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Since the dawn of organometallic chemistry, transition metal complexes of unsaturated organic
molecules, namely m-complexes, have remained a central focus: our thorough understanding of the
electronic nature of such species, and their importance in countless reactive processes continues to
drive research in their synthesis and utilisation. Since the late 1900s, research regarding the related
chemistry for the heavier group 14 elements has become increasingly more fervent. Today, heavier
congeners of a vast array of classical m-complexes have been realised, from alkene to arene systems,
involving Si, Ge, Sn, and Pb. This has given deeper insights into the bonding observed for these heavier
elements, which typically involves a lessened degree of n-bonding and an increased polarisation. This
review aims to summarise this field, identifying these disparities, and highlighting areas which we believe
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1. Introduction

Transition metal (TM) complexes binding organic m-systems
represent a foundational aspect of organometallic chemistry,
being among the earliest organometallic species to be recog-
nised and understood. The first true example of an organome-
tallic complex was the so-called Zeise’s salt," an ethylene adduct
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may be exciting for future exploration.

of the [PtCl;]” anion, discovered in 1830 but only crystallogra-
phically characterised in 1969.” Between these two reports,
Dewar correctly described the structure of this and related
complexes,” introducing the concept of n-bonding in organyl
transition metal complexes. The description of the sandwich-
structure of ferrocene, independently by E. O. Fischer and G.
Wilkinson,*® in which the full n-system of two Cp~ ligands
coordinate Fe", cemented the importance of m-interactions
between unsaturated organics and TMs: this bonding mode leads
to a remarkably stable 18-electron iron species. Ultimately, these
and related discoveries confirmed the ubiquitous Dewar-Chatt—
Duncanson model for n-bonding,” which is now understood to be
central in broader transition metal-mediated syntheses.®® Very
soon after the aforementioned advances, the same logic was
applied in arene complexation: 18-electron bis(benzene)chro-
mium was isolated and its structural data reported in 1956,
demonstrating that TM® centres can be stabilised exclusively by
a neutral aromatic n-system.'®'" This collection of landmark
systems (Fig. 1), formal alkene, cyclopentadienide, and benzene
complexes of TMs, were truly transformative on our view and
understanding of organometallic chemistry.

Naturally, the aforementioned discoveries gave rise to ques-
tions regarding the bonding distinctions between those carbon-
centred m-systems, and the heavier group 14 congeners. These
questions would invoke methods for the stabilisation of/access
to such n-systems for Si, Ge, Sn, and Pb, which is not trivial given
the reduced propensity of these heavier elements to partake in
multiple bonding, due to reduced hybridisation of their frontier
orbitals.">'® For the same reasons, m-complexation may be
expected to be perturbed in those systems, for example leading
to metallacyclic complexes. This review aims to summarise and

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Key initial discoveries and developments in t-complexation.

discuss these aspects of the field of low-oxidation state group
14 - transition metal chemistry. Specifically, this will focus
on the formation of TM-complexes of ditetreleness (i.e. heavier
alkenes), tetrenes (i.e. heavier carbonyls and imines), ditetre-
lynes (i.e. heavier alkynes), and heavier carbocycle n-complexes.
Given that the formation of these ligand classes is in itself
remarkable, a brief discussion of their syntheses will be included
where appropriate, for completeness.

2. n1-Complexes of low oxidation-state
group 14 dimers

Dimeric low oxidation-state species of the heavier group 14
elements (viz. Fig. 2) are now relatively plentiful, being realised
as stable systems in the 1970s (viz. Lappert’s distannene).'*"
In the absence of electronic stabilisation by a TM, they typically
rely on bulky ligands for kinetic stabilisation. A number of
tetrene and ditetrelenes complexes have been accessed through
generation of the low-oxidation state group 14 fragment in the
coordination sphere of the TM, averting the necessity of bulky
ligands. The bonding in these complexes can be compared with
the classical Dewar-Chatt-Duncanson model (Fig. 3(a)); as men-
tioned above, as the degree of m-bonding is reduced in the
heavier group 14 elements, structural deviations are expected
here. In the free ditetrelenes, this leads to trans-bent structures,
with bending becoming more pronounced with increasing
atomic number. This is explained by the Carter-Goddard-Mal-
rieu-Trinquier (CGMT) model:'®"” the singlet ground-state of
the tetrylenes becomes more stable with increasing atomic
number, which disallows orbital planar orbital overlap. The
observed trans-bending in heavier ditetrelenes, then, allows for
donor-acceptor double bonds, which are known to dissociate in
solution. This bonding orbital also leads to weaker E-E bonding
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Fig. 2 The diatomic systems discussed in this review.
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Fig. 3 Resonance extremes for the alkene complexes of transition metals.

for the heavier group 14 elements, given that HOMO-LUMO
separation becomes larger, ie. the E-centred electron pair
becomes lower in energy, and less likely to partake in bonding.
The case is similar for ditetrelynes, but rather considering the
more stable doublet and less stable quartet ground states.'®'®
The result of these bonding modes, which leads to significant
trans-bending, can be described as a second-order Jahn Teller
distortion, due to electrostatic repulsion of residual non-
bonding electron density at each E-centre.’®*! As this increases
with atomic number, an increased deviation from linearity is
seen moving to the heavier elements. This pertains to weaker
E-E bonding interactions for these heavier elements. As such,
considering alkene analogues, deviations from a classical
n-complex (viz. (b), Fig. 3) is expected on descending group 14, to
a metallacyclic form (viz. (c), Fig. 3), and ultimately towards
bis(tetrylene) complexes (viz. (d), Fig. 3) through complete E-E
bond scission. In line with weakening of E-E bonding on descend-
ing group 14, formation of these latter species would be expected to
be more favoured for Pb, and for formal m-complexes to be
energetically more favourable for Si, particularly given that a
number of disilenes are in fact planar,”® and hence bear a
high degree of classical n-bonding in the Si, moiety. Generally,
deviations from a m-complex are borne out by significant elongation
of the E-E bond, and pyramidalisation/bending at the E-centres;
true m-complexes of heavier group 14 multiple bonds are
extremely rare.

Beyond E-E and E-E’ double and triple bonds (i.e. heavier
alkene and alkyne complexes, respectively; E' = C-Pb; E # E’), a
number of transition metal complexes of E=X bonds are known
(X=0, S, N, P, As), which can be seen as heavier carbonyl and
imine analogues, which will also be discussed here.

2.1. Homoatomic ditetrelenes complexes

The synthesis of stable ditetrelenes represents a key milestone
in modern main-group chemistry. Though Lappert reported the
synthesis of the distannene [{(SiMe;),CH},Sn], in 1976,"*"° the
initial example of a structurally authenticated heavier alkene
analogue was the disilene {(Mes),Si},, reported by West and co-
workers in 1981.>*** This system was synthesised through
irradiation of (Mes),(Me3Si),Si, on elimination of MegSi,
(Scheme 1). A number of free disilenes have also been accessed
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Scheme 1 Example of the photochemical (above) and reductive (below)
formation of disilenes.

via chemical reduction, exemplified by the disila-cyclohexene
derivative shown in Scheme 1. Although there are now in excess
of 300 structurally characterised ditetreleness, the majority of
reported ‘heavier alkene’ complexes are generated in situ,
through e.g. silane dehydrogenation, or salt-metathesis with
ditetryl-1,2-diides.

