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Abstract 

Aluminum has attracted a huge amount of attention due to it being one of the most abundant 

and environmentally friendly elements as such it is widely used in industry. It is most 

encountered in form of alumina (Al2O3), which owing to the strong bonding nature of Al–O 

results in an inert and robust material. In this context, insights into the bonding nature and 

aggregation processes for Al–O and the heavier analogues Al–Ch (Ch = S, Se, Te) are essential 

to develop new materials or catalysts both of which are of interest to academia and industry. 

Specifically, isolation, characterization and reactivity study of multiply bonded heavier 

aluminum chalcogenides are vital for understanding the aggregation to bulk materials from 

atoms. Accordingly, this thesis focuses on isolating both homo- and hetero-multiply bonded 

aluminum species.  

Firstly, we set out to isolate an aluminum sulfide containing a discrete Al=S double bond, 

using N-heterocyclic carbene (NHC) stabilized aryl aluminum dihydrides (R(NHC)AlH2, R = 

Tipp (2,4,6-iPr3-C6H2) or TippTer (2,6-(2,4,6-iPr3C6H2)2C6H3); NHC = IiPr2Me2 (1,3-

diisopropyl-4,5-dimethylimidazolin-2-ylidene) or IMe4 (1,3,4,5-tetramethylimidazolin-2-

ylidene)) as the precursors. Treatment of various thiation reagents with R(NHC)AlH2 did not 

obtain the desired Al=S double bonds. However, step-by-step sulfurization is achievable and 

results in the series of hydride hydrogensulfide, bisthiol and five- or six- membered cyclic 

aluminum sulfides. These compounds feature various Al–S bonding natures, and they give us 

insights for ligand requirements to prepare new Al–S single bond containing molecules. This 

motivated us to test further reactions of such compounds and to use aluminum dihydrides in the 

formation of heavier analogues Al–Ch (Se, or Te) containing complexes.  

The second chapter aims to synthesize the aluminum chalcogenide containing an Al=Ch (Se, 

or Te) double bond. Initially, Tipp(IiPr2Me2)AlH2 was treated with elemental selenium or 

tellurium yielding dimeric species containing Al–Ch (Se, or Te) single bond. Attempts to cleave 

the dimeric unit of Al–Ch by use of stoichiometric amounts of IMe4, a strong NHC donor, 

resulted in ligand exchange reactions. However, in the presence of excess IMe4, the cleavage 

of Al–Te single bond was observed and resulted in the formation of a terminal Al=Te double 

bond. The spectroscopic, structural, and computational analysis support the discrete Al=Te 

double bond character. Reactivity studies of Al=Te species towards CO2 revealed a unique 

triple CO2 insertion product, which included a carbonate analogue, tellurocarbonate ([CO2Te]2-) 
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moiety. In the case of Se, we did not observe monomeric species only stabilized by such NHC 

and aryl ligands.  

Finally, the third chapter puts attention on homoleptic aluminum double bonds, namely 

dialumenes, and their reactivity towards P4. Facile access to different P4 products with Trans or 

Cis geometry under mild conditions was achieved. Further reactivity towards various 

electrophiles resulted in the corresponding phosphines, which avoids elevated temperatures or 

high pressures which are routinely employed to prepare such phosphines in industry. 
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Zusammenfassung 

Aufgrund seiner Häufigkeit auf der Erde und Umweltfreundlichkeit, erregte Aluminium viel 

Aufmerksamkeit und wird daher in der Industrie oftmals verwendet. Am häufigsten ist es in 

Form von Aluminiumoxid (Al2O3) anzutreffen, welches aufgrund der starken Bindung von Al–

O-Bindungen ein inertes und robustes Material wird. In diesem Zusammenhang sind 

Erkenntnisse über die Bindungsart und die Aggregationsprozesse von Al–O und der schwereren 

Analoga Al–Ch (Ch = S, Se, Te) von wesentlicher Bedeutung für die Entwicklung neuer 

Materialien oder Katalysatoren, die sowohl für die Wissenschaft als auch für die Industrie von 

Interesse sind. Insbesondere die Isolierung, Charakterisierung und Untersuchung der 

Reaktivität von mehrfach gebundenen schwereren Aluminium–Chalkogeniden ist für das 

Verständnis der Aggregation zu Bulkware aus Atomen unerlässlich. Dementsprechend 

konzentriert sich diese Arbeit auf die Isolierung sowohl homo- als auch hetero-mehrfach 

gebundener Aluminiumspezies.  

