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1. INTRODUCTION 

Carbon, nitrogen, oxygen, and phosphorus are essential 
elements to human life and the eco-systems in which we 
live. They combine in a variety of different ways to provide 
fuel sources, both edible and non-edible, to enable us to go 
about our everyday life. For example, if we consider carbon, 
this can be combined with itself to make petrochemicals 
which are then used in the manufacturing of everyday items 
such as electronics, plastics, medicines, and cosmetics. 
However, these have contributed to climate change as by-
products in the manufacturing processes release greenhouse 
gases. Sustainable methodologies to combat rising 
emissions and energy demands are, therefore, paramount.   
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Figure 1. Small molecule activation and conversion into value added 
products.   

One method to achieve this is to find renewable sources 
of the basic building blocks (i.e. C1, N or P) to produce 
value-added products (Figure 1). C1 sources such as carbon 
dioxide (CO2), carbon monoxide (CO) and methane (CH4) 
can be found in waste emissions, along with nitrous oxide 
(N2O), thus making them ideal candidates for further 
functionalisation.[1-3] These also have the advantage of being 
cheap, abundant materials due to their current prevalence 
within the atmosphere. As the most abundant gas found 
within the Earth’s atmosphere, dinitrogen (N2) is also a 
viable building block. Historically this has been utilised in 
the Haber-Bosch process, wherein N2 is converted into 
ammonia (NH3) for fertiliser production.[4-5] This process, 
however, is extremely energy intensive and therefore more 
efficient processes are required. The same is also true for the 

 
† In this chapter low valent is defined as low oxidation state 

and/or low coordinate main group centre. 

commonly used P building block, white phosphorus (P4). P4 
is considered a strategic and critical building block for the 
chemical industry,[6] yet its production and utilisation are 
both energy intensive and hazardous.[7] Thus, to truly 
provide sustainable methods of small molecule 
functionalisation the processes should involve low 
activation barriers and ideally be atom-efficient to minimise 
waste.  

Use of small molecules in the production of value-added 
products represents a significant challenge due to the 
thermodynamic stability of small molecules (Figure 2). The 
activation of these inert bonds typically requires a catalyst, 
as such transition metals (TM) play a prominent role in the 
field of small molecule activation.[8] This is because of the 
relative ease in which they coordinate substrates, their 
variable oxidation states and their ability to act as an 
electron source and/or sink within key transition states. 
However, due to their high cost and limited long-term 
supply, efforts are now focussing on the use of Earth 
abundant metal centres, such as those found within the s- 
and p-blocks of the periodic table.    

C CO O ON N

N N O
H
C

HH
H

H H

439.3

532.0 1076.4

167.4

944.8

435.8

 
Figure 2. Bond Dissociation Energies (BDE) for small molecules, 
values given in kJ mol-1.[9]  

Historically speaking, main group elements have often 
been overlooked due to the achievements of their 
neighbours in the d-block or that of its lightest group 14 
congener, carbon. The chemistry of the s-block is dominated 
by the +1 oxidation state for alkali metals (group 1) and +2 
for alkaline earth (group 2) metals. It was only in 2007 that 
the first group 2 complex in the +1 oxidation state was 
isolated.[10]  Moving across to the p-block, more oxidation 
states are available, and due to the inert pair effect, these 
tend to be found as the En and En+2 oxidation states [e.g., 
Si(II) and Si(IV)]. Furthermore, on descending the group the 
preferred electronic ground state changes from triplet to 
singlet state and as such for the heavier elements the lower 
oxidation state becomes more stable (Figure 3). The singlet 
state, as shown in Figure 3, highlights the reactive 
ambiphilic character of low valent† main group centres with 
the nucleophilic/Lewis basic (lone pair) and 
electrophilic/Lewis acidic (vacant p-orbital) active sites.   
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Figure 3. Singlet and triplet electronic ground states in low valent 
main group centres.   

Increased understanding in how to isolate low valent main 
group centres has led to the rapid development of this field. 
This has largely been achieved through a combination of 
kinetic and thermodynamic stabilisation methods, which 
can be tuned through ligand design. Kinetic stabilisation is 
provided through use of sterically demanding ligands, 
whilst thermodynamic stabilisation is obtained through 
choice of heteroatom within the ligand scaffold. For 
example, use of electronegative substituents (e.g., N, S, P) 
allows for stabilisation of the vacant p-orbital through their 
π-donor properties. This partially occupies the vacant p-
orbital to provide stability to the low valent main group 
centre (Figure 4A). In contrast, use of electropositive 
substituents (e.g., Si, B, C) tend to result in more reactive 
main group centres due to their lack of π-donor properties. 
They can, however, provide some stability through β-effects 
(Figure 4B). Additional stabilisation can be also be provided 
externally through coordination of Lewis acids and bases 
(Figure 4C and D).  
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Figure 4. Different stabilisation methods for low valent main group 
centres (E = main group centre).  

The variety of stabilisation methods has allowed for the 
isolation of a several new classes of low valent main group 
species, such as main group multiple bonds and main group 
compounds with either open or quasi-open coordination 
sites. The latter has largely been exploited in the form of 
frustrated Lewis pairs, providing several landmark 
examples of main group elements in small molecule 
activation[11-13] and thus beyond the scope of this book 

chapter. Comparison of main group multiple bonds and 
tetrylenes to transition metals have been drawn due to their 
similar energetically accessible frontier orbitals (Figure 5). 
This has enabled the activation of small molecules under 
ambient conditions at the low valent main group centres and 
is, therefore, the focus of this book chapter.  
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Figure 5. Frontier orbitals of transition metals, main group multiple 
bonds and tetrylenes and their interaction with dihydrogen.  

2. S-BLOCK COMPLEXES 

Despite the typical redox inactive nature of the s-block 
elements, they have been utilised in a variety of challenging 
bond activations and catalytic transformations with cycles 
built on a series of σ-bond metathesis and insertion 
reactions.[14-15] Furthermore, the synergistic effects of alkali 
metals in bimetallic complexes have been widely studied 
and reveal enhanced reactivity over their monometallic 
counterparts.[16] Due to the stability of the alkali and alkaline 
metals in their +1 and +2 oxidation states, respectively, 
these compounds are not considered low-valent. However, 
examples of alkaline earth compounds in their sub-oxidation 
state exist, with Be(0),[17] Be(I),[18] Mg(I)[10] and Ca(I)[19] 
now reported.      

The first reported zero-valent beryllium compound (1, 
Scheme 1) was isolated using the π-acidic 
cyclic(alkyl)(amino)carbene (cAAC) ligand.[17] This 
remarkable compound is stabilised through donor-acceptor 
interactions between the cAAC ligands and Be(0) which is 
in a 1s22s02p2 electronic configuration. The central C-Be-C 
core is a three-centre two-electron π-bond. This Be(0) 
complex has found use as a mild reducing agent capable of 
reducing Bi(III) to Bi(I).[20] Currently, the only example of 
1 in small molecule activation is towards CO2, in which a 
zwitterionic complex (2, Scheme 1) is formed along with the 
concomitant formation of a black precipitate which is 
thought to be elemental beryllium.[17]  

N
Be

N

Dipp

Dipp

1

N
C

Dipp

2

CO2 O

O

 
Scheme 1. CO2 activation by a zero-valent beryllium centre (Dipp = 
2,6-diisopropylphenyl).[17]  

Low valent group 2 chemistry is in its infancy and as such 
its use in small molecule activation is yet to be fully realised. 
The landmark Mg(I) dimer, however, has been established 
since 2007[10] and has found use as a versatile reagent in both 
organic and inorganic synthesis.[21-22] Regarding its 
reactivity towards small molecules, CO2 disproportionation 
reactions have been investigated both experimentally and 
theoretically.[23-26] Reaction of the Mg(I) dimer (3) with two 
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equivalents of CO2 at ambient temperature resulted in the 
rapid formation of a carbonate species along with a minor 
amount of the reductively coupled oxalate species (Scheme 
2).[23] The reductive disproportionation to the carbonate 
species occurs with loss of CO, which was confirmed via in 
situ reaction monitoring with 13C NMR spectroscopy. Use 
of excess CO2 in the reaction mixture did not increase the 
yield of the oxalate species but resulted in a mixture of 
products.  