2.1.1. Disilene complexes. The initial examples of disilene-
TM complexes were reported in 1989, utilising platinum as the
TM (Scheme 2), aligning with the historical precedent of Zeise’s
salt, which also featured platinum. These early disilene com-
plexes were accessed via the in situ reduction of [(dppe)PtCl,] in
the presence of [{R,(H)Si},] (R = Ph, "Pr; dppe = [(Ph,P),C,H,]),
leading to dehydrogenation and formation of 2.1 and 2.2.>>?¢
Though in this initial publication the solid-state structure of
these species was not reported, a combination of multi-nuclear
NMR and IR spectroscopy, and mass spectrometry was used to
determine their molecular formulas. Here, the bis-silylene form
was not strictly ruled out.

Soon after the above described publication, Berry and co-workers
reported on the first structurally characterised examples of disilene-
TM complexes, in Mo and W centred 2.3 and 2.4 (Scheme 3). These
species were accessed through an initial salt-metathesis between
metallates Li{Cp,MH] (M = Mo, W) and 1,2-dichlorodisilane
[{Me,(CI)Si},], followed by chlorination of M with CCl,, and finally
a ring-closing reduction.”” Metrical parameters would suggest that
these complexes sit between formal n-complexes and metallacycles,
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Scheme 2 Synthesis of the first heavier disilene complexes of a
transition metal.
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Scheme 4 Accessing disilene complexes which are best described as
n-complexes.

with Si-Si distances between known single and double bonds,
and a degree of pyramidalisation at each Si centre. These
structural observations are in keeping with similar observations
for classical alkene complexes of electron deficient early transi-
tion metals.

Moving again to group 10, Kira and co-workers demon-
strated that complexes akin to those reported by West and co-
workers can be accessed through the addition of 1,2-dilithio-
disilanediide, Li[{(‘BuMe,Si),Si},] to [(Me;P),PtCl,], directly
forming 2.5 (Scheme 4).”® This methodology was later extended
to the closely related Pd complexes 2.6 and 2.7.%° In all cases,
these complexes are best described as metallacycles. However,
employing the bulky phosphine ligand Cy;P gave contrasting
results: presumably due to ligand bulk, the 14-electron palla-
dium complex, 2.8, is isolated in this reaction. This reduces
Pd — [Si,] back-donation, and leads to a structure akin to
classical m-complexes. That is, minimal Si-Si bond elongation is
observed when bound to Pd relative to the calculated Si-Si
distance in the free disilene (4.3%), and negligible pyramidalisa-
tion at the Si centres is observed, with cis-bending angles at each
Si centre of 4.41° and 9.65° (Scheme 4).*° The addition of
isocyanide donor ligands to 2.8 generates 16-electron complexes
2.9 and 2.10, which align more closely with the metalladisilacy-
clopropane resonance form, offering valuable experimental
insights into the electronic nature of these unique complexes.”

. o

Mg Ve
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\

M = Mo (2.3)
M=W (2.4)

Scheme 3 Accessing molybdenum and tungsten complexes featuring the tetramethyl-disilene ligand.
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Fig. 4 Solid-state structures of (a) 2.8 and (b) 2.6, with front view shown
above, and side view shown above, depicting an increase in out-of-plane
bending in 2.6.

This effect is seen for all complexes here bearing a 4-coordinate
Pd centre, as shown with the solid-state structures of 2.8 and 2.6
in Fig. 4, whereby an increase in out-of-plane bending in seen in
the latter, in which the Pd centre is 4-coordinate.

Further examples of disilene-Pd complexes which are best
described as m-complexes were later reported, again by Kira and
co-workers, through the direct addition of disila-cyclohexene ana-
logue 2.11 to [(Cys;P),Pd], forming complex 2.12 (Scheme 5).*'
Scheschkewitz and co-workers also demonstrated that P-substi-
tuted disilenes 2.13 and 2.14 form related 14-electron Pd com-
plexes 2.15 and 2.16 when combined with [(Cy;P),Pd], leading to a
greater degree of back-donation from Pd relative to 2.8 and 2.12.
This is best borne out by the elongation of the Si-Si distance in
these species relative to the free disilene: a value of 4.8% is found
for 2.15, comparing to 3.2% and 1.9% for 2.8 and 2.12, respectively
(Scheme 6).**

Kira and co-workers have also demonstrated the synthesis of
Fe® complexes bearing 1,2-dichlorodisilene ligands (Scheme 7).>°
This was achieved by reacting dipotassium tetracarbonylferrate
with tetrachlorodisilane [(‘Bu,MeSi)Cl,Si],, resulting initially in
the Z-isomer, 2.17-Z. Over time, this compound undergoes
isomerisation to the thermodynamically favoured E-isomer,
2.17-E, with a first-order rate constant of 4.66 x 1077 s ' at
323 K (Scheme 7). The initial formation of 2.17-Z is justified

Me;Si,  SiMe;
Ph
Z

CysP

[PCyaPdl YN
e PN
-PCy;

Me;Si SiMe; Me;Si-  SiMes
211 212

Scheme 5 Complexation of a cyclic disilene ligand to palladium(0).
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Scheme 7 Formation of a Z-1,2-dichlorodisilene iron complex, described
as a metallacycle, and its isomerisation to the E-isomer.

mechanistically through the generation of a bis(silyl)silylene
intermediate, followed by p-chloride migration, a pathway
preferred for generating the Z-isomer. Both isomers are best
described as metallacyclic complexes.

A 1,2-dihydrodisilene Ni® complex closely related to that
described above has been reported, synthesised through a
ligand migration reaction upon combining the N-heterocyclic
carbene (NHC)-stabilised hydridosilylene [(“Bu,Si)(H)Si]-IMe
(viz. 2.18) with [Ni(cod),] (Scheme 8; cod = 1,5-cyclooctadiene;
IMe = [{(Me)CN(Me)},C:]).>* In this instance, the E-isomer is
exclusively formed (viz. 2.19), and the Si-Si bond length and
out-of-plane bending align with metallacycle character.

