction, AEqmp; (—58.0 kcal mol '), arises from the o-
donation of Si(n) lone pair of electrons to the Au-atom of AuCl,
resulting in the formation of a Si — Au dative bond. The second
most significant interaction, AEym,, (—44.2 keal mol ™), arises
from the o-donation of the P(ur) lone pair of electrons to the

Ph
P PR g O
WFN Au/ cl
2 AuCl(SMe,) Ne SI S \A/
A —_———> i ie u
S R m 2o BY o
gy N\ Ng, -2 SMe, Ph,
Ph o7 98

Scheme 37 Synthesis of 98.
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Au-atom of the other AuCl moiety, resulting in the formation of
a P — Au dative bond. Hence, the silylene and phosphane
components exhibit a synergistic effect in their coordination
with Au(1) in complex 98. The third contribution Ap3 primarily
originates from the n-backdonation of the AuCl moiety to the
Si(u) and P(m) sites, together with Au---Au orbital-orbital
interactions, which cannot be exactly distinguished.

The Group-10 metal complexes stabilized by silylenes have
gained recent interest. However, they are rarely explored in
homogeneous catalysis.®® These complexes are unstable and
decompose upon storage for a prolonged time. Only recently
have copper(1) complexes of silylenes been explored in copper-
catalyzed azide-alkyne cycloaddition (CuAAC) reaction (click
reaction).’” The reactions of amidinato silylenes with CuX
(X =Br, I, SCN) in a 1:1 molar ratio resulted in the formation
of dinuclear copper complexes 99-101 (Scheme 38).°

;Bu “Bu tB“
CuX N
N ~
Ph :C :Slf\ toluene, rt Ph—<( /TH_»CU Cu -— SI }Ph
N
'l“ N(TMS), ;B NTMS), ~ (ryg),n ;
By u Bu
99. X =Br
100. X =1
By "Bu ’Bu
4 ) t I(:uscr\:t N S=C=N_
Ph{( :Si\ oluene, Ph{( /T‘.—»(;u\ » Cu<— 3| >—Ph
N N=C=
N° N(TMS), I N(TMS) )
| By 2 (TMS,N gy

Bu
101

Scheme 38 Synthesis of Cu(l) complexes 99-101.
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Scheme 39 Substrate scope of CUAAC reaction.
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Scheme 40 Synthesis of 104—105p.

Further, the complexes were utilized in the catalytic copper-
catalyzed azide-alkyne cycloaddition (CuAAC) reaction. The copper
complex 100 was the best catalyst, providing good to excellent
yields of 1,2,3-triazoles with just 0.5 mol% of catalyst loadings.
Various alkynes with electron-releasing and electron-withdrawing
groups and organic azides were employed under the optimized
reaction condition to afford good to excellent yield of the 1,2,3-
triazoles (Scheme 39). Based on DFT studies, the authors proposed
that the bimetallic Cu complexes act as active catalysts and
accelerate the cycloaddition of reactants by bringing them nearby.

In 2022, Iwamoto and co-workers reported a series of neutral
coinage metal complexes of cyclic alkylsilylene 102 and cyclic
alkylaminosilylene 103.°* The reaction of 102 and 103 with 0.5
equivalents of MCl (M = Cu, Ag) or AuCl-tht (tht = tetrahy-
drothiopene) salts resulted in the formation of two coordinate
neutral complexes 104y-105y; (Scheme 40). Interestingly, dur-
ing reactions with MCI salts, one equivalent of silylene ligands
reacts via M-Cl bond insertion, and another equivalent of
ligand coordinates to the metal center to give two coordinate
neutral complexes. Remarkably, the Cu and Ag complexes
exhibited a 1,3-Cl migration in solution states, as confirmed
by a variable temperature *°Si NMR data suggesting that
the 1,3-Cl migration follows the order Au < Ag < Cu and
104 < 105. The DFT calculations and X-ray structures suggest
that the more bent structure of Cu and Ag over Au determines
the relative ease of the 1,3-Cl migration.