Due to the susceptible γ-position on the backbone of the 
β-diketiminate ligand it was thought that CO2 may be adding 
across the backbone, as observed with a related Mg(II) 
system.[27] Therefore, to prevent reactivity at this site the 
Mg(I) dimer (4) was first reacted with diphenylketene to 
yield the tripodal diamine-enolato Mg(I) complex (5, 
Scheme 2).[25] Now, 5 reacts with an excess of CO2 at 
ambient temperature to form the carbonate and oxalate 
products in a 60:40 ratio. Furthermore, the product 
formation can be controlled by temperature. At low 
temperature (−60 °C) oxalate formation is solely observed 
whereas at elevated temperatures (60 °C) near quantitative 
conversion to the carbonate species occurs.[25] Mechanistic 
investigations into the formation of the carbonate species 
suggested that this reaction occurs via a magnesium-oxo 
species. Reaction of both Mg(I) dimers (3 and 5) with N2O 
result in the formation of oxo-bridged dimagnesium 
complexes (6 and 7) with a central Mg-O-Mg core (Scheme 
2). This can subsequently be reacted with one equivalent of 
CO2 to yield the corresponding carbonate species.[23, 25]  

Further examination of Mg(I) dimers in small molecule 
activation has centred on the reactivity towards CO. It was 
found that 3 and 4 were unreactive towards CO;[28] however, 
this reactivity can be turned on by simple coordination of a 
Lewis base [e.g., DMAP or N-heterocyclic carbene (NHC)] 
(Scheme 3).[29] This results in the formation of 9 and 10, 
which have elongated Mg-Mg distances [e.g., 3 
2.8457(8)[10] Å vs. 9 3.0886(6)[29] Å]. It was first postulated 
that the reason for CO activation was due to the increased 
bond length, therefore a highly sterically crowded Mg(I) 
dimer was synthesised, which contained a long Mg-Mg 
distance of 3.021(1) Å (compound 8, Scheme 3).[30] This, 
however, resulted in no reactivity towards CO even after 
heating for several hours at 60 °C. It was therefore thought 
that CO activation is the result of an unsymmetrical, and 
thus, polar Mg-Mg bond. Furthermore, it was shown that 
sterics play a role in the resulting product formation with 
larger aryl groups in the β-diketiminate ligand framework (9 
and 10) affording the trimeric deltate complex (11 and 12, 
respectively). Whilst smaller groups (13 and 14) result in 
ethenediolate complexes (15 and 16) (Scheme 3).[30] The 
mechanism of the latter was found to proceed via reductive 
dimerisation of CO followed by intramolecular C-H 
activation of the coordinated DMAP ligand. 
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Scheme 2. CO2 activation by a Mg(I) dimers (Dipp = 2,6-
diisopropylphenyl, Dep = 2,6-diethylphenyl).[23, 25] 
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Scheme 3. CO activation by Mg(I) dimers (L = DMAP 4-
dimethylaminopyridine, Dipp = 2,6-diisopropylphenyl, TCHP = 2,4,6-
tricylohexylphenyl, Dep = 2,6-diethylphenyl, Mes = 2,4,6,-
trimethylphenyl, Xyl = 2,6-dimethylphenyl).[28-30] 

The exploration of new low-valent s-block complexes, 
particularly of the heavier elements, is an exciting field with 
huge potential in the field of small molecule activation. 
Despite the high stability of the s-block, these elements have 
still been used in some unique and challenging 
transformations, such as the nucleophilic alkylation of 
benzene with an organocalcium reagent.[31] This highlights 
the potential of this class of compounds, both high and low-
valent, as viable candidates for future sustainable processes.  
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3. P-BLOCK MULTIPLE BONDS 

The first comparisons between transition metals and low-
valent main group compounds came from the ability of a 
digermyne (a germanium-germanium triple bond) to 
activate dihydrogen under mild conditions.[32] This was 
possible due to the synergistic interaction of main group 
multiple bonds frontier orbitals with those of dihydrogen, as 
shown in Figure 5. Whilst this discovery happened in the 
early years of the 21st century, main group multiple bonds 
have been in existence since the early 1980s. Seminal 
examples reported by West (Si=Si),[33] Yoshifuji (P=P),[34] 
Brook (Si=C),[35] and Becker (P≡C)[36] proving that the so-
called ‘double bond rule’‡ could indeed be broken.  
Nowadays, homodiatomic double bonds have been isolated 
for all p-block elements (groups 13-15, rows 2-6), with 
selected examples highlighted in Figure 6 including 17, 19-
23.[37-39] Homodiatomic triple bonds for all group 14 
elements have also been isolated (Figure 6, 24-27)[37-38] 
whilst only one neutral group 13 triple bond has been 
reported (18, Figure 6).[40] Several examples of mixed p-
block heterodiatomic multiple bonds also have been 
reported, in general these are rarer due to the challenges 
associated with stabilising an unsupported polar bond.[37-38]  

Figure 6 displays some of the seminal compounds in main 
group multiple bonds, along with E-E bond lengths and E-
E-L bond angles (E = main group element, L = ligand). 
Notable trends in the geometries show elongation of E-E 
bond lengths on descending the group, as to be expected 
based on increasing atom size, which also leads to a 
decrease in E-E bond strengths. Of more importance, is the 
increase in the trans-bent character (E-E-L angle) on 
descending the group. The Carter-Goddard-Malrieu-
Trinquier (CGMT) model is often used to provide an 
explanation for observed geometries between lighter and 
heavier main group element multiple bonds (Figure 7).[41-44] 
If we compare to carbon based multiple bonds, alkenes and 
alkynes, these exhibit planar geometries due to the 
unhybridised carbon p-orbitals overlapping to form π-bonds 
(Figure 7A). However, on descending the group the singlet 
state becomes more stable and double bonds of heavier 
elements can be described as two monomeric units with a 
double dative bond (Figure 7B). This influences the 
observed geometries, as highlighted by the nearly 90° trans-
bent angle for diplumblyne, which are better described as 
diplumbylenes with a formal single bond (27, Figure 6). 
Furthermore, the heavier elements with their weaker E-E 
bonds and higher stability of the singlet state, often 
dissociate into their monomeric counterparts in hydrocarbon 
solutions.[45-48] Along with the CGMT model, Molecular 
Orbital (MO) theory also provides an explanation for the 
observed geometries of main group multiple bonds. If we 
compare carbon and lead (the two extremes of group 14, 
linear and bent geometries, respectively) the σ* and π-
orbitals differ in their energy separation. There is a large 
separation in the case of carbon, however on descending the 
group the gap becomes smaller and there is increased 
mixing of the π and σ* orbitals. 

 
‡ Double bond rule: p-block elements of periods > 2 (i.e. from 

aluminium onwards) will not form multiple bonds 
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Figure 6. Selected examples of Group 13 and 14 main group multiple 
bonds. (Dipp = 2,6-diisopropylphenyl, Mes = 2,4,6-
trimethylphenyl).[37-40] 
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Figure 7. CGMT models for differences in observed geometries for 
triplet (A) and singlet multiple bonds (B).[41-44]  

This results in increased non-bonding electron density on 
the heavier element centre, with the observed trans-bent 
geometries a result of interelectronic repulsion between the 
two non-bonding lone pairs.[37-38, 49]   

Since Power’s seminal discovery of the transition metal-
like behaviour of main group multiple bonds, the field has 
flourished in recent years. Whilst the topic of this book 
chapter focusses on their ability to be used in small molecule 
activation, main group multiple bonds have been shown to 
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be a versatile tool in a variety of synthetic transformations 
which have recently been reviewed.[50-54] 

3.1 GROUP 13 MULTIPLE BONDS  

Group 13 elements contain 3 valence electrons which, 
therefore, renders multiple bond formation more 
challenging than their group 14 counterparts. This is 
particularly true in terms of triple bond formation as all 
valence electrons are required, leaving only a vacant orbital 
for stabilisation. As shown in Figure 6, neutral double bonds 
for all of group 13 diatomic species have been isolated and 
remarkably a boron-boron triple bond, which is possible due 
to external stabilisation from a Lewis base (akin to Figure 
4C). To date there are two main classes of diborynes, that is 
compounds with a boron-boron triple bond. One is 
stabilised by a NHC ligand (compound 18) whilst the other 
is stabilised by a cAAC ligand (compound 28), which have 
increased π-acceptor abilities relative to NHCs and as such 
shows some delocalisation across the C-B-B-C moiety. The 
choice of ligand influences the observed small molecule 
reactivity (Scheme 4), with NHC diborynes able to couple 
CO molecules (29)[55] but are not able to activate H2.[56] In 
contrast, cAAC diborynes coordinate CO (30)[57] and can 
activate H2 (31) at room temperature.[56]  