Moving towards early d-block species, a general pathway to
heavier alkene complexes of electron-poor group 4 metallocene
fragments has been developed. This method involves the
combination of the 1,2-dipotassiodisilane 2.20 with magne-
sium dibromide, followed by reaction with dichlorometallo-
cenes [Cp,MCl,] (M = Ti, Zr, Hf), resulting in the desired
disilene complexes 2.21, 2.22, and 2.23, which for Zr and Hf
could be crystallised only as their PMe; adducts 2.24 and 2.25
(Scheme 9).***° In the initial publication from Marschner and
co-workers,*® describing the synthesis of Hf complex 2.23,
computational bonding analysis revealed a long Si-Si distance
(dsisi = 2.56 A) in this species which could not be crystal-
lographically characterised. Alongside a strongly deshielded
29Si NMR resonance (132.8 ppm), this led to the conclusion that
this species sits between the metallacyclic and bis-silylene reso-
nance forms, driven by the electron-poor nature of the Hf centre.
Addition of PMe; leads to reversion to a species better described
as a metallacycle (viz. 2.23), which could be structurally

Uk

T 4R

IMe s /
) Hu, ¥ INi(cod),] IMe. / N
ol —_— i e = || >

R -2cod CAR N

IM¢’ iy \

218 219 R
R ='Bu;Si

Scheme 8 A nickel-mediated silylene transfer reaction, in formation of
an E-1,2-dihydrodisilene complex of nickel.
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Scheme 9 Accessing group 4 metal complexes of disilenes, best
described as metallacycles.

characterised, with a now slightly contracted Si-Si bond distance
(dsisi = 2.343(4) A), and dramatically more shielded *°Si NMR
shifts (135.7 and —159.7 ppm), pertaining to significant Zr — Si
back-bonding. This species is still regarded as a metallacycle.
Indeed, the remainder of structurally characterised species in this
family of group 4 metal complexes best represent the metallacycle
resonance form, primarily due to significant [Si,] — M donation.
It is noted that in PMe;-coordinated complexes this donation is
reduced, leading to Si-Si bond contraction, although this is
demonstrated exclusively with DFT methods.

2.1.2. Digermene complexes. Only two digermene complexes
of transition-metals are known, accessed as above, through addi-
tion of dipotassio-digermanediide K,[{(Me;Si),Ge},] (viz. 2.26) to
[Cp.MCL,] (M = Zr, Hf), in forming complexes 2.27 and 2.28
(Scheme 10).>> As per the Si systems, only the PMe; adducts could
be isolated as crystalline species. In both cases, the complexes
demonstrate significant metallacycle character, with elongated
Ge-Ge distances (dgege: 2.27 = 2.4337(14) A; 2.28 = 2.4538(9) A),
similar to that found in hexakis(trimethylsilyl)digermane (dgege =
2.48 A).*® The solid state structure of 2.27, as shown in Fig. 5,
shows a significant degree of out-of-plane bending, also aligning
with a metallcycle resonance form.

It is interesting to note the absence of a greater number of
digermene-TM complexes, given the vast number of germylene,
and specifically bis- and poly-germylene complexes which are
known.?”® It is likely that ligand sterics, in combination with
electronic saturation at Ge through strongly n-donating ligands
(e.g- N-heterocyclic systems), prevents Ge-Ge bonding in those
complexes. This relatively unexplored field would thus benefit
greatly from further synthetic developments, to uncover the
electronic nature and synthetic utility of digermene complexes.

2.1.3. Distannene complexes. As per the above described
digermene-TM complex class, distannene-TM complexes are
rather rare, in contrast to the vast number of stannylene-TM
complexes known.?”*® Despite success in accessing this com-
pound class for Si and Ge in combination with the group 4
metals, no such species are known for tin. In fact, reaction of
Ky[{(Me3Si),Sn},] (viz. 2.29) with [Cp,MCl,] (M = Zr, Hf) instead
leads to chelating bis(stannyl) complexes 2.30 and 2.31,

R
K. & i) MgBr,
NgiaR (ii())CngCzlz @PM53 R
(ili) PMe, 2
— =, M—
-2KBr L /¢\R
R7E K - MgCl, \ R
R R
2.26 M=2Zr2.27
R = SiMe; M = Hf 2.28

Scheme 10 Access to group 4 complexes featuring digermene ligands.
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Fig. 5 Solid-state structure 2.27.

through a postulated disproportionation reaction which liber-
ates the free stannylene, [(Me;Si),Sn], which is hypothesised to
be trapped in 2.32/2.33 (Scheme 11).** Circumstantial evidence
for this was later given through the addition of distannene 2.34
to [Cp,MCl,] (M = Ti, Zr) under reducing conditions, which led to
complete Sn-Sn bond scission, and formation of bis(stannylene)
complexes 2.35 and 2.36 (Scheme 12).>° This is perhaps not
surprising, given that stannenes are known to dissociate in
solution,"*'*> due the typically weak Sn-Sn bonding brought
about by factors discussed in the introduction of this review
(e.g. the CGMT model).

In contrast to those reactions described above, Wesemann and
co-workers demonstrated that addition of the xanthene-bridged
distannene 2.37 to [Ni(cod),] leads to the formation of a unique
distannene-Ni® complex, 2.38, marking the first example of a
distannene-TM complex (Scheme 13). Notably, the distannene
ligand in this species remains trans-bent, due to an interesting
1,2-donor-acceptor binding mode of this ligand, presumably
enforced by the geometric constraint provided by the xanthene
bridge.*’ The same group later showed that closely related dis-
tannene complexes for all three group 10 metals could be could be
accessed (viz. 2.39, 2.40, and 2.41), through coupling of two
stannylene ligands in the coordination sphere of the low-valent
d-block metal (Scheme 14).*' This carbene transfer reaction is
reminiscent of that used by Inoue and co-workers in the synthesis
of the related 1,2-dihydrodisilene complex 2.19.* All distannene
complexes are cis-bent, and are best classified as metallacycles.

One further example of a formal distannene complex is known,
and is a rather intriguing case, accessed through the addition of

R
KO S
Ssn4R ) mger, ) @ R
(i) Cp MCl, / 1
T | el SR T L MR
S - r . /
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\ /
M \SnRz M=8nR,
oo Nt o
Ry
M = Zr (2.30) M =Zr (2.32)
M = Hf (2.31) M = Hf (2.33)
Scheme 11 Attempted synthesis of group 4 complexes bearing distan-
nene ligands.
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dilithiostannole 2.42 to [Cp,TiCl,], in forming 2.43 (Scheme 15).*>
If negating the Sn-Sn bond, this species holds two trigonal planar
tin centres, both in the plane of the titanium centre, which would

(a) Photo-isomerisation

View Article Online
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ordinarily indicate a formal bis-stannylene complex. Yet, a short
Sn-Sn distance of 3.0576(11) A is observed indicative of a clear Sn—
Sn bond, corroborated by DFT calculations. This also suggested
that the bonding in 2.43 features a delocalised electron system
over the central [TiSn,] ring.

No diplumbene-TM complexes are known.

3. Hetero-ditetrelenes complexes

Isolable hetero-ditetreleness (i.e. R,E = E'R,; E/E' = C-Pb; E # E'),
since the discovery of the first silene in 1981 by Brook and co-
workers,” are now a well-established compound class. These have
been accessed with a variety of methods: photo-isomerisation of
acyl silanes (Scheme 16(a)),** the so-called sila-Peterson reaction
(Scheme 16(b)),** and salt-elimination from (alkyl)(halo)tetrylanes
(Scheme 16(c))*® have all been effective in generating these
species.*® Again, however, very few m-complexes of E=E’ bonds
have been accessed through direct reaction of isolable derivatives
with TM fragments.