Zunächst haben wir versucht, ein Aluminiumsulfid mit einer diskreten Al=S-Doppelbindung 

zu isolieren, indem wir N-heterozyklische Carbene (NHC) stabilisierte 

Arylaluminiumdihydride (R(NHC)AlH2, R = Tipp (2,4,6-iPr3-C6H2) oder TippTer (2,6-(2,4,6-

iPr3C6H2)2C6H3) verwendeten; NHC = IiPr2Me2 (1,3-Diisopropyl-4,5-dimethylimidazolin-2-

yliden) oder IMe4 (1,3,4,5-Tetramethylimidazolin-2-yliden)) als Vorstufen. Die Behandlung 

verschiedener Thionierungsreagenzien mit R(NHC)AlH2 führte nicht zu den gewünschten 

Al=S-Doppelbindungen. Eine schrittweise Sulfurierung ist jedoch möglich und führt zu einer 

Reihe von Hydridhydrogensulfiden, Bisthiolen und fünf- oder sechsgliedrigen cyclischen 

Aluminiumsulfiden. Diese Verbindungen weisen verschiedene Al–S-Bindungen auf und geben 

uns Einblicke über die Anforderungen an die Liganden zur Herstellung neuer Moleküle mit Al–

S-Einfachbindungen. Dies hat uns dazu motiviert, weitere Reaktionen mit solchen 

Verbindungen zu testen und Aluminiumdihydride für die Bildung von schwereren analogen 

Al–Ch (Se oder Te) enthaltenden Komplexen zu verwenden. 

Im zweiten Kapitel geht es um die Synthese von Aluminium–Chalkogeniden mit einer 

Al=Ch (Se oder Te) Doppelbindung. Zunächst wurde Tipp(IiPr2Me2)AlH2 mit elementarem 

Selen oder Tellur behandelt, was zu dimeren Spezies führte, die eine Al–Ch (Se oder Te)-

Doppelbindung enthalten. Versuche, die dimere Einheit von Al–Ch durch Verwendung 

stöchiometrischer Mengen von IMe4, einem starken NHC-Donor, zu spalten, führten zu 

Ligandenaustauschreaktionen. In Anwesenheit von überschüssigem IMe4 wurde die Spaltung 
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der Al–Te-Einfachbindung beobachtet und führte zur Bildung einer endständigen Al=Te-

Doppelbindung. Die spektroskopischen, strukturellen und rechnerischen Analysen unterstützen 

den Charakter der diskreten Al=Te-Doppelbindung. Reaktivitätsstudien von Al=Te-Spezies 

gegenüber CO2 ergaben ein einzigartiges dreifaches CO2-Insertionsprodukt, das ein Carbonat-

Analogon, eine Tellurocarbonat-Einheit ([CO2Te]2-), enthält. Im Falle von Se konnten wir keine 

monomeren Spezies beobachten, die nur durch solche NHC- und Aryl-Liganden stabilisiert 

wurden. 

Das dritte Kapitel befasst sich schließlich mit homoleptischen Aluminium-

Doppelbindungen, den Dialumenen, und ihrer Reaktivität gegenüber P4. Es wurde ein einfacher 

Zugang zu verschiedenen P4-Produkten mit trans- oder cis-Geometrie unter milden 

Bedingungen erreicht. Die weitere Reaktivität gegenüber verschiedenen Elektrophilen führte 

zu den entsprechenden Phosphinen, wodurch erhöhte Temperaturen oder hoher Druck 

vermieden wird, die in der Industrie routinemäßig zur Herstellung solcher Phosphine eingesetzt 

werden. 
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1. Introduction 

Aluminum is found in the second row of group 13 with atomic number 13 and the electron 

configuration [Ne] 3s2 3p1. It is the third most abundant element (and the most abundant metal) 

in earth’s crust (8.1%, by weight) only being surpassed by oxygen (46.6 %) and silicon (27.7 %) 

(Figure 1).1 

 

Figure 1. Abundances (Percentages by weight, %) of elements in the Earth’s crust. 