 

 

 

 

 

 

 

 

Scheme 4. Ligand controlled reactivity of diborynes with small 
molecules.[55-57] 

NHC-stabilised diborenes and dialumenes, compounds 
with neutral double bonds, can fixate CO2 via [2+2]-
cycloaddition (Scheme 5). In the case of diborene (32) the 
fixated species (33) was thermally unstable and rearranged 
to a bridging carbonyl (34) complex.[58] In the case of the 
heavier analogue, dialumene (19) the CO2 fixated species 
(35) is isolable and indefinitely stable in the solid state at 
ambient temperature. However, on heating this rearranges 
to the bridging carbonyl (36) species whilst in the presence 
of excess CO2 a 6-membered carbonate containing ring is 
isolated (37).[59] Furthermore, the dialumene (19) was found 
to selectively catalyse CO2 to a formic acid equivalent in the 
presence of pinacol borane (HBpin) with 37 pivotal to the 
calculated mechanism.[59]   

 

 

 

 

 

 

 

Scheme 5. CO2 small molecule activation by neutral group 13 double 
bonded complexes.[58-59]  

Similar to that of diborynes, dialumene reactivity is also 
influenced by the choice of stabilising ligand as highlighted 
in Figure 8. Switching from a silyl ligand in 19 to an aryl 
ligand (38) resulted in a change in geometry from a planar 
to a trans-bent and twisted structure.[60] Furthermore, this 
has a knock-on effect in terms of the electronics in the 
central Al2 core as the silyl ligand is almost neutral but the 
aryl dialumene is highly polarised, which can be attributed 
to the relative differences in electronegativities (Δχ Al–C 
0.94; Δχ Al–Si 0.29). This results in a more reactive 
dialumene, which is able to activate H2 as well as larger 
substrates such as diphenylacetylene due to the increased 
flexibility in the aryl stabilised complex.[60]  
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Figure 8. Key features of silyl and aryl stabilised dialumenes (Tipp = 
2,4,6-triisopropylphenyl).[60] 

On descending further down group 13, digallene (20), 
diindene (21) and dithallene (22) have been used in small 
molecule activation.[47, 61-63] Due to the higher stability of the 
singlet ground state compounds 20-22 readily dissociate 
into their monomeric forms in hydrocarbon solutions, and 
can form donor-acceptor complexes as the monomer can act 
as a Lewis base. Despite digallene’s ability to dissociate, 
reactivity studies revealed that small molecule activation 
proceeds via the double bond.[64-66]  
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3.2 GROUP 14 MULTIPLE BONDS 

Group 14 multiple bonds are arguably the most widely 
studied main group multiple bonds, particularly if you 
consider the lightest congeners: alkenes and alkynes. As 
shown in Figure 6 triple bonds have been isolated for all 
members of group 14 but owing to the inert pair effect 
diplumbylenes (27) are best considered to contain a single 
bond.[37-38] It was group 14 multiple bonds that first drew 
comparisons to the transition metal-like ability of main 
group elements, as digermyne (25) showed ambient 
temperature activation of H2.[32] Despite disilenes being one 
of the earliest examples of an isolated main group multiple 
bond, it was only recently that H2 activation was achieved. 
A highly trans-bent and twisted disilene (39), which may be 
better described as a weak double donor-acceptor complex 
due to its long Si-Si double bond [2.3134(7) Å average 
~2.22 Å], undergoes facile H2 activation to yield 1,2-
disilane (40, Scheme 6).[67] In contrast to alkene 
hydrogenation, anti-addition occurs due to the staggered 
ligand arrangement which pre-organises the central Si=Si 
bond. Furthermore, disilene 39 has been shown to react with 
several other small molecules (Scheme 6). N-H bond 
cleavage was observed with NH3 (41), and decarbonylation 
and 5-membered ring formation with excess CO2 (42).[68]     

 

 

 

 

 

 

 

 

 
 

Scheme 6. Small molecule activation with a highly trans-bent and 
twisted disilene.[67-68]  

One notable aspect of disilene chemistry is the proposed 
disilene-silylsilene equilibria (Scheme 7). This equilibrium 
has been used to access transient silylsilylenes which show 
exceptional reactivity due to the strongly σ-donating silyl 
ligands, representing an alternative mechanism of small 
molecule activation by a main group multiple bond. This 
equilibria has previously been invoked to account for the 
observed reactivity, (e.g. [2+1]-cycloaddition with ethene 
rather than [2+2]-cycloaddition)[69] direct experimental 
evidence for this equilibrium was achieved recently by 
Cowley and co-workers using a base coordination 
strategy.[70] This is an important observation as the ability to 
control this equilibria will have a direct influence on product 
formation.  

    

R3Si
Si

R

Disilene Silylsilylene

Si Si
R

R R

R

 
Scheme 7. Disilene-silylsilylene equilibria 

Digermynes have been pivotal in highlighting the 
potential of main group multiply bonded species. Following 
the first report of H2 activation, they were also used in the 
first catalytic application of main group multiple bonds. 
Regioselective cyclotrimerisation of phenylacetylene 
(PhCCH) is achieved used digermyne (43) as a pre-catalyst 
(Scheme 8).[71] This reaction proceeds via initial [2+2+2]-
cycloaddition to form 44, addition of a third PhCCH 
molecule results in 45 which is in equilibrium with a 
germole-germylene species 46. Mechanistic studies 
revealed 46 to be key in facilitating turnover, as it provides 
access to the low valent Ge(II) centre which has the vacant 
coordination site for additional substrates to bind. The 
stability of this system arises due to the equilibrium that 
exists between 45 and 46. 

 

 

 

 

 

 

 

 

 

 

 
 

Scheme 8. Digermyne catalysed cyclotrimerisation of 
phenylacetylene. Tbb = 4-t-Bu-2,6-[CH-(SiMe3)2]-C6H2.[71] 

The heaviest group 14 diatomic multiple bonds (Sn, Pb) 
have a higher tendency to dissociate in solution owing to 
their weaker bonds.[72-73] Distannyne 26 was found to be in 
equilibrium with the corresponding product of H2 activation 
(47, Scheme 9). Both the equilibrium constant (Keq = 2.33 x 
10-4 ± 4.9% by 1H NMR) and the Gibbs free energy (ΔG° = 
5.89 kcal mol-1 ±0.68%) strongly favoured the Sn(II) 
hydride species (47).[74] Additional studies on distannyne 26 
found the Sn-Sn triple bond undergoes reversible cleavage 
to afford two Sn(I) radicals in toluene.[75] 

 
Scheme 9. Reversible H2 activation by distannynes.[74] 
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3.3 HETERODIATOMIC MULTIPLE BONDS  

Heterodiatomic multiple bonds are of interest due to the 
novel materials properties that are associated with pnictogen 
(group 15) and chalcogen (group 16) bonded complexes.[50, 

76] For example boron-nitrides are used in the ceramics 
industry due to their high thermal and chemical stability,[77] 
whilst alumina (Al2O3) is an electrical insulator and owing 
to its high strength its widely used as an abrasive 
material.[78] The ability to isolate a discrete heterodiatomic 
units and study the aggregation process is key to fine tuning 
material properties, however this is challenging due to the 
highly polarised nature of these species. As such, sterically 
demanding ligands or use of external Lewis acid/base 
stabilisation is necessary yet this can be detriment to the 
small molecule reactivity of the heterodiatomic multiply 
bonded complex.  