The first examples of hetero-ditetrelenes TM complexes were
reported some years after the initial report of a stable silene by
Brook and co-workers, in complexes 3.1 and 3.2 reported by
Tilley and co-workers (Scheme 17).*”*® These species were
readily accessed through the salt-metathesis of [CIMgCH,Si-
Me,H] with [Cp*Ru(P'Pr;)Cl], leading to hydride migration and
formation of the target silene complexes. The dimethyl deriva-
tive was found to be thermally unstable, decomposing rapidly
at room temperature to reportedly form Me;SiH alongside a
ruthenium hydride complex. In contrast, the diphenyl deriva-
tive could be crystallographically characterised, revealing a
short Si-C bond of 1.78(2) A indicative of some double-bond
character. Still, a strong degree of pyramidalisation at Si (cis-
bending angle = 35.2°) suggests a resonance form between
n-complex and metallacycle. Soon after this initial report, two
further examples, silene complexes of Ir (3.3) and W (3.4), were
reported by the groups of Tilley and Berry, respectively, Tilley
employing a similar synthetic route as for 3.2, and Berry
employing reductive methods (Scheme 18, routes (a) and (b),
respectively).*>*® All complexes were shown to undergo ring-
opening reactions on the addition of polar H-X species. Tilley
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Scheme 17 The initial example of a transition metal complex of a silene.

and co-workers also reported a closely related cationic Ir
complex, 3.5, which demonstrates spontaneous silene-silyl iso-
merisation through group migration in solution (Scheme 19),
with resonance ‘extremes’ being trapped through the addition
of different donor ligands: n-donor/acceptor ligands CO and
ethylene bind at Ir in complexes 3.6 and 3.7, whilst classical
Lewis bases Et,O and Py bind at Si in 3.8 and 3.9.”

In contrast to those species described above, where the silene
is generated in the coordination sphere of a TM, it has been
demonstrated that free silene 3.10 readily forms a complex with
Pt® upon reaction with [(PCys),Pt] (viz. 3.11, Scheme 20, Fig. 6).>>
This product, closely related to disilene complex 2.8, exhibits a
significant degree of n-character, as observed through its geome-
trical features: relative to the free silene, a modest elongation of
the Si—C bond by 5.6%, and cis-bending angles of just 25.8° (C)
and 19.6° (Si) are only slightly greater than those observed in, for
example, the first well-defined complex of a disilene.*® It is
nevertheless characterised as a hybrid between a m-complex
and a metallacycle, reflecting differences in geometry at the Si
and C centers. Similarly, n-stabilised silene 3.12, formed through
thermal or photolytic rearrangement of a silacyclopropane, read-
ily undergoes complexation with Ni° and Pt°, resulting in com-
plexes 3.13 and 3.14, both displaying geometrical parameters
similar to 3.11, and thus also described as hybrids of the
n-complex and metallacycle resonance forms.>®

In addition to the above described silene complexes, a small
number of Si-E ditetrelenes complexes are known (E = Ge, Sn).
Marschner and co-workers reported that the addition of 1,2-
dipotassio-silagermane 3.15 to [Cp,HfCl,] led to the formation
of the germasilene complex 3.16, which could be isolated as
phosphine adduct 3.17 (Scheme 21).>> As per closely related
disilene and digermene complexes of the group 4 metals,
phosphine adduct 3.17 is best described as a metallacycle,
whilst it is believed that intermediate 3.16, with a lower
coordinate Hf centre, may bare a greater degree of n-character.

The Marschner group later reported stannasilene complexes of
Pd and Pt. The novel synthesis of these species, which presumably
targeted stannylene complexes, involved the addition of the
phosphine-coordinated cyclic bis(silyl)stannylene 3.18 to either
in situ reduced [(dppe)PtCl,], or [Pd(PR;);] (R = Ph, Et), resulting in
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Scheme 19 Fluctional coordination chemistry in a disilene complex of
iridium. Py = pyridine; OTf = triflate.

the ring-opening of the stannylene and silyl migration to form
3.19 and 3.20 (Scheme 22).>* Once again, the geometrical para-
meters in these complexes suggest metallacycle character. Similar
reactivity was observed when [{(Me;Si);Si},Sn-PEt;] (viz. 3.21)
reacted with in situ reduced [(dppe)PtCl,], yielding the acyclic
stannasilene complex 3.22.

Finally, the group of Scheskewitz have reported a number of
interesting Ni complexes which can be broadly defined as germa-
silene complexes. In an initial publication, they demonstrated that
the addition of the heavier vinylidene analogue 3.23 to [Ni(cod),],
in the presence of the NHC [{(Me)CN('Pr)},C:] led to a migratory
ring-closing reaction, in forming formal heavier cyclopropene
complex 3.24 (Scheme 23).°° Further salt-methathesis reactions
allow for the facile exchange of the Ge-CI substituent, giving
access to Ph- (3.25), PPh,- (3.26), and O'Bu-functionalised (3.27)
derivatives of this compound class. These represent the only well-
defined examples of heavier metalla-cyclopropene TM complexes
reported to date. Long Ge-Si bonds in these complexes are
indicative of significant metallacycle character, whilst the butterfly
geometry of the central [Si,GeNi] motif suggests that these species
are best described as bicyclo[1.1.0]lmetallabutanes. It was later
shown that the addition of vinylidene derivative 3.23 to [Ni(cod),]
in the absence of additional NHC leads to the heavier-allylic
complex 3.28, through formal oxidative addition to Ni, with
subsequent addition of NHC to this complex directly forming
bicyclo[1.1.0]metallabutane 3.24. Finally, amido-functionalised
heavier vinylidene analogue 3.29 was shown to react with NHC/
[Ni(cod),] to form the germasilene-Ni complex 3.30, involving C-H
activation of one NHC ligand. The Ge-Si bond length in this
species is intermediate between known single and double bonds,
and as such this complex is again described best as having some
degree of m-complex character, corroborated by DFT calculations
which reveal a degree of n-bonding in the coordinated Ge-Si unit.

route (b)
W — TV

£ CH,5iMe,Cl ~M8C% H
\
Me

3.4

Scheme 18 Access to examples of iridium and titanium complexes bearing silene ligands.
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Scheme 21 Formation of a hafnium complex bearing a germasilene ligand.

4. Heavier imine and carbonyl complexes

A vast number of stable heavy imine analogues are known,>®
typically accessed through oxidative E=N formation upon
addition of an azide to a tetrylene,”” or via salt elimination
(amino)(halo)tetranes (Scheme 24).°® More recently, through
bespoke ligand development, stable heavier ketone analogues
have also been realised, generally accessed through oxidation of
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Scheme 22 Synthesis of a stannasilene complexes of group 10 metals.
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tetrylenes, e.g. with Py-O or N,0.’°*" The complexation chem-
istry of these isolated systems is however almost entirely unex-
plored. That is, heavier imine and carbonyl TM complexes are
largely generated in situ. In all cases discussed here, congeners of
n-complexes are ascertained to be so based on close E-TM and
E’-TM contacts in structurally characterised species.