Aluminum’s discovery dates back to the beginning of nineteenth century, as in 1825, Hans 

Christian Ørsted produced the almost pure metal by the reaction of potassium amalgam on 

AlCl3.
2 These days, aluminum metal is refined from alumina which is extracted from bauxite 

ore through a Bayer’s process.3-5 It features a much lower density than those of other commonly 

encountered metals including iron (Fe), copper (Cu), lead (Pb), silver (Ag), and gold (Au). It is 

soft (i.e., not as strong as steel), non-magnetic, ductile, and possesses a great affinity towards 

oxygen, concomitantly forming an oxide layer on the surface when it is exposed to air. 

Therefore these characteristic features have led to aluminum metal playing a great role in a 

wide range of applications in daily life, where light weight and relatively high strength are 

necessary.6 For instance, aluminum is widely used in transportation such as in aircrafts (e.g., in 

1918 in Germany, Hugo Junkers assembled an all-metal airplane made out of aluminum alloy), 

cars, bicycles, and packaging (e.g., cans and foils). It is also employed in construction industry 

(e.g., windows, doors, transformers, and capacitors). In more recent time, used aluminum drink 

cans have been used in the assembly of laptops (Macbook), smartphones and smartwatches, 

whereby the aluminum can be recycled. 
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In nature, aluminum is mostly encountered in its oxide form, alumina Al2O3. It has an 

extremely high melting point (2045 °C), a particularly low volatility and it is chemically inert. 

These features allow it to be effective as electrical insulators, abrasives (e.g., toothpaste), 

refractory materials, and ceramics.7 The high stability of alumina stems from not only the high 

oxygen affinity of Al, but also the large difference in the electronegativity between Al (1.61, 

Pauling scale) and O (3.44) leading to highly polarized bonds and a tendency towards head-to-

tail self-oligomerization.8-9 If well-defined molecular aluminum oxides, which are stable in the 

condensed phase at ambient temperatures, and even multiply bonded Al–O moieties could be 

isolated, this would provide insights of Al–O bonding nature for the comprehension of alumina 

and the subsequent development of novel materials. However there has been only a few reports 

so far on low coordinate and multiple bonded Al–O motifs,10 generally stabilized by employing 

sterically demanding ancillary ligands and coordination of Lewis acids (LA) or bases (LB). The 

fundamental studies are imperative to inform future developments in aluminum oxides.11-13 

In contrast to the aluminum oxides, the chemistry of the heavier aluminum chalcogenides 

(i.e. Al–S, Al–Se, and Al–Te) still remains in its infancy which poses a challenge to their 

viability.8, 14-16 Very recently, they especially multiply-bonded aluminum-chalcogen (Al–Ch) 

species have attracted significant attention not only because they have proven easier to handle 

than elusive aluminum oxides, but also due to their unusual transition-metal like reactivity and 

novel bonding motifs as well as applications in chemical vapor deposition (CVD), catalysis and 

materials.17-22 

Despite Al–Ch species, multiple bonds involving aluminum obviously contain the 

homobimetallic Al=Al bonds, namely dialumenes. The formation, once considered to be 

impossible according to the so-called double bond rule, has been highly desirable to identify 

multiple-bond nature and to explore their potential reactivity.23 This kind of species exhibits 

interesting bonding nature and good reactivity on unique bond-activation24 wherein transition 

metal (TM) compounds were often dominant. It has proven there is legitimate parallels between 

Al and TM. 8, 15, 17, 23, 25-26 While TM have been studied in academia and employed in industry 

widely, dialumenes deserve more investigation on a broad range of reactions to access novel 

Al-based functional material and organoaluminum compounds. 
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2. Aluminum chemistry 

 

Figure 2. Molecular orbitals for aluminum (I, II, III) species. 