Several examples of group 13 pnictogen and chalcogen 
multiply bonded complexes have been reported.[52, 79] 
Recent achievements have centred around the use of anionic 
group 13 nucleophiles (see section 5.1) to access 
aluminium-nitrogen (48[80], 49[81]) or chalcogen multiple 
bonds.[82-84] As shown in Scheme 10, aluminium-imides 
have been reported to react with various small molecules. 
Aldridge and co-workers reported H2 cleavage with 48 
which occurs in a 1,2-fashion across the polar Al-N bond to 
yield compound 50, whereas reaction with CO results in C-
C coupling C-O cleavage to form 51.[80] Alternatively, Coles 
and co-workers showed 49 undergoes [2+2]-cycloaddition 
with CO2 to yield the carbamate dianion 52.[81]  

 

 

 

 

 

 

 

 

 
 

Scheme 10. Aluminium-imide reactivity towards small molecules.[80-

81]  

Examples of intragroup multiple bonds exist but are 
scarce, there is one example of a mixed group 13 multiple 
bond (B=Al)[85] and a handful of heavier group 14 mixed 
species also exist (e.g. Si=Sn,[86] Ge=Sn[87]). These have 
been shown to react with small molecules and tend to react 
in accordance with the polarity of the double bond. 
Alternate mixed intra-group 14 compounds have focussed 
on combinations with the lightest congener carbon, this 
yields metallalkenes[88-90] and metallavinylidenes[91] as well 
as group 14-carbon triple bonds.[92-94] 

4. NEUTRAL P-BLOCK COMPLEXES 

The most widely studied compounds that fit the ‘low-
valent’ criteria within the main group is carbenes. The 
ability to fine tune the steric and electronic demands of 
carbenes have led to them being ubiquitous in modern day 
transition metal and main group chemistry.[95] Whilst 
carbenes can access both the singlet and triplet state, 
borylenes, alumylenes, silylenes, germylenes etc., have so 
far all been isolated in the singlet state although some 
reactivity is reported to occur via the triplet state (Figure 9). 
They are often considered to be ambiphilic due to the 
presence of a lone pair (Lewis base) and empty p-orbital 
(Lewis acid). As such these species are often highly reactive 
and capable of the most challenging bond activations. 

RR
RR CC

RR
RR CC

RR
RRRR EE1313 EE1414

Triplet Triplet 
CarbenesCarbenes

Singlet Singlet 
CarbenesCarbenes

Low Low Valent Valent EE1313  and 
and 

heavier heavier EE1414 Singlet 
Singlet 

States
States  

Figure 9. Ground state electronic configurations. 

4.1 GROUP 13 COMPLEXES  

E13 carbene analogues have two vacant p-orbitals and 
therefore require additional Lewis base stabilisation to be 
isolated. The first stable terminal borylene was reported by 
Braunschweig and co-workers in 1998 and is coordinated to 
a transition metal centre,[96] further examples of isolobal 
borylenes have used mono- or bis-(Lewis base) stabilisation 
strategies.[97] Several examples of small molecule activation 
have been reported with borylenes,[98] but the standout 
example of a low-valent main group compound in small 
molecule activation was reported by Braunschweig and co-
workers in 2018. Nitrogen fixation was achieved due to the 
in situ generated borylene intermediate. This was the first 
time such a transformation had been achieved by a low 
valent main group centre. In the initial report reduction of 
[(CAAC)DurBBr2] (53) (Dur = 2,3,5,6-tetramethylphenyl; 
CAAC = 1-(2,6-di-iso-propylphenyl)-3,3,5,5-
tetramethylpyrrolidin-2-ylidene) in a nitrogen atmosphere 
resulted in reduction of N2 under ambient conditions to yield 
[(CAAC)DurB]2(μ-N2) (55)(Scheme 11).[99] Whilst in 
subsequent work, exchange of the aryl substituent to Tipp 
(54) (2,4,6-triisopropylphenyl) results in the reductive 
coupling of dinitrogen (56)(Scheme 11).[100] Furthermore, 
the group showed it was possible to use 53 in a one pot 
reaction to yield ammonium chloride under ambient 
conditions.[101] 

  

2

H2

N

R

K

[Al]

2
N
Dipp

[Al]
H

H

K

C
C

O

N
Dipp

O

K

[Al]
CO

2

N
C

O
O

K

[Al]

2MesO
N N

t-Bu t-Bu

Dipp Dipp
Dipp DippN

Si
O

Si
N

AlAl

=

R = Dipp (48)
Mes (49)

50

51

52

CO2

[Al]



 
 

8 
 

 

Scheme 11. Nitrogen fixation and reductive coupling at a low valent 
boron centre.[99-100]  

 On descending the group, alumylene chemistry is 
dominated by the Al(I) tetramer [Cp*Al]4 (57) (Cp* = η5-
C5Me5),[102] which dissociates into its monomeric unit at 
elevated temperatures, and the monomeric β-diketiminate 
supported Al(I) (58).[103] The Lewis basic character of Al(I) 
has been utilised in coordination chemistry, owing to its 
isolobal nature with CO several examples of Al(I)-transition 
metal[104] complexes and Al-f-element[105-106] complexes 
have been reported. In terms of their chemistry Al(I) 
complexes have been used in a variety of bond activations, 
with a particular emphasis on the oxidative addition 
reactions of strong σ-bonds with the driving force being the 
formation of the inherently more stable Al(III) 
compound.[107-109] In terms of small molecule activation the 
Al(I) tetramer [Cp*Al]4 (57) has been shown to react with 
O2 or N2O to yield the heterocubane structure 59, 
additionally reactions with the heavier elemental chalcogens 
also yielded heterocubane structures (compounds 60-62, 
Scheme 12).[110-111] These structures arise due to the highly 
polarised Al-E bonds and the insufficient kinetic 
stabilisation provided by the Cp* unit. Reaction of 57 with 
P4 results in the formation of a unusual P4Al6 cage through 
cleavage of the P-P bonds.[112] 

 Scheme 12. Reactions of tetrameric Al(I) with small molecules.[110-

112] 

Similar small molecule reactions performed with the 
monomeric alumylene (58) results in a series of discrete 
complexes due to the increased size of the supporting β-
diketiminate ligand (Scheme 13). A dimeric complex (64) 
is obtained on reaction with oxygen,[113] whilst an eight 
membered Al2S6 ring (65) (can alternatively be described as 
two μ-S3 chains between two Al centres) is isolated on 
reaction with elemental sulfur.[114] Extension to P4 reactivity 
results in the partial reduction of P4 to yield a [P4]4- anion 
bridged between two Al centres (66).[115] Alumylene 58 has 
also been used for a wide range of E-H bond activations 
which have been recently reviewed.[107, 109] 

 

 

 

 

 

 

 

 

 

 

 
Scheme 13. Reactions of monomeric Al(I) complex 58 with small 
molecules.[113-115] 

Descending further down the group results in increased 
stability of the lone pair, and as such the reactivity of 
Ga(I),[116] In(I)[117] and Tl(I)[118] is more driven by the 
basicity (or nucleophilicity) of the metal centres compared 
to the acidic (or electrophilic) boron and aluminium 
centres.[119]  

4.2 GROUP 14 COMPLEXES  

 E14 complexes of the general formula R2E, also known as 
tetrylenes, have provided some of the most notable low-
valent main group transformations over the last decades. Of 
this class of compounds, carbenes are the most widely 
studied and now ubiquitous in both transition metal and 
main group chemistry.[95] Whilst they have largely been 
employed as ligands to stabilise low-valent metal centers 
they are reactive species in their own right. This is 
highlighted by both the previously mentioned 
cyclic(alkyl)(amino)carbenes (cAAC, 67) and  
acyclic(alkyl)(amino)carbenes (aAACs, 68) ability to 
cleave dihydrogen at a single carbon site (Scheme 14).[120] 
This was enabled by the ability to fine tune both the steric 
and electronic properties of the carbene carbon  to enhance 
its nucleophilic character as di(amino)carbenes (e.g., 
NHCs) are incapable of dihydrogen activation. This was 
also attributed to the differences in the singlet-triplet energy 
gaps (cAAC 46 kcal mol-1 vs. NHCs 68 kcal mol-1). In 
contrast to transition metals, where coordination is often 
observed, reaction of 67 and 68 with NH3 results in N-H 
cleavage to yield compounds 71 and 72 (Scheme 14).[120]  
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Scheme 14. Reactivity of CAACs and aAACs towards H2 and NH3.[120] 

The singlet or triplet ground states of carbenes can be 
manipulated depending on the nature of the substituents, 
however on descending further down the group the heavier 
tetrylenes exhibit a singlet ground state. In general, silylenes 
are highly reactive with short lifetimes, they often undergo 
dimerisation to form multiple bonds and therefore requires 
sterically demanding groups to prevent this from occurring. 
The first stable Si(II) compound was isolated in 1986 by 
Jutzi (73, Figure 10),[121] whilst a landmark achievement it 
is not strictly low-valent due to the 10-fold coordination of 
the Cp* rings. Two-coordinate silylenes were first isolated 
by Denk and co-workers as the silicon analogue of NHCs 
(74)[122] namely N-heterocyclic silylenes (NHSi). This was 
extended to a 6 membered ring system (75)[123] by Driess 
and co-workers in 2006. Also in 2006, Roesky reported a 
three-coordinate silylene chloride (76)[124] this has paved the 
way for many additional transformations due to its labile Si-
Cl bond.[125]  

These cyclic species are reactive towards a range of small 
molecules and substrates,[126-127] however their acyclic 
counterparts are much more reactive. This is due to the 
change in R-Si-R angle, which in turn influences the singlet-
triplet energy gap and HOMO-LUMO gap. This influence 
of geometry is highlighted by the ability to cleave 
dihydrogen or not,[128] compounds 77[129] and 78[130] with 
obtuse angles readily form the corresponding silanes whilst 
compounds 79[131] and 80[132] with narrow bite angles are 
unreactive towards H2 (Figure 11). 