4.1. Silapnictene complexes

Transition metal complexes involving doubly-bonded silicon-
pnictogen species are relatively uncommon, with early instances
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of silaimine complexes of zirconocene, initially reported by Berry
in 1991, being among the limited examples.® This initial example
was accessed through a series of salt-metathesis and halogenation
steps. Specifically, an initial salt-metathesis of [Cp,Zr(H)Cl] with
Li[N(‘Bu)SiMe,H] led to a (silyllamido zirconocene hydride
complex. The Zr-H fragment undergoes halide-exchange with
Mel, in loss of methane, and finally the addition of
Li[CH,SiMe;] leads ring-closing salt-elimination in generating
the formal silaimine complex 4.1 (Scheme 25). A similar approach
was later utilised by Okazaki and co-workers in accessing the Ti
congener 4.2.% More recently, it was demonstrated that a (hydri-
do)(silylenyl)tungsten complex reacts with nitriles, leading to
concurrent insertion into the W-H bond and Si-N coupling. This
reaction yields complexes 4.3 and 4.4, which may be described as
tungsten silaimine species (Scheme 26).%*

A series of 1,2-dihydrosilapnictene complexes of nickel were
recently synthesised and found to readily tautomerise through
hydrogen migration between silylene, silapnictene, and silyl-
pnictindene complexes, depending on the identity of the pnicto-
gen atom (Fig. 7 and Scheme 27).®> The half-parent bis(amido)-
silylene complex 4.5 was successfully isolated as a stable com-
pound, synthesised through simple salt-metathesis of the chloro-
silylene complex 4.6 with [LiNH,]. However, attempts to produce
the phosphorus derivative resulted in the formation of the 1,2-
dihydrosilaphosphene complex 4.7, though H-migration in an
initially formed half-parent phosphasilene complex. Though the
P-H ligand in this system was shown to fluctuate between the
E- and Z-isomer, the solid state structure revealed only the E-
isomer (Fig. 8), which is thus likely the most stable form.
Remarkably, there is no known counterpart of such a complex
for classical carbon derivatives, such as 1,2-dihydroimine com-
plexes. Complex 4.7 was shown to coordinate BPh; at its phos-
phorus centre in the formation of E-1,2-dihydrosilaphosphene
complex 4.8. In the absence of borane-coordination, 4.7 under-
goes further P to Si proton migration in the formation of inter-
mediary phosphinidene complex 4.9, which dimerises in the
generation of 4.10. The corresponding arsenic derivative of 4.11

LiN('Bu)SiMe,H
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Scheme 26 Addition of nitriles to a hydrido-silylene complex of tungsten,
leading to what may be described as silaimine complexes.
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Fig. 7 Resonance forms of 1,2-dihydrosilapnictene transition metal com-
plexes, through H-migration between E and Si (E = N-Sb).

was found to be unstable at ambient temperatures and dispropor-
tionates, giving rise to an intriguing nickela-silaarsene complex,
4.12, while concomitantly forming a diarsene-Ni® complex 4.13.
Nevertheless, the formation of 4.11 could be demonstrated by its
deprotonation at low temperatures, leading to the room-
temperature stable metallated silaarsene complex 4.14, in which
H-migration is prevented. Based on their geometrical para-
meters, these species were determined to exhibit significant
metallacycle character. However, the As-Si bond in 4.14 falls
within the range of known double bonds for these elements,
likely due to the high charge localisation on arsenic. As a whole,
this study gives key insights into the relative stability of
n-complexes of the heavier parent imine analogues, through
dynamic proton migration processes.

More recently, Apeloig and co-workers described the synthesis
of platinum phosphasilenes akin to 4.7, which can be accessed via
two pathways: phosphino-silane 4.15 or silylated lithium-
phosphide 4.16 react with [(L),Pt(PEt;),] leading to loss of H,
or LiF, respectively (Scheme 28).°° This was primarily achieved
with dmpe complex 4.17, and extended to the dppe and (PR;),
complexes (R = Et (4.18), Ph (4.19)). All species are classified as
metallacycles, due to a significant decrease in the calculated
Wiberg bond indices for the P-Si bonds upon complexation, from
~1.9 to ~1.2. Further chemistry demonstrated that complex
can be readily metallated at its P-centre, through deprotonation
with Li, Zn, Ag, or Hg amides, leading to the first examples of
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Scheme 25 Formation of the initial example of a silaimine transition metal complex (above), and it later published titanium congener (below).
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P-metallated phosphasilene-TM complexes, 4.20 (Ag), 4.21 (Li),
4.22 (Zn), and 4.23 (Hg), which are closely related to the As-
metallated species 4.14 described above. Notably, the silver system
4.20 forms a unique trimer in the solid state (Fig. 9), whilst the
reduction of mercury derivative 4.23 with element lithium leads
to presumed reductive disproportionation, forming bis(silaphos-
phenyl)mercury species 4.24.

Heavier imine complexes are not known for the remainder
of the group 14 elements.

4.2. Silanone complexes

Only one structurally characterised example of a complex which
can formally be described as a heavy aldehyde n-complex has
been reported, by Tobita and co-workers. They demonstrated
that anionic hydrido-silylene complex of tungsten 4.25 can be

Fig. 8 Solid-state structure 4.7.

This journal is © The Royal Society of Chemistry 2024

oxidised by Py-O, with the loss of pyridine and the formation of
a sila-aldehyde complex 4.26 (Scheme 29).%” A long Si-O bond
length (1.637(7) A) and a short Si-W bond length (2.475(3) A)
are indicative of formal metallacycle character. Driess and
co-workers later reported a related complex via the oxidation
of (amino)(chloro)silylene complex 4.6, forming the corres-
ponding silanone complex 4.27 at temperatures below —60 °C
(Scheme 30).°® This species could be trapped by reaction with a
borane, which led to addition across the Si-O bond in 4.28.
On warming, silanone complex 4.28 undergoes a cascade
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Scheme 28 Synthesis and metallation of a phosphasilene complex of
palladium(0).
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Scheme 29 Synthesis of a tungsten complex of a silanone.

rearrangement in the formation of an Si-metallated nickela-
iminosilane, 4.29.

A compound closely related to 4.27 has also been reported by
Kato and co-workers. They reported that the oxidation of
manganese metallosilylene 4.30 leads to the formation of a
strained [MnOSi] ring in 4.31, which is best described as a Si-
metallated silanone (Scheme 31).° The corresponding
manganese-silanone complex is formed on insertion of ethy-
lene into the Si-Mn bond, though no coordination of silicon to
the metal centre is observed, in complex 4.32.