Aluminum with three outermost electrons (3s1 3p2) is commonly found in the +3 oxidation state. 

It is highly polarizing due to its small cation size and features an empty p-orbital making it 

electron deficient (i.e. Lewis Acidic) in nature (Figure 2, Al(III)).27 Al(III) compounds (e.g. 

LiAlH4) have been widely used in organic and inorganic transformations due to their 

oxophilicity and Lewis acidic nature. For example, trialkyl or trihalide Al(III) complexes are 

remarkable catalysts in Ziegler-Natta and Friedel-Crafts reactions in industry.28-29  

Compared with Al(III), low oxidation state aluminum species (Figure 2, Al(I) and Al(II)) 

are much rarer. It is necessary to supply sufficiently large substituents to kinetically stabilize 

the highly reactive aluminum center. Otherwise, it is difficult to balance the stability and 

reactivity against disproportionation. Examples of Al(I) species, e.g. AlH, AlX (Cl, Br, I), or 

Al2O were discovered only at low pressures or/and elevated temperatures and trapped in 

matrices.30-34 AlR (R = monoanionic substituent) possesses a singlet ground state (Al(I)), in 

which the HOMO is a non-bonding nσ-type orbital with sp character. The first monovalent 

aluminum stable at room temperature is Cp*Al(I) (Cp* = η5-C5(CH3)5)) reported by Schnöckel 

in 1991.35 As compounds of this type feature a lone pair of electrons, Lewis basic character is 

observed in contrast to the Lewis acidic Al(III) compounds.8 Importantly, the Al(I) center 

features similar energetically accessible frontier orbitals comparable to those found in transition 

metals (Figure 3, i and ii), which enables Al(I) compounds to activate small molecules and are 

a prime candidate for redox reactions due to accessible Al(III) and Al(I) states.8, 36-37 
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Figure 3. Frontier orbitals involved in the activation of H2, i) transition metals, ii) singlet alumylene compounds, 

iii) compounds containing Al–E multiple bonds. 

Monomeric Al(II) complexes (Figure 2, Al(II)) with an unpaired electron (i.e., radical 

species) are paramagnetic. However, these are very rarer due to the rule about the main group 

elements preference for the closed-shell configuration and the inherent instability of 

mononuclear neutral radical species, which prefers to dimerize forming Al–Al single bonded 

compounds.38-49 Compounds of the form R2Al–AlR2 offer a potential way for stabilizing Al(II) 

centers. The first example of which was isolated by Uhl and coworkers with bulky CH(TMS)2 

ligand.50-52 As Figure 2, Al(II) showed, there is another general formula R2Al+, which could be 

stabilized by using weakly coordinating anions (WCAs),53 intramolecular π-coordination of 

sterically demanding m-terphenyl ligands,54 and the β-silicon effect of silyl group.55 In addition, 

Al(II) cations are decent catalysts in the oligomerization or polymerization.56-58 

Following on from this, main group multiple bonds have attracted much attention in the last 

few decades as they also have similarly accessible frontier orbitals (Figure 3, iii).14, 36-38, 59-62 In 

the case of the lighter group 14 element, carbon, its multiple bonds feature planar geometries 

on the basis of the usual σ plus π model (i.e., the unhybridized carbon p-orbitals overlap to form 

π-bonds) (Figure 4, A). Distinctively, trans-bent geometries are observed among multiple bonds 

of heavier group 14 element (e.g., Si, Ge, Sn, Pb) in the solid state, not as planar or linear 

(Figure 4, B). It stems from the increased size difference of a valence orbital resulting the less 

effective hybridization between elements. Thereby the weaker bonding between the heavier 

elements lead to greatly increased core-core repulsion resulting trans-bending of the 

geometry.38, 63-64 In solution, heavier group 14 multiple bonds often dissociate to their 

monomeric counterparts.65 The same trends in double dative bond formation are also observed 

in multiple bonds of group 13 element (i.e., in the case of Al,24, 66 Figure 4, C). As Figure 3 (ii 

and iii) and Figure 4 (C) shown, similarly to monomeric Al(I) species, polar Al–Ch and 
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nonpolar Al–Al multiple bonds can mimic transition metals to activate the challenging bonds.8 

In the end, they probably would be the viable takeover in synthesis or catalysis in industry as 

energy-saving and environment-friendly products. 