 

 

 
 

 
 

Figure 10. Selected examples of ground-breaking Si(II) 
compounds.[121-124] 

 

 

 

 

 

 

 

 
Figure 11. Selected examples of acyclic silylenes with key 
parameters.[129-132]   

One strategy for accessing reactive silylenes is the use of 
masked species. Inoue and co-workers reported the use of a 
silepin Si(IV) compound (81) which has a thermally 
accessible Si(II) silylene (82), due to the reversible insertion 
into the C=C bond of the supporting Dipp group of the N-
heterocylic imino (NHI) ligand (Scheme 15).[133] Reactivity 
towards small molecules revealed the desired Si(II) 
reactivity, which is exemplified by the isolation of 
‘Kipping’s dream’ a long sought after silanone (83) 
complex and heavier analogue of ketones.[134]  

 

 

 

 
 
Scheme 15. Reversible intramolecular C-C bond activation for masked 
silylenes and synthesis of a three coordinate silanones.[133-134] 

One of the most recent break throughs in silylene 
chemistry (and main group chemistry in general) is the 
isolation of silacarbonyl species. Previously on reaction of 
CO with group 14 tetrylenes reductive homologation 
reactions were observed.[135] In contrast to the heavier 
elements, reaction of CO with carbenes result in the 
formation oxidation of the central C atom to yield ketenes 
(R2C=C=O).[136] This contrasts with transition metals, 
where TM complexes often form coordination compounds 
with the carbonyl in various bonding motifs (e.g., terminal, 
bridging and isocarbonyl). Commonly TM-CO complexes 
contain terminal CO bonds with σ-donation from CO lone 
pair to the empty orbital on the TM centre with concurrent 
π-backdonation from the filled d-orbital of the TM centre to 
the empty π*-orbital of CO (Figure 12a). In 2020, two 
different examples of a room temperature stable silicon-
carbonyl complex were reported (Figure 12b). These both 
utilised strong σ-donating and electropositive stabilising 
ligands [gallyl (84)[137] and silyl (85)[138]], which increases 
the electron density at the Si centre and induces π-
backdonation from Si to CO. In a similar manner as 
witnessed in TM-CO complexes, σ-donation from the CO 
lone pair to the Si centre is also observed (Figure 12a).  
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Figure 12. a) TM-CO and Si-CO frontier molecular orbital 
interactions; b) room temperature stable silicon carbonyl compounds 
(L = β-diketiminate).[137-138]  
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Small molecule activation with tetrylenes is relatively 
well understood; however, the challenge of reductive 
elimination from the resulting stable E(IV) compound still 
presents a barrier towards achieving turnover and catalytic 
application.[139-140] Jones and co-workers achieved catalytic 
turnover through a non-redox cycle, based on a series of 
insertion and σ-bond metathesis steps (Scheme 16).[141] The 
active hydrido-germylene (86) and stannylene (87) (with the 
latter generated in situ from the from the corresponding 
alkoxy complex) enabled hydroboration of aldehydes and 
ketones with high turnovers and very low catalyst loadings.  
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Scheme 16. Proposed catalytic cycle for the hydroboration of carbonyl 
compounds by in situ generated E(II)-hydrides.[142] 

Whilst it is possible to circumvent traditional redox 
catalytic cycles, reversible bond activations highlight the 
feasibility of E(IV) to E(II) transformations without the 
need for reducing agents or forcing conditions. This has 
been achieved for tetrylenes with several different substrates 
including C=C,[143-145] P-P,[146] Si-H[147] and P-H[147] bonds. 
These transformations show the potential for non-transition 
metal redox catalysis.  

 

5. P-BLOCK ANIONS  

With most low valent species containing a lone pair and 
empty p-orbital they can be described as ambiphilic. To 
enhance the nucleophilic character this can be achieved by 
increasing the negative charge on the central element. In a 
similar manner to that employed in organic chemistry, 
where conjugate bases are stronger nucleophiles (e.g., HO− 

vs. H2O). 

5.1 GROUP 13 COMPLEXES  

Owing to their electron deficient nature, the chemistry of 
group 13 elements has largely been dictated by their Lewis 
acidic character. This is particularly the case for the lightest 
elements. Transition metal catalysed borylation of organic 
substrates has been widely studied,[148-149] but it was not 
until 2006 that an isolable boryl species was achieved. 
Yamashita, Nozaki and co-workers reported the landmark 
lithium boryl complex 88 (Figure 13), which is stabilised 
through the electronegative nitrogen substituents within the 
N-heterocyclic ring and the electrostatic interaction of the 
boron lone pair with the lithium cation.[150] In this instance, 
the boron centre in 88 was found to be in the singlet state 

rather than its triplet configuration which was found to be 
20 kcal mol-1 higher in energy.[151] The reactivity of 88 has 
been widely studied over the last decade, with several 
examples of bond activations of strong σ- and π-bonds 
reported.[152] Additionally, the directional lone pair on the 
boron centre has enabled their use as ligands in coordination 
chemistry.[153]  
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Figure 13. The first reported examples of boryl,150 gallyl154 and 
indyl155 anions.  

Whilst anionic boryl species have gathered notable 
attention in the last decades, it was the gallyl species that 
was first anionic group 13 complex. This was reported in 
1999 and also incorporated the Ga anion into a N-
heterocycle (89, Figure 13).[154] Despite being around for 
longer, as well as several more examples, the small 
molecule reactivity is scarce.[127, 155] Further descending 
down the group, the heaviest group 13 anion known is the 
recently reported indyl anion, this can be isolated as a 
separated ion pair (90) and as a indyllithium contact ion pair 
(92) analogous to the boryllithium species.[156]   

Compounds 88-90, and their analogues, all require harsh 
reducing conditions to access the anionic species. This, 
therefore, impedes their use as viable synthons to the wider 
synthetic community.  In 2017 Hill, McMullin and co-
workers reported a facile route to nucleophilic boron 
through diboronate to magnesium boryl metathesis (93, 
Scheme 17).[157] The nucleophilic character of boron was 
verified both experimentally [via reactions with 
methyliodide (forming 94), benzophenone and 
carbodiimides where B-C bond formations were observed] 
and computationally.  
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Scheme 17. Facile synthesis of a nucleophilic boron (93) and proof of 
nucleophilic character. DMAP = 4-dimethylaminopyridine.[157]  

Despite the established boryl and gallyl chemistry, 
aluminyls were first discovered in 2018.[158] The anionic 
Al(I) species (95) was stabilised by a xanthene-based 
diamido ligand and, importantly, through potassium π-arene 
interactions which stabilise the dimeric structure in both the 
solution and solid state. Whilst the initial report proved the 
unprecedented nucleophilic behaviour of aluminyls, notably 
through the observed dihydrogen activation (96), C-H 
activation of C6H6 (97, Scheme 18a) and aluminium-
element bond forming reactions.[158] A subsequent report 
further enhanced the nucleophilic power through 
sequestration of the potassium counterion (98), using a 
crown ether, which resulted in the more challenging C-C 
bond cleavage of C6H6 (99, Scheme 18b).[159]  
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Scheme 18. a) H-X activation of hydrogen and benzene by aluminyl 
dimer 95.[158] b) C-C activation of benzene by monomeric aluminyl 
98.[159]   