Additionally, in deviation from the above described analo-
gues of carbonyl-TM complexes, Filippou and co-workers
reported the oxidation of what is best described a metallosily-
lene (viz. 4.33) with N,O, leading to chromium-silanone
complex 4.34 (Scheme 32).”° The oxygen centre in this system
shows no contact with the Cr centre, hence demonstrating the

zT
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NHC o sc © NHC 428
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46 leN 4.27 >60°C Me3s'°\ ¥
—Ni—Cl
Dip._ _SiMe;
- N N NHC
" oip”
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Scheme 30 Formation of a low-temperature stable silanone complex, its
reactivity towards a borane, and rearrangement to a metalla-silaimine.
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Scheme 31 Formation of a low-temperature stable silanone complex, its
reactivity towards a borane, and rearrangement to a metalla-silaimine.
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Scheme 32 Oxidative formation of metallosilanone complex.
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Scheme 33 Oxidative access to palladium-germathione complexes.

effect of metal and ligand substitution on driving or disfavour-
ing for formation of n-complex congeners.

4.3. Germanone complexes and derivatives

No stable TM-complexes of germanone species are known.
However, germathione complexes have been reported, the first
examples from Holl and co-workers.”* These were accessed in a
straight forward manner: the oxidation of germylene complexes
4.35 and 4.36 with carbonyl sulphide leads to S-atom transfer,
with concomitant loss of CO. This forms germathione-
derivatives 4.37 and 4.38 (Scheme 33). The observed Ge-S bond
distances in 4.35 (dges = 2.1830(1) A) and 4.36 (dges = 2.1925(10)
A) are in keeping with known Ge-S single bonds, classifying
these species as formal metallacycles. Closely related examples
for ruthenium were later reported by Tatsumi and co-workers,
through the dehydrogenation of cationic ruthenium complex
4.39 with NaH or NaOH, forming 4.40 (Scheme 34).”>”* These
were studied in regards to their similarities to hydrogenase
enzymes, given the formation of dihydrogen from nucleophilic
hydride sources.

NaH

> or
[NEtJOH
—p

S

Mes \-»'Ruw -Na[BArf,] Mes ->Ru‘
Dep/ g~ YPPhs| -H,orH,0 Dep/ ¥? YPPhy
[BArF]
437 4.38

Scheme 34 Reductive formation of a ruthenium-germathione complex.
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5. Ditetrelyne complexes

Despite the extensive knowledge of alkyne-TM complexes, there
are a limited number of isolated heavier derivatives. This is
perhaps not surprising given that the first reported example of a
ditetrelyne was reported only in 2000 by Power and co-workers, in
the diplumbyne [Ar'PbPbAr’] (Ar' = 2,6-Tip,CeHs; Tip = 2,4,6-Prs-
CeH3).”* Further, this species was found to bear a long Pb-Pb
interaction and strong ¢rans-bending, indicative of a single Pb-Pb
bond and hence negligible n-character. The situation is signifi-
cantly different for the related silicon() species: in 2004 Sekiguchi
and co-workers reported the first example of a crystallographically
characterised disilyne, which features a short Si-Si bond (2.0622(9) A)
and significantly lessened trans-bending.”> We note here that
earlier the same year, Wiberg and co-workers reported a closely
related 1,2-disilyldisilyne which was stable in the solid state at
ambient temperature, but rearranged to a trisila-cyclopropene
in solution.”® The former disilyne was thus not crystallographi-
cally characterised. Nevertheless, DFT studies for both systems
demonstrate that two n-bonding interactions are present in the
Si-Si bond, making this much closer to bonding observed in
alkynes.”>”” Such species have been utilised directly for the synth-
esis of n-complexes (vide infra). Metallic reductive methods are used
in the synthesis of the heavier alkyne analogues, typically from
tetrahalo-disilanes for the silicon derivatives,”” or from the halo-
tetrylenes for germanium, tin, and lead (Scheme 35).”%7°

5.1. Disilyne complexes

As it stands, only three disilyne TM-complexes have been
reported. The first were 5.1 and 5.2, illustrated in Scheme 36.%
These complexes were formed through the combination of a
stable disilyne with [(Cy;P),M] (M = Pd, Pt). Both of these
compounds exhibit metallacycle character attributed to signifi-
cant M — (Si,) back-donation. The Si-Si distances in both cases
align with known double bonds (for 5.1: 2.170(1) A; for 5.2:
2.167(3) A). A degree of out-of-plane bending is also observed, as
seen in the molecular structure of 5.1 (Fig. 10, Scheme 36). A DFT
analysis of the bonding in 5.1 suggests that this mirrors that
known for the corresponding alkyne complexes, with two © — d
donor interactions, and one d — m* back-bonding interaction,
giving key insights into the electronic nature of these heavier
main-group complexes. The closely related NHC-adduct of a
disilyne 5.3 was shown to form an adduct with [ZnCl,], whereby
no n-complex formation was observed (viz. 5.4, Scheme 37).%"
More recently, complex 5.5 was reported, which is best
described as an iron-[bis(silylene)]. This species was accessed
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\ Fox  am

N \R -4Mx
X

R R
\ [ .
— E=E to E—E
\ ]
R R
X/’"’E' M
R” -mx
E = Ge-Pb
R = monoanionic
ligand
X = halide

Scheme 35 General reductive routes to the heavier alkyne analogues.
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Scheme 36 Synthesis of and bonding in group 10 metal(0) complexes of
a disilyne.

via the reduction of bis(chloro-silylene) complex 5.6 with an
excess of KCg (Scheme 38).5% As per the bis-silylene character of
the free ligand,® the [Si,] fragment does not bind Fe® through a
Si-Si n-bond, but rather through two lone pairs, one located at
each Si centre. Significant Fe — [Si,] n-backdonation is also
present, from the d,, orbital on Fe to a vacant n-orbital of the
Si-Si bond, formed from a p,-orbital from each Si centre. As
such, a long Si-Si single bond is observed in this complex. This
leads to complete Si-Si bond scission on reaction with unsatu-
rated organic molecules: (Me;Si)N; leads to nitrene insertion,
whilst benzophenone undergoes and an interesting [2+4]
cycloaddition with the Si-Si bond.*?

Though not a formal n-complex, Robinson and co-workers
reported the reactivity of their bis-NHC complex 5.7 towards
[Fe(CO)g), leading to coordination at one Si centre, as opposed
to coordinating the Si-Si m-system (viz. 5.8, Scheme 39).%*
In contrast, the related [CuCl] complex 5.9 is proposed
to form the n-complex in solution, borne out by to the observa-
tion of a single signal in the *°Si NMR for this species,
despite the solid-state structure demonstrating binding at one
Si centre.®®

5.2. Digermyne complexes

One formal digermyne-TM complex is known, that is the
cationic Ag species 5.10, formed through the addition of
Ag[SbF¢] to digermyne 5.11 at temperatures below 0 °C
(Scheme 40).5° The Ag ion in 5.10 is coordinated by the Ge-
Ge bond and two flanking aryl rings, with no further ligands at
Ag. A computational analysis of this complex highlights sig-
nificant n-donation from the Ge-Ge triple bond to both 5s and
5p orbitals on Ag, with concomitant back-bonding from filled
4d orbitals on Ag to LUMO+1 of the digermyne, which repre-
sents an out-of-plane n* orbital, as per the above described
disilyne complexes. One additional complex which may be
considered a m-complex of a digermyne has been reported by
Driess and co-workers, namely 5.12. Here, reaction of an
isolable germylone towards [Ni(cod),] results in Ge-Ge dimer-
isation, whereby the newly formed Ge-Ge interaction coordi-
nates Ni in a side-on fashion (Scheme 41).”