 

Figure 4. The Carter–Goddard–Malrieu–Trinquier (CGMT) models for differences in observed geometries for 

triplet, singlet multiple bonds, and dialumenes. 

In a short summary, a compelling reason to synthesize and study low-valent aluminum 

compounds or multiply bonded Al–E compounds stems from their potential reactivity, in 

particular oxidative addition, and the prospect of offering an alternate to rare and expensive 

transition metals. Multiply bonded aluminum chemistry remains a subject of ongoing interest 

given the fundamental interest as well as the numerous and growing applications both in 

synthetic chemistry or material science.67 To access to stable multiply bonded aluminum 

species, steric congestion by use of bulky ligands to allow for kinetic stabilization in 

combination with strongly electron-donating substituents LB or LA, as well as suitable 

precursors are required. 
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2.1. Aluminum dihydrides 

Main-group metal hydrides have attracted extensive attention due to their potential application 

as hydrogen storage materials as well as their use in a diverse range of organometallic and 

organic synthesis.68 Aluminum hydrides have been applied widely in chemical synthesis and is 

of great interest in homogeneous catalysis (e.g. catalyzing the hydroboration of aldehydes, 

ketones, and terminal alkynes, as well as dehydrocoupling of amine boranes, thiol, and phenol 

molecules).69-71 

 

Figure 5. Selected currently reported aluminum dihydrides (L1-L9). 
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Aluminum dihydride complexes have been reported for a variety of ligand classes, with 

those the use of N-donor ligands (as intramolecular LB) is the most widely reported.72-74 For 

example, the aminophenyl groups supported aluminum dihydrides (Figure 5, L1) activate 

arenes and alkynes and achieve selective catalytic functionalization.71, 75-77 The various pyrrolyl 

ligands stabilized species are widely used in polymerization catalysis.78-82 Bisamino (L2) 

supported species can activate small molecules such as CO2.
83-87 Among these, β-diketiminato 

dihydridoaluminum (L3 [DippNacnac]AlH2, 
DippNacnac = HC[(CMe)N(Dipp)]2, Dipp = 2,6-

iPr2C6H3)
88 has been the most widely studied, including many variations on the ligand.89-105 

They have proven good precursors for aluminum chalcogenides.88, 106 In this regard, our group 

used a monodentate N-heterocyclic imino ligand (NHI) to support a dimeric aluminum 

dihydride (L4 [(µ-NHI)AlH2]2, NHI = bis(2,6-diisopropylphenyl)imidazolin-2-imino)17, 107-108 

for the preparation of aluminum sulfides107 or aluminum tellurides bearing a terminal Al=Te.17  

There are few aluminum hydrides supported by the N, P (amido-phosphine)-donor 

ligands.109-111 L5 is supported by o-phenylene-derived amido diphosphine ligands.109 L6 is 

supported by amido monophosphine ligands110-111 and can be used to form the corresponding 

Al(II) compounds.111  

Only few examples stabilized by N-heterocyclic carbenes (NHC) were reported. 

Braunschweig and coworkers employed ferrocenyl supported L7 to prepare structurally-diverse 

dialane species112 and the bulky terphenyl substituent stabilized L8 to generate a transient base-

stabilized arylalumylene (Al:) and a “masked” dialumene (Al=Al).24 Our group used phenyl 

stabilized Tipp(IiPr2Me2)AlH2 L9 (Tipp = 2,4,6-iPr3-C6H2, IiPr2Me2 (1,3-diisopropyl-4,5-

dimethylimidazolin-2-ylidene)) to isolate the corresponding dialumene.25  

Aluminum dihydrides have been playing a great role in reduction of various polar functional 

and unsaturated substrates, catalysis for the formation of compounds with B−E (E = C, N, S, 

O) bonds, small molecule activation (e.g., alcohols, silanols, phosphorus acids, peroxides).68 