The second example of an aluminyl (100) was reported by 
Coles and co-workers, again the dimeric species is held 
together by a potassium counterion. This showed the 
potential of Al(I) anions to be used as reducing agents as it 
was capable of a 2 electron reduction of 1,3,5,7-
cyclooctatetraene (COT) (101, Scheme 19).[160] Addition of 
18-crown-6 to the reaction mixture breaks the polymeric 
structure and leads to a formal [1+4]-cycloaddition product 
(102).   
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Scheme 19. Aluminyl (100) reduction of COT.[160]  

The reactivity of 95 and 100 towards small molecules is 
similar, both react with CO2 to form carbonate species (105 
and 106, respectively) with loss of CO. Both of these 
proceed via an aluminium-oxide ion (103, 104 Scheme 20), 
which was isolated in both cases through reaction with 
N2O.[83-84] The oxide ion (104) was further used to yield the 
unprecedented ethenetetraolate ligand (107), through the 
reductive homologation of CO.[161]  

 

 

 

 

 

 

 

 

 
Scheme 20. Small molecule reactivity of aluminyl anions.[83-84, 161]  

Both 95 and 100 have utilised bidentate diamido ligands 
to enable the isolation of Al(I) anions, Yamashita and co-
workers reported the first alkyl stabilised aluminyl 
(108).[162] Rather than a dimeric unit held together by 
potassium-π-arene interactions, 108 is a monomeric species 
with a two centre-two electron Al-K bond. Compound 108 
has shown to have enhanced basicity compared to 95 and 
100 owing to its narrower HOMO-LUMO gap, and as such 
C-H activation of C6H6 is observed at room temperature 
within a few hours (Compound 109, Scheme 21a).[162] Both 
95 and 108 have also reported meta-selective C-H 
alumination of mono-substituted arenes owing to the high 
reactivity of these systems.[163-164] 

A second alkyl stabilised aluminyl (110) was reported by 
Kinjo and co-workers, which was isolated as a ‘naked’ 
aluminyl ion as the potassium counterion is sequestered.[165] 
The reactivity of 110 towards BH3·SMe2 resulted in a 
unique AlB2 ring (111, Scheme 21b) through B-B coupling 
reactions, in addition 110 showed it was capable of bond 
cleavage reactions to both polar and non-polar bonds 
through oxidative addition to the Al(I) centre.[165] 
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Scheme 21. Reactivity of alkyl aluminyls: a) deprotonation of 
benzene;[162] b) B-B forming reaction with BH3·SMe2.[165]   

5.2 GROUP 14 COMPLEXES  

 Amongst the group 14 anions, carbanions are the most 
widely studied. The trivalent sp3 hybridised carbon centre, 
with its negative charge, is highly reactive towards a range 
of electrophiles. Electron withdrawing groups are often used 
to stabilise the negative charge through inductive effects but 
are more commonly found stabilised by electropositive 
atoms (i.e., alkali or alkaline earth metals) either as contact 
ion pairs or solvent separated ion pairs. As synthetic 
reagents carbanions are found in the form of organolithiums 
or Grignard reagents in the condensed phase. Whilst not 
strictly pure carbanions, the highly polarised Mδ+-C δ- bond 
makes them versatile reagents for nucleophilic additions and 
deprotonation reactions. Alternative reagents, based on 
mixed metal systems, have found themselves to be stronger 
metalation reagents with increased selectivity and higher 
functional group tolerance compared to organolithium 
reagents. These include Schlosser’s base, turbo-Grignards 
and alkali-metal mediated metalations where the non-alkali 
metal can be readily exchanged to form bespoke dianionic-
dicationic structures for regioselective metalations.[16, 166-167]  
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    Heavier analogues are also often found with an alkali 
metal counterpart. They are prepared by reaction of silyl 
chlorides and lithium metal or through cleavage of Si-Si 
bonds with lithium reagents.[168] Silyl anions have largely 
been utilised in synthesis, providing access to cyclic 
oligiomers or disilenes.[169] Their use in small molecule 
activation is currently not developed but a recent example 
from Cowley and co-workers showcased the ability of a silyl 
anion (112) to mimic transition metals in catalytic 
transformation of carbonyls.[170] Typically, hydroboration of 
carbonyls proceeds via metal-hydride species however in 
this case the silyl anion is devoid of a silyl-hydride. This 
reaction is therefore a base promoted mechanism, owing to 
the increased nucleophilic silicon centre, which coordinates 
to the pinacolborane to form the active borohydride species 
(Scheme 22).  
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Scheme 22. Proposed mechanism for the silyl anion initiated 
hydroboration of carbonyls.[170]  

Alternative methods for the stabilisation of heavier anions 
has involved incorporation of the heavier group 14 element 
into a phenyl ring, to yield heavy analogues of the phenyl 
anion. This has recently been achieved for both the 
germanium (113)[171-172] and tin (114)[173] analogues (Figure 
14). In the germanium case, this shows considerable 
aromatic character (A) with a contribution from the 
tetrylene (B) form.[171] When moving to tin (114) the 
contribution of the resonance forms change depending on 
the solvation of the potassium counterion. In the solvate free 
complex (114-K) there is a larger contribution of the 
stannylene form (B) whereas 114-K(THF) has a larger 
contribution of the stannabenzenyl anion.[173] Currently the 
reactivity of these species is limited but 113 has shown 
interesting coupling chemistry on reaction with Me2(t-
Bu)SiCl resulting in the trimerization of the germabenzene 
skeleton.[174] 

E t-Bu E t-Bu

E = Ge (113)
Sn (114)A

Metallyl anion
Aromatic

B
Tetrylene

Delocalised anion  
Figure 14. Resonance structures of heavier phenyl anions.[171, 173] 

Currently reports of small molecule of activation with 
group 14 anions are scarce, however a new class of 
compounds look set to provide some unique bond 
activations. Valence-isoelectronic to phosphinidenes (R-P 
species), silanylidene and germanylidene compounds are a 
new class of acyclic group 14 anions ([R-E]-

 where E= Si 
(115), Ge (116)).[175] Compounds 115 and 116 are 
synthesised through reduction of the metal halide complex 
in the presence of a cAAC ligand (Scheme 23). Single 
crystal X-Ray diffraction studies revealed a dimeric 
structure which is held together by potassium π-arene 
interactions in a similar fashion to those seen with group 13 
aluminyls. 
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Scheme 23. Synthesis of silanylidene and germanylidene anions.[175] 

6. P-BLOCK  CATIONS  

Opposite to anions with their enhanced nucleophilic 
character, cations are positively charged species with 
increased electrophilicity compared to their neutral 
counterparts. In 1994 Olah won the Nobel Prize for his 
seminal work on carbocations.[176] The citation 
‘Carbocations: from hypothetical intermediate products to 
well defined molecules’ broadly applies to the current state 
of affairs in the rest of the p-block elements. In many cases, 
particularly of the heavier elements, cations are still 
considered hypothetical but in the case of boron or silicon 
the cation chemistry is relatively well defined and 
understood. This section will cover the advances in p-block 
cation chemistry towards small molecule activation.  

6.1 GROUP 13 COMPLEXES  

Group 13 elements, of the type R3E, are stable high 
oxidation state compounds which are isoelectronic to 
carbocations (Figure 15). Removal of one substituent 
creates a cationic species (Type A, Figure 15) and satisfies 
the low valent criteria due to the sub-coordinate nature. As 
expected R2E13

 species are highly reactive and often found 
in combination with Lewis bases to aid stability. Due to the 
already present vacant orbital, removal of R2E species 
contain two vacant orbitals and as such can be stabilised by 
either one or two Lewis bases (Type B and C, respectively). 
In these complexes choice of Lewis base is key, as short-
range coulombic interactions can lead to electron precise 
bonds and thus quenching the desired cationic reactivity. 
Weakly coordinating anions (WCAs) (e.g., carboranes)  
provide long-range electrostatic interactions and 
maintenance of the vacant coordination site, and therefore 
have found use in stabilisation of cationic species.  
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Figure 15. Isoelectronic nature of carbocations and R3E13. (A) Two-
coordinate E13 cation; three- (B) and four- (C) coordinate Lewis base 
stabilised E13 cations. 