View Article Online
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Zn-silylene complexes

In recent years, significant attention has been devoted to the
synthesis of organozinc compounds with N-heterocyclic car-
benes, driven by their potential applications in organic catalysis.
However, comparable reactions involving their heavier analogues
(silylenes) are relatively scarce in the literature. In an attempt to
capitalize on the synergistic reactivity effects of heterobimetallic
hydride complexes containing main-group and transition metals,
Schulz and co-workers conjectured that reactions of organozinc
hydrides with silylenes might lead to the oxidative activation of
Zn-H bonds at the low-valent Si center, affording novel hetero-
bimetallic hydride complexes (Scheme 41).%>

The reaction of the LZnH complex 106 with N-ylidic silylene
afforded the hypothesized Zn-H bond activation by silylene to
afford heterobimetallic hydride complex 107. A similar reaction
of heteroleptic chlorosilylene with LZnH proceeded through
Cl/H exchange at the silicon center to afford complex 108. In
sharp contrast, LZnH did not react with bulky L,SiN(SiMej3),
even at high temperatures. Nevertheless, at 130 °C, the less
bulky L,SiNMe, reacted with LZnH, resulting in the oxidative
addition of the Zn-H bond and a 1,3-H shift of the most likely
formed silane reaction intermediates to LH>Si(NMe,)ZnL 109.
This marked difference in reactivity was attributed to the
stabilization/destabilization effect of electron-withdrawing/
releasing substituent at the Zn atom. In the case of L,SiNMe,,
the NMe, group at the Si atom prevents the ligand exchange to
form an adduct like 108. However, the bulky N(SiMes), sub-
stituent prevents the oxidative addition, while the sterically less
bulky NMe, substituent permits the Zn-H bond to be added to
the silylene in a 1,3-double bond. Further, the authors also
tested the reactivity of 107 with isocyanates, azides, and CO,,
but no reaction has occurred. Interestingly, complex 107 on
treatment with [H(OEt,),][BAr,"] (BAr," = B{(3,5-CF3),CcHj}4)
resulted in the protonation of the methylene group of the
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Scheme 41 The reaction of organozinc hydride 106 with silylenes.
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ligand backbone, yielding the salt [LSi(H)ZnL]-[BAr,"] (110).
The authors discovered that the protonation of the methylene
group of ligand backbone is kinetically favored due to the
weakly basic and less hindered methylene group. However,
the 1,1-addition is unfavorable for the four-coordinated Si atom
with a strong Si-Zn bond. According to the DFT calculation,
complexes 107 and 109 have covalent Si-Zn bonds, while
complex 108 has dative-type bonds.

Summary and outlook

In conclusion, this review discusses the most recent develop-
ments in the field of transition metal complexes of silylenes
and their catalytic utility. The journeys through silylene chem-
istry underscores the transformative potential of tailored ligands
in advancing various fields of chemistry, including main group
chemistry, organometallic chemistry, catalysis and material
chemistry. The evolution from unstable, reactive intermediates
to stable and functionalized silylenes has opened new avenues
for exploration and application. Recent years have seen utiliza-
tion of transition metal complexes of silylenes in various impor-
tant applications such valence tautomerism, small molecule
activation chemistry, hydrogenation, hydroboration reactions
and hydrogen isotope exchange reactions.

While significant strides have been made, transition metal
complexes of silylenes still lag behind NHC and phosphine-
stabilized transition metal complexes in various important
applications. The synthesis of high valent transition metal
complexes of silylenes remains largely unexplored. The limita-
tions in current synthetic techniques and the inherent instabil-
ity of silylenes under oxidative condition necessitate a logical
approach to develop innovative strategies for their preparation
and utilization in catalytic processes.

Despite these challenges, the prospects are promising, with
recent advancements showcasing the reactivity and versatility
of silylene ligands, particularly in mimicking transition metal
behaviour in small molecule activation chemistry. The ongoing
pursuit of transition metal complexes of silylenes promises to
unravel new insights and opportunities in catalysis and beyond.
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