Especially, as mentioned before, they have proven a good precursor for the preparation of low-

valent aluminum complexes and aluminum chalcogenides as well as dialumenes. 
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2.2. Aluminum chalcogenides 

2.2.1. Aluminum oxides 

Archetypal aluminum chalcogenides (i.e., compounds containing Al–group 16 elements) are 

mainly encountered as aluminum oxides with either an Al2O3 (i.e., alumina) or (RAlO)n 

composition (i.e., alumoxanes). The Al–O motif is among the most ubiquitous in nature such 

as minerals, ores, and gemstones,113 and can be used as a catalyst in various polymerization 

reactions (e.g., aldehydes,114-115 epoxides116-118 and alkenes119) and in various applications in 

industry.120-121  

 

Figure 6. Aluminum–oxygen multiple bonds with an illustrative ionic resonance contribution (I). Aggregation 

of Al–O motifs (II - VI). 

The large difference in electronegativities between Al (1.61) and O (3.44) results in a highly 

polarized Al=O bond and can be described by the dipolar resonance structure Al+–O- (Figure 6, 

I). This facilitates the head-to-tail self-oligomerization through Al–O–Al bridges to form 

clusters (II), tetramers (III), trimers (IV, n = 0), dimers (V) as well as other oligomers (IV, n ≥ 

1; VI). Consequently, the Al–O bond is one of the strongest heteroatom single bonds (ca. 502 
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- 585 kJ mol-1)122 as such molecular aluminum oxide units are highly thermodynamically 

stable.123 To study intermediates of the oligomerization processes in the formation of bulk 

materials, low-temperature matrix isolation techniques and theoretical studies are required.124 

Insights into these processes are essential for developing advanced materials. 

The oxygenation of organo-aluminum compounds is achievable by water, aqueous metal 

salts, or oxygen-containing species (e.g. (Me2SiO)3). This results in various alumoxanes of 

formula [RAlO]n (e.g., II,125 IV,126-127 V,120 and VI128). For example, the direct oxygenation 

(O2 or N2O) of [Cp*Al]4 the Al(I) compound obtained [Cp*AlO]4 (III, R = Cp*). It was further 

hydrolyzed to form Al–O–Al containing compounds, with structures similar to those found in 

boehmite or diaspore, i.e., two of the main minerals found in bauxite rocks, used for extracting 

alumina.129 

 

Figure 7. Stabilization of Al–O multiple bonds by Lewis base (A, D), Lewis acid (B) or both (C, E). 

An alternative way for the preparation of elusive species at ambient temperature, avoiding 

low-temperature matrix isolation techniques, requires intricate ligand systems. For example, 

with the use of sterically demanding ancillary ligands, Al–O–Al motifs have been isolated 

successfully.10, 12 Isolation of the monotopic Al=O fragment, i.e., the parent entity of the 

aggregates mentioned above, as a well-defined molecule at ambient temperature has been of 

high interest so far. To achieve this, not only sterically demanding ligands, but also the 

additional kinetic and/or thermodynamic stabilization by combination with LAs or/and LBs is 

required to hinder self-oligomerization and subsequent aggregation. As shown in Figure 7, there 

are various strategies (A-E) to stabilize the discrete Al–O multiple bonds, which have allowed 

for the successful isolation of a handful of examples.10 Herein, the electron-donating LB 
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coordinates to the electron-poor Al+ center while the electron-accepting LA attaches to the 

electron-rich O- center. 

 

Figure 8. a) The first neutral Al=O double bond containing compound L10 and a related compound L11. b) 

Proposed resonance structures for L10.11 

The first monoalumoxane featuring an Al=O double bond was of type E, which was 

stabilized by tris(pentafluorophenyl)borane at the oxygen ([AminoNacnac]Al=O·B(C6F5)3 L10, 

Figure 8, a).11 The Al–O bond features double bond character stabilized by an amino-tethered 

β-diketiminato ligand providing additional LB stabilization to the Al center, by combination 

with the LA stabilization. These can be explained by the nature of bonds and the resonance 

structures (e.g., E''') given in Figure 8 (b). The LA disperses the negative charge from oxygen 

and prevents oligomerization. This is also supported by the presence of another product isolated 

as L11 (Figure 8, a). 