Boron is the most widely studied of the group 13 cations 
with borinium, borenium, and boronium the nomenclature 
for the two-, three- and four-coordinate boron cations as 
drawn in Figure 15, respectively. A seminal study by Shoji 
and co-workers in 2014 reported a cationic dimesityl boron 
complex (117), with a near linear C-B+-C coordination.[177] 
This two-coordinate borinium cation is  stabilised by pπ – 
interactions between the mesityl group and the boron centre, 
with no interactions found between the boron centre and the 
carborane counterion. Additionally, inspection of the 
molecular orbitals by DFT studies further supported the 
borinium nature as the LUMO and LUMO+1 was found to 
consist of the vacant 2p orbitals of boron. Compound 117 
was found to exhibit unprecedented Lewis acid behaviour, 
as on reaction with CO2 cleavage of the C-O bond was 
observed to yield compounds 118 and 119 in an arylation-
deoxygenation reaction (Scheme 24).[177]  

Several other examples of boron cations exist and have 
been used in many small molecule activation reactions as 
well as catalytic application, as such this is beyond the scope 
of this book chapter as they have also been widely 
reviewed.[178-181] 

B

117

[HCB11Cl11]

CO2

B

118

O C

119

O+

 
Scheme 24. Arylation-deoxygenation of CO2 with borinium cation 
(117).[177]  

Two-coordinate aluminium ions, namely alumenium, 
have been used in small molecule catalysis. Reed and Sen 
reported the use of Et2Al+ (120), stabilised by carborane 
anions ([CB11H6X6] X= Cl or Br), in ethylene 
oligomerisation catalysis.[182] Whilst butene was the major 
product, alkylated benzene derivatives were also observed 
due to the use of benzene as the reaction solvent (Scheme 
25). Et2Al+ has also been used in polymerisation of 
cyclohexane oxide[182] and the alkylative defluorination of 
fluorocarbons.[183]  
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Scheme 25. Proposed catalytic cycle for ethylene oligomerisation 
mediated by an alumenium ion. WCA = [CB11H6X6] X= Cl or Br.[182] 

 Wehmschulte and co-workers reported the use of Et2Al+ 
in the catalytic hydrosilylation of CO2.[184-185] It was shown 
that the choice of carborane anion had a strong influence on 
the activity and selectivity of the catalysis. Due to the small 
alkyl substituents on the Al centre there is considerable 
anion-cation interactions with the halocarboranes. 
Comparison of [CH6B11I6] and the less basic [CHB11Cl11], 
anions found that the chlorine containing carborane resulted 
in an order of magnitude higher catalytic activity in contrast 
to the iodo-analogue. Additionally it was shown that the 
gallium analogue was also much lower in activity due to the 
decrease in Lewis acidity on descending the group.[185]  

This decrease in Lewis acidity can also be seen in the 
recent report by Aldridge and co-workers.[186] Use of a β-
diketiminate stabilised gallium hydride (121) was found to 
react with CO2 to form the formate species 122, however 
regeneration of the gallium hydride species (121) could not 
be observed on addition of Et3SiH (Scheme 26). Use of a 
borane co-catalyst [B(C6F5)3] enables efficient turnover due 
to the formation of a three-coordinate gallium cation (123). 
The enhanced reactivity observed with the cationic species 
allows for reduction of CO2 to H2C(OSiEt3)2,  CH4  and  
O(SiEt3)2 under mild conditions (60 °C) (Scheme 26).[186]  
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Scheme 26. Neutral vs. cationic reactivity of gallium towards 
hydrosilylation of CO2. Ad = 1-adamantane.[186]  

Recent efforts in the main group community have 
focussed on mimicking transition metal chemistry. In this 
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regard transition metal olefin compounds are widely 
established and have key roles in multiple transformations 
due to accessible Mn and Mn+2  oxidation states. Whilst 
reactions of main group metal centres and olefins have been 
reported, a homoleptic olefin complex was only very 
recently isolated. Krossing and co-workers successfully 
isolated [Ga(COD)2]+ complex in high yields.[187] The 
cationic Ga+ is coordinated to four double bonds of the two 
COD ligands in a pseudo-tetrahedral arrangement. 
Theoretical studies showed there is no back-bonding to the 
COD ligands, implying a dominant electrostatic interaction 
of Ga+ and COD. Future reactivity is anticipated as Ga(I) 
cations have previously shown themselves to be efficient π-
acid catalysis.[188]   

 

6.2 GROUP 14 COMPLEXES  

As the lightest group 14 element, carbon, its cations can 
be classified into two main groups: Carbenium ions [R3C+] 
and carbonium ions [R5C+], with the former being widely 
studied as reactive intermediates.[189-190] Heavier analogues 
of carbenium ions are called tetrylium ions and are highly 
reactive species owing to the inherent differences between 
the heavier and lighter elements within the same group. To 
compare R3C+ vs R3Si+, silicon is more electropositive with 
a larger covalent radius which makes it more polarisable. 
Whilst R3Si+ is thermodynamically favoured and easier to 
generate in the gas phase compared to R3C+, its highly 
electrophilic nature makes it more challenging to isolate in 
the condensed phase as it strongly interacts with both σ- or 
π-donors. As such, the first ‘true’ silylium ion (125, Figure 
16)[191] was isolated over a 100 years after the first 
carbenium ion. Further examples of silylium ions have 
subsequently been reported, they can be classified into the 
following groups: A – free ions, B – intramolecular 
stabilised ions and C – intermolecular stabilised ions (Figure 
16). Class A type (125-127)[191-193] are often referred to as 
‘true’ tetrylium ions and require sterically demanding 
ligands to prevent solvent and counterion interactions. Class 
B type (128-130)[194-196] are also ‘free’ ions but are stabilised 
by either σ- or π-intramolecular interactions. Additionally, 
the unique α-ferrocenyl substituted silylium ion (130) is 
intramolecularly stabilised due to two three-centre-two-
electron (3c2e) bonds across the Cipso

Cp, Si and Fe 
centres.[196] Finally, Class C type (131-133)[197-199] are 
arguably the most common type of tetrylium ions and are 
stabilised by σ- or π-intermolecular interactions often with 
solvent molecules or in some cases transition metal 
complexes.  
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Figure 16. Examples of different stabilisation methods for tetrylium 
ions. Anions omitted for clarity.[191-199]  

Owing to their high Lewis acidity, silylium ions have been 
shown to be efficient catalysts in a range of transformations 
such as cycloaddition reactions, hydrosilylation of C=X 
bonds, and hydrodefluorination of C-F bonds.[200-202] A 
notable example of C-C bond forming reactions, contains 
both silylium and phenyl cations as key intermediates in the 
catalytic cycle.  Fluoroarenes with β-silyl groups undergo 
fluoride abstraction reactions with silylium ions ([Me3Si+], 
134, Scheme 27). This generates a phenyl cation (135) 
which is additionally stabilised by the β-silyl group. 135 
undergoes C-H insertion reactions with both sp3 and sp2 C-
H bonds to yield new C-C coupled products and 
regeneration of the active silylium ion (Scheme 27).[203] 
Heavier analogues have also been reported in catalysis, with 
germylium ions been shown to be effective in 
dehydroflourination of alkanes[204] and stannylium ions 
showing versatile hydrogenation catalysis towards imines, 
aldehydes, and ketones.[205]  
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Scheme 27. Arylation of hydrocarbons mediated by silylium ions. 
WCA = [HCB11Cl11]- [203]  

Further amplification of the cationic reactivity of group 
14 compounds can be achieved through use of 
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tetryliumylidenes. This class of compounds combines the 
reactive aspects of both tetrylium ions and tetrylenes (Figure 
17). As such, tetryliumylidenes are highly reactive species 
which again require careful ligand design (kinetic and 
thermodynamic stabilisation), non-coordinating anions and 
non-coordinating solvents.  

 

  

 

 

  

 

 

 

 

Figure 17. Key electronic features of tetryliumylidenes.  

Of the tetrel elements, silyliumylidenes are the most 
widely studied with advances in this area only achieved in 
the last 15 years (Figure 18a). Jutzi reported the first Si(II) 
cation (136) in 2004,[206] this was stabilised by a η5-Cp*

 
ligand and therefore not strictly mono-coordinate. However, 
the hyper-coordinate complex can be regarding as the 
‘resting state’ of the mono-coordinate Si(II) centre as the 
reactivity of 136 is in line with the silyliumylidene 
character. The first two-coordinate silyliumylidene 
(137)[207] was formed by protonation of the ligand backbone 
of the corresponding zwitterionic silylene and remains one 
of the few examples of two-coordinate species to date.[208-

209]  

 

 

 

 

 

 

 

 

 

 

 
Figure 18. (A) – Notable milestones in silyliumylidene cations.[206-207, 

210] (B) – NHC stabilised silyliumylidenes and their different resonance 
forms.[211-212] Anions omitted for clarity.  