Scheschkewitz and co-workers have additionally reported a
Ge species which is closely related to the above described
complexation of NHC-stabilised [Si,] allotrope 5.7 with
[Fe(CO),]. Reduction of [I'Pr-GeCl,-Fe(CO),] with potassium
graphite led to the formation of dimeric 5.13 (Scheme 42).%°
In solution this species is hypothesised to form the symmetrical
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Fig. 10 Solid-state structure 5.1, demonstrating a degree of out-of-plane bending.
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Scheme 37 Reactivity of an NHC-coordinated disilyne towards to zinc(i)
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Scheme 38 Synthesis of and bonding in a bis(silylene) complex of iron.
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Scheme 39 Reactivity of a formally silicon(0) dimer towards transition
metal fragments.
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Scheme 40 Complexation of a digermyne with silver(i).

isomer, borne out by a single NHC environment as determined
by 'H NMR spectroscopy. In the solid state, however, the
unsymmetrical isomer was identified, which is coordinated
terminally at one Ge centre by a [Fe(CO),], and additionally
features a [Fe(CO),] moiety bridging the two Ge centres. As
such, this can be seen as a n-complex of the [Ge,] dimer. As per
Si complex 5.9, these two isomers are proposed to be in
equilibrium in solution, with 'H NMR spectra collected at

Ph Ph
Bu,, Bu
N R
N
— 'Bu Bu® —
\Ni/ - O
/\ . \ o
L
—< o o,
NJ |_N
tBu” \k )/ 'Bu
512 Ph Ph

Scheme 41 Formation of a Ge,—Ni n-complex from a germylone.
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233 K indicating now differing environments for the NHC
ligands.

To the best of our knowledge, no further TM-complexes of
heavier alkyne analogues are known.

6. Heavier carbocycle derivatives

Closely related to the aforementioned ditetrelenes and tetrene
complexes are TM-complexed heavier-tetrel element-
substituted cyclobutene, cyclopentadiene, and benzene species
(Fig. 11). ‘Free’ (i.e. non-TM complexed) derivatives of these
species are known in most instances.’*°° As such, their TM
complexes are typically accessed through direct combination
with a suitable TM source. Though examples here are sparse
compared to congeners of heavier group 14 n-complexes
described earlier, those that are known allow for comparisons
with the classical carbon derivatives.

Heavier cyclobutadiene dianions have been accessed by
reduction of di- or tetra-halo heavier cyclobutene derivatives
(Scheme 43),%° which were utilised in salt-metathesis reactions for
the formation or m-complexes. Though a number of neutral
systems are known which can be described as heavier
cyclobutadienes,’®** albeit with distorted geometries, as yet the
complexation chemistry of such species has not been explored.
Heavier cyclopentadienide ligands have been synthesised directly
from their protonated starting materials, as per classical Cp
chemistry,”® which can be utilised directly in TM-complexation.
For the heavier benzene derivatives, salt-elimination through
reaction of heavier cyclohexadiene analogues with a suitable base
has been demonstrated as an efficient method for the generation
of these heavier aromatic systems.”"*> Though rare, these unique
molecules can be directly utilised in complexation chemistry.

Known heavier carbocycles:

R, R AN
o @ (.

E

R/ R lIR R

heavy heavy heavy
cyclobutadienes Cps benzenes
E =i, Ge, Sn, Pb

Fig. 11 The 4-, 5-, and 6-membered heavier carbocyle derivatives con-
siderd in this review.
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T
,

6.1. Silacycle complexes

The initial instance of an n*-silacyclopentadienyl, commonly
referred to as silolyl, complex was first reported in 1998 by
Tilley (Scheme 44).°° These species were accessed through the
reaction of lithium siloyl 6.1 with [Cp*HfCl;], resulting in the
formation of complex 6.2. This chemistry was extended to the
corresponding Zr complex 6.3.°7 Subsequently, Sekiguchi
demonstrated that trisilacyclopentadiene (6.4) and germadisi-
lacyclopentadiene (6.5) ligands, each incorporating three hea-
vier group 14 atoms within the five-membered ring, could also
form complexes with transition metals, again employing a salt-
metathesis mechanism. This led to the formation of complexes
6.6 (Fe), 6.7 (Ru), and 6.8 (Rh), where the ‘heavy’ cyclopentadie-
nyl ligands exhibit n*-coordination in all cases (Scheme 45).°%°*
Most recently, the group of Roesky demonstrated that the silole
dianion 6.9 reacts with [(cot)Lal-(THF);] (cot = cyclooctatetraene)
in the formation of anionic silole complex 6.10 (Scheme 46).”
Several complexes featuring silicon-containing cyclobuta-
diene ligands have been synthesised, with the first example
being the monosila-cyclobutadiene cobalt complex 6.11. Sur-
prisingly, this complex was accessed through the rearrange-
ment of 4-silatriafulvene 6.12 in the presence of [CpCo(CO),]

Me,

Q

Cp*HfCI i
o, MegSi HiCl,
- Licl %/
+ Me,
Li_ @Mm 6.2 s
Me;3Si— \/ —
6.1
//~ Megy
() MgBry _ _/C:
(ii) Cp*ZrCl, i \
1 =P 2™ | MeSi Zrcly

- LiBr
- MgBrCl

Scheme 44 Formation of group 4 complexes featuring the sila-
cyclopentadienide ligand.
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Scheme 45 Complexes bearing the disilagerma- and trisila-cyclopentadienide ligands. acac = acetylacetonate.
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Scheme 46 Divergent coordination nature of a silole ligand in a lantha-
num complex. cot = cyclooctatetraene.

R R
= Bu
e =
Co Rz 2.2 . i gy 6.2 Co
R.. ' __R [2.2.2]crypt Clo u O By B ‘Bu
i \ : -2¢0
R’ R R’ R
[K[2.2.2]crypt]
6.13 6.1
R = SiMe'Bu, R = SiMe'Bu,

Scheme 47 Formation of cobalt complexes of the tetrasilacyclo-
butadidene-diide and silacyclobutadiene-diide ligands via differing routes.

after the exchange of both carbonyl ligands (Scheme 47).'*°

Subsequently, the anionic Cp-free complex 6.13, carrying a
tetrasilacyclobutadiene ligand, was obtained through addition
of the tetrasilacyclobutadiene dianion [{(‘Bu,MeSi)Si}4]K, to
[CpCo(CO),], resulting in the loss of [CpK]."** The [Si,] core

Fig. 12 Solid-state structure of the anionic part in 6.13.
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521

in this species demonstrate clearly a delocalised n-system
(Fig. 12). Closely related Fe and Ru complexes 6.14 and 6.15
were subsequently prepared through similar synthetic proce-
dures (Scheme 48)."%>%3
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group 6 metal(0) species.