Al–O multiply bonded compounds are limited to a few examples due to their inherent 

instability. Until now, there has been no example of type A-D (Figure 7). The study of molecular 

aluminum oxide ions with the O center bearing a negative charge are scarce,11-12, 130-131 owing 

to the electrostatic drive towards oligomerization. As the first example of anionic species, 

([DippNacnac]Al(Me)OLi)3 (L12, Figure 9) exists as a tightly-bound trimer in the solid state by 

deprotonation of an aluminum hydroxide [DippNacnac]Al(Me)OH by using Li[N(SiMe3)2].
130 
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Figure 9. The first example of anionic Al–O species (L12) 

Aldridge and coworkers pioneered anionic aluminyl chemistry with the first report of the 

dimethylxanthene stabilized potassium aluminyl anion, K2[Al(DipptBuNON)]2 (
DipptBuNON = 4,5-

bis(2,6-diisopropylanilido)-2,7-di-tert-butyl-9,9-dimethylxanthene).132 This is an 

unprecedented compound that offers potential as a nucleophilic reagent with the idea of 

reversing polarity on the Al center. The anionic Al(I) center is balanced by an alkali metal 

counterpart. This species displays unusual reactivity in the formation of aluminum–element 

covalent bonds and in the C–H oxidative addition of benzene.44, 133-141 Meanwhile, Coles and 

coworkers isolated the alkali metal aluminyl M2[Al(DippSiNON)]2 (DippSiNON = 

[O(SiMe2NAr)2]
2-, Ar = 2,6-iPr2C6H3). M = K142, Li, and Na.143

 The anionic nature has been 

employed for the isolation of discrete Al=O bonds in Figure 10. 

 

Figure 10. Major resonance forms of the aluminyl anions, and currently reported examples of the aluminyl anion 

(L13 and L14). 
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As the example of type F, [(DipptBuNON)Al=O(THF)]-
2K

+
2 (L13)12 features the unquenched 

Lewis basic character at the O center in conjunction with the Lewis acidic aluminum center. As 

shown in Figure 11, the reactivity towards H2 showed the extent of the polarization of the Al–

O bond which is comparable to that of multiple bonds in transition metal.144-145 This is also the 

evidence of the Frontier orbitals described in Figure 3, iii. The multiple bond character of Al–

O was further supported by cycloaddition reaction of CO2 yielding L16.12 

 

Figure 11. Reactions of the aluminum oxide [(
DipptBu

NON)Al=O(THF)]-
2K+

2 L13 with H2 and CO2. 

[(DippSiNON)Al=O]-
2K

+
2 L1413 bears an Al–O bond with multiple bond character which is 

dominated by the ionic resonance F'' (Figure 10). Cycloaddition reactions with CO2 or N2O 

were observed. As shown in Figure 12, L17 was formed through a formal [2+2]-

cycloaddition,13 which is same to the reaction of CO2 and L13. Treatment of CO with L14 

obtained L18, through generating the aluminum carbene species.146 These results proved again 

L14 features double bond character of Al=O. 
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Figure 12. Reactions of the aluminum oxide [(
DippSi

NON)Al=O]-
2K+

2 L14 with CO2 and CO. 

With the oxygen as the lightest element of group 16, the reported study of Al–O bonds has 

paved the way for the research of heavier aluminum chalcogenides (Al–S, Al–Se, Al–Te) 

reported in this thesis. 
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2.2.2. Heavier aluminum chalcogenides 

2.2.2.1. Aluminum sulfides 

Aluminum sulfides have attracted great interest as catalysts and intermediates in oxidation or 

enzymatic activity.147 They also see use on an industrial scale in catalytic/biological reactions, 

such as the hydrodesulfurization of fossil fuels/desulfurization processes of crude oil and flue-

gas, as well as in chemical vapor deposition (CVD). They also have provided a rational 

candidate for sulfur transfer and the preparation of new Al–Ch multiple bonds. Despite being 

known for a long time, the inherent instability (caused by the large angle strain and repulsive 

interaction between the lone pair electrons) of aluminum sulfides has limited their study and 

further reactivity.  