The vast majority of silyliumylidenes (and 
tetryliumylidenes) reported to date are three-coordinate 
complexes, which are often isolated in combination with 
NHC donor ligands to partially occupy the vacant p-orbitals 
and provide additional stability. The use of NHCs in 
combination with tetryliumylidenes influences the positive 
charge and thus an alternate zwitterionic resonance form can 

be drawn (Figure 18b). The first use of NHC to stabilise a 
chloro-silyliumylidene (138)[210] was reported by Driess in 
2013, where a chelating bis-NHC ligand was utilised. One 
of the initial drawbacks in this field was the challenging 
synthesis required to obtain the desired complexes, however 
it was shown that use of a small excess of NHC ligand (3 
equivalents) with substituted Si(IV)hydrochlorides results 
in facile synthesis of silyliumylidenes via a 
dehydrochlorination process. This was utilised to provide 
access to aryl substituted complexes 139 and 140.[211] 
Finally, a notable achievement in this field was the reported 
isolation of the parent silyliumylidene ([H-Si:+] 141).[212] 
This highly reactive species has subsequently been shown 
to be active in a range of catalytic transformations including 
the hydroboration of carbonyls (aldehydes, ketones, and 
CO2) and pyridines.[213]  

 In terms of small molecule activation, Inoue and co-
workers have employed their silyliumylidenes (139 and 
140) in a variety of transformations (Scheme 28). This 
includes C-H activation of terminal alkynes (142),[211] and 
the formation of heavy analogues of aldehydes (143)[214] and 
thioaldehydes (144).[215]  Owing to the high polarity of Si-O 
bonds, additional Lewis acid stabilisation (GaCl3) is 
required to prevent oligomerisation and therefore allow for 
isolation of a discrete SiO unit. Reaction of 140 and CO2 
resulted in decarbonylation of CO2 to yield a heavier sila-
acylium ion (145).[216] The same compound could also be 
obtained on reaction with N2O with elimination of N2.  

 
Scheme 28. Small molecule activation by NHC-stabilised 
silyliumylidenes.[211, 214-217]  

Heavier sila-acylium ions could also be obtained on 
reaction with elemental chalcogens (146-148, Scheme 28). 
Notably regeneration of 140 could be achieved on reaction 
of 146-148 with AuI, which is a rare example of facile 
reductive elimination from Si(IV) to Si(II).[217] 
Germyliumylidenes, stannyliumylidenes and 
plumbyliumylidenes have all been reported,[218] although 
they are much less studied in comparison to 
silyliumylidenes. Limited examples of germyliumylidenes 
in small molecule activation have been reported,[219-221] and 
recently they have been used in the catalytic hydroboration 
of carbonyls.[222-223]  

A notable breakthrough in this field, combines many of 
the areas discussed in this chapter. An NHC-stabilised 
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germyliumylidene (149) was  reacted with N2O to yield a 
heavier analogue of an acylium ion (150) (Scheme 29).[224] 
The Ge-O bond in 150 was found to be in the range of other 
Ge-O donor-acceptor stabilised double bonds but also 
contained a strong influence of the zwitterionic resonance 
form (i.e. single bond). 150 was found to react reversibly 
with CO2 to form carbonate species 151, drawing 
comparisons to transition metal oxides.  This reversibility,  
and thus relative ease in which the Ge(II)/Ge(IV) redox 
couple could be accessed, prompted an attempt at the 
catalytic reduction with diphenylsilane. This was found to 
be successful and reduction to formic acid equivalents was 
observed. Mechanistic investigations found that this 
reaction initially proceeds via the formation of a 
siloxygermylene species (152) which is the active catalyst 
in this system. DFT studies further supported the 
mechanism in which it is proposed that the germylene lone 
pair coordinates to the silane to create a hypervalent silane 
which facilitates the CO2 reduction (Scheme 29). Additional 
reactivity of 150 was shown to facilitate the N-formylation 
of amines further drawing comparisons to transition metal 
oxide chemistry. Furthermore, classical acylium ion like 
reactivity was observed as 150 provided access to heavier 
novel germanium analogues of carbonyls and heavier 
chalcogen derivatives, such as the first example of a 
germanium ester. This highlights the diverse electronic 
features of 150 with its comparison to classical organic and 
transition metal chemistry.[224]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 29. Synthesis of a germaacylium ion (150) and its reversible 
reactivity with CO2 as well as its utility in the catalytic reduction of 
CO2 via a germylene (152) catalyst.[224]  

 

7. SUMMARY AND OUTLOOK 

With global efforts focussing on new methodologies and 
processes to enable a more sustainable future, main group 
elements present themselves as ideal candidates for a future 
green economy. In this regard, small molecule activation 

has been at the forefront in the renaissance of main group 
chemistry. Activation of dihydrogen by a main group 
multiple bond led to the first comparisons to transition 
metals, owing to their similarly accessible frontier 
molecular orbitals. Since this seminal discovery, advances 
in main group chemistry have led to an increased 
understanding of chemical bonding and the different tricks 
required to stabilise reactive low-valent centres. These 
developments in ligand design have also allowed for fine 
tuning of the reactivity. For example, the varying steric 
demands of ligands in group 14 tetrylenes has been shown 
to influence their reactivity towards dihydrogen, with the 
resulting narrow R-E-R angles unreactive.  

In the last 10 or so years, the diverse chemistry of the main 
group elements has prevailed. From multiple bonds, to 
anions, cations and neutral complexes several ground-
breaking discovery’s have been made. New complexes have 
been discovered (e.g. aluminyls) and new reactivity has also 
been achieved (e.g. nitrogen fixation). Moving forward it is 
anticipated that main group chemistry will continue to 
flourish. Many more examples of low-oxidation state s-
block complexes are expected, particularly with the heavier 
group 2 elements. Main group multiple bonds have started 
to emerge as viable catalysts, with the additionally stability 
to the active catalyst provided by the combination of two 
metal centres. Neutral low valent species have shown 
themselves to be a powerful tool in the main group chemists 
toolkit. Many examples of strong bond activations have now 
been reported and their transition metal like behaviour is 
well established. Challenges in this field still arise with 
reductive elimination to revert to the low-valent metal 
centre once the small molecule has been activated. In order 
to truly surpass transition metals and their use in catalysis, 
facile reductive elimination will be required to enable high 
turnovers. Further advances in main group chemistry have 
centred on enhancing the nucleophilic (anionic) or 
electrophilic (cationic) character of the p-block element. 
This has enabled many unique transformations and will 
pave the way for diverse application of the main group 
elements.  
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Abstract:  

Since the discovery that main group elements can mimic transition metals, efforts have focussed on harnessing main 
group elements abilities to break strong bonds to enable new sustainable methodologies. In this regard, use of small 
molecules, such as those found in greenhouse gases, are a prime target for incorporation into catalytic cycles to produce 
value-added products. Initial challenges in main group chemistry focussed on the ability to isolate these highly reactive 
low-oxidation state species, whilst also maintaining the reactive sites. An array of low valent compounds have been 
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successfully isolated (i.e., multiple bonds, tetrylenes, anions and cations), through careful ligand design, and have 
challenged traditional bonding models and pre-conceptions of the main group elements. Current advances have highlighted 
how reactive these low-valent sites are with the ability to activate strong bonds, such as those found in small molecules 
(e.g., H2, CO, CO2 etc.). This represents the first step in a redox-based catalytic cycle, as the low-valent main group centre 
undergoes oxidative addition reactions. Current challenges remain in reductive elimination, and thus functionalisation of 
the small molecule, but examples of low-valent main group elements in catalysis are starting to emerge and represent a 
bright future for main group chemistry. This book chapter highlights the achievements of low valent main group elements, 
with a focus on group 2, 13, and 14 elements, in small molecule activation as well as the fundamental concepts that have 
aided the development of this rapidly advancing field. 

Keywords: s-block, p-block, Low Valent, Anions, Cations, Multiple Bonds, Oxidative Addition, Small Molecule 
Activation, Homogeneous Catalysis.  
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