Lastly, two TM-complexes bearing a silabenzene derivative
have been documented, both through the direct addition of
silabenzene analogue 6.16 to M precursors under UV irradiation,
so forming 6.17 and 6.18 (Scheme 49). Among these, only the Cr
complex 6.17 has been structurally characterised, revealing the
silabenzene ligand’s n®-coordination with the TM centre.'**

6.2. Germacycle complexes

The first example of a germoyl-TM complex was published by
Tilley and co-workers in 1993, before Si complex 6.2, and
represents the first reported example of a heavier Cp-TM
complex. 6.19 was synthesised in a similar manner to the
described Si system, through the addition of the free lithium
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Scheme 54 Formation of stannabenzene complexes of chromium(0).

germoyl with [(CpRuCl),] (Scheme 50).°® Some years later, Ge
complex 6.20 was reported alongside its Si congener, and was
synthesised in the same manner, that is through the addition of
lithium-germoyl to [Cp*HfCl;].°° The same group later reported
the reaction of the electronically similar lithiogermoyl-
hafnocene complex 6.21 with [(dmpe),MOTf] (M = Rh, Ir),
which led to the formation of Ge-metallated germolyl com-
plexes 6.22 and 6.23.'%° Miiller and co-workers reported closely
related dimeric species 6.24 and 6.25, accessed through the
addition of dipotassio-germoyl 6.26 with [Cp,MCl,] (M = Ti, Zr),
first forming an anionic germylene complex, which dimerises
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Scheme 53
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Formation of stannacyclopentadienide complexes of ruthenium.
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Fig. 13 Side-by-side comparison of the molecular structures of sila-, germa-, and stannabenzene complexes of [Cr(CO)s].
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Scheme 55 Formation of
ruthenium.

plumacyclopentadienide complexes of

in loss of KCp (Scheme 51).'%” The Ti derivative 6.24 undergoes

further salt-metathesis reaction with KCp, and ultimately elim-
inates Cp,, in generating dimeric Ti™ Ge-metallated germoyl-Ti
dimer 6.27. Complexes similar to dimeric Ti" and Zr"¥ com-
plexes are also known for yttrium, accessed through the addition
of dipotassio-germoyl 6.26 with [Cp*YCl,] and [YCl;-(THF);],
forming 6.28 and 6.29 respectively.'®® An n>-coordination mode
of the germoyl ring systems is observed in all cases, as is also
true for the earlier described siloyl complexes.

Heavier arene complex analogues, that is °®-germabenzene-
TM complexes, are also known, albeit rather rare. All such
species have been reported by Tokitoh and co-workers, the first
in 2003, synthesised through the displacement of nitrile
ligands in either [Cr(MeCN);(CO);] or [Mo(MeCN);(CO);] upon
addition of germabenzene analogue 6.30, to [M(CO);] com-
plexes 6.31 and 6.32, respectively (M = Cr, Mo; Scheme 52)."°°
This strategy was later extended to the corresponding W
complex, 6.33."'° Notably, here it was also shown that addition
of germabenzene 6.30 to [(Cp*RuCl),] did not lead to the
desired m°-coordination, but rather to Cl-migration to Ge,
forming an n’-ligand bind mode in 6.34.

6.3. Stannacycle complexes

Though somewhat less common than their Si and Ge counter-
parts, stannoyl-TM complexes are known. In the single report
regarding stable examples of such complexes, Saito and co-
workers showed that the anionic heavier ruthenocene analogue
6.35 reacts with a range of carbon and silicon halides through
substitution at Sn, generating a family of novel stannoyl com-
plexes, 6.36, 6.37, 6.38, and 6.39 (Scheme 53)."'* All systems
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demonstrate n°-coordination of the stannoyl ring to Ru, though
deviations from planarity are observed at the tin centre, the
most extreme case being for Cl-substitution, showing a sum of
angles at Sn of 306.1°.

In addition to stannoyl systems described above, stannaben-
zene derivatives showing n®-coordination are also known. Pub-
lished alongside the initial synthesis of a stannabenzene
compound (vis. 6.40), perhaps better described as a stanna-
naphthalene, Tokitoh and co-workers showed that this heavier
aromatic system readily coordinates the [Cr(CO);] fragment upon
reaction with [Cr(MeCN);(CO);], forming 6.41 (Scheme 54)."" 1t
was later demonstrated that a similar reaction is observed for the
related [2+2] dimer of stannabenzene 6.42, forming the stanna-
benezene complex 6.43, giving evidence for a mono-dimer equili-
brium for 6.42 species in solution.'"” The isolation of this
stannabenzene derivative allows for a side-by-side comparison
of sila-, germa-, and stannabenzene complexes of [Cr(CO);]
(Fig. 13), whereby all species show a clear planarity in the [ECs]
ring, with a notable increase in E-(Cs) distance on moving to the
heavier elements, presumably due to atomic radius.

6.4. Plumbacycle complexes

Remarkably, plumboyl-TM complexes are also known, albeit
being very rare indeed. As per the described stannoyl systems,
these were synthesised through the functionalisation of anionic
heavier ruthenocene 6.44 with a range of carbon electrophiles,
leading to plumboyl complexes 6.45, 6.46, 6.47, and 6.48
(Scheme 55)."'* Unlike the majority of the lighter congeners
of such complexes, the [C,Pb] ring in these species deviates
significantly from planarity, through pyramidalisation at Pb
indicative of a stereoactive lone-pair of electrons. These can
therefore be described as n*-systems, reflecting the low inclina-
tion for the Pb-based lone electron pairs to partake in bonding
interactions.

7. Summary and outlook

Driven by the discovery and understanding of carbon-centred
organometallic m-complexation, research regarding access to
and the electronic nature of the heavier derivatives of those
systems has been fervent. Since the late 1900s, huge steps
forward have been made in accessing heavier group 14 con-
geners of classical t-complexes, spanning almost the full range
of systems known for carbon. This has given further insights
into differences between n-bonding in all-carbon systems and

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/d4cs00497c

Open Access Article. Published on 27 August 2024. Downloaded on 5/3/2026 6:26:27 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

those heavier derivatives, whereby deviations away from formal
n-complexes, and towards e.g. metallacyclic complexes are
observed, which may align with generally weaker n-bonding
for Si-Pb. This, however, is largely ligand dependant, allowing
for considerable control over the electronic nature and thus
reactivity of these systems.

As this review demonstrates, a vast amount of research has
been conducted in this field. Still, when one considers the array
of compound classes here, and the expanse of the d-block
elements, this merely scratches the surface. As our handle on
accessing low-oxidation state species for Si-Pb constantly
evolves, one can envisage a concomitant and continuous evolu-
tion of closely related transition metal chemistry, which, again
aligning with related metal-free systems, may lead to a greater
focus on further reactivity towards real-world utilisation. For
now, there is plenty to explore and discover, and we very much
look forward to seeing where this takes this exciting field.
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