A promising approach to aluminum sulfides is the sulfurization of aluminum dihydrides 

(Figure 5) forming Al–SH bonds. These kinds of species are a good candidate for further 

sulfurization or reduction to obtain new Al–S containing compounds. Roesky and coworkers 

isolated L19 (Figure 13) by the reaction of S8 and the aluminum dihydride L3 in the presence 

of P(NMe2)3 as catalyst.148 Similarly, [(MesNacnac)Al(SH)]2(µ-S) (MesNacnac = 

HC[(CMe)N(2,4,6-Me3C6H2)]2) was prepared by treatment of S8 with (MesNacnac)AlH2.
106 Our 

group prepared mono- and bis(hydrogensulfide) aluminum sulfides L20 and L21 by employing 

the aluminum dihydride L4 as the precursor.107 

 

Figure 13. Selected examples of aluminum sulfides containing Al–SH bonds (L19-L21). 
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Like Al–O described in Figure 6, analogous clusters containing the Al–S bonds, tetramers, 

dimers, and other oligomers can be formed (Figure 14). For instance, aluminum polysulfides 

[DippNacnac]AlS6 L22 and [DippNacnac]AlS4 L23 were obtained as side products through the 

process of the preparation of the heterobimetallic cluster [(DippNacnac)Al-µ-S2Cu2]2 and 

[(DippNacnac)Al-µ-S2Ag2]4 by using DippNacnacAlH2 L3 as the precursor.149 

[(DippNacnac)Al]2(µ-S3)2 (L24) bearing an eight-membered Al2S6 ring was isolated by using 

[DippNacnac]Al(I) as the precursor.150 Other oligomers (e.g., [Al4(µ-S)6-(NMe3)4] and [Al4H2(µ-

S)5(NMe3)4]
151 were also formed. Similarly to the oxygenated product, tetrameric [Cp*AlS]4 

(L25, R = Cp*) was obtained by the reaction of S8 and [Cp*Al(I)]4.
129 The tetramer (L25, R = 

C(SiMe3)3) together with [C(SiMe3)3]3(Me)Al4
152

 and the tetramer (L25, R = Me2EtC) together 

with the hexamer [(Me2EtC)Al(µ3-S)]6
153 were obtained. 

 

Figure 14. Selected oligomer examples of aluminum sulfides containing Al–S bonds (L22-L29) (III in the 

dashed square box: the tetrameric form, V: the dimeric form). 

Like the dimeric aluminum oxides of type V (Figure 6), dimeric aluminum sulfides were 

isolated through use of bulky ligands or in combination with donor ligands. For example, one 

bulky ligand supporting [MesAlS]2 dimer154 is formed by the reaction of aluminum hydride 

(Mes*AlH2)2 (Mes* = 2,4,6-tBu3C6H2)
155 with S(SiMe3)2, and in the presence of THF, 
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[((Me3Si)3C)(THF)Al(µ-S)]2 L26152 was obtained. By using a chelating ligand system, 

[(DippNacnac)Al-µ-S]2 (L27) was prepared by the reaction of [DippNacnac]Al(SH)2 L19 and 

[DippNacnac]AlH2 L3.156 In addition, the heterobimetallic aluminum sulfides [DippNacnac]Al(µ-

S)2MCp2 (M = Ti (L28), M = Zr (L29)) were prepared by the lithiation products of L19.157 A 

similar procedure and precursor, led to the formation of mixed main group 

compound [DippNacnac]Al(µ-S)2GeR2 (R = Me or Ph).158 Aggregation can be avoided with very 

bulky ligands such as chelating N-N donor ligand (i.e. pyrazolato) used in the isolation of 

dialuminum sulfide L30 (Figure 15).159 

 

Figure 15. Dialuminum sulfide (L30) and aluminum sulfides containing Al=S double bonds (L31 and L32) (VI 

in the dashed square box: the oligomer form, D: the Lewis base stabilization type). 

The donor stabilized aluminum sulfides consisting of Al=S double bonds L31 and L32 were 

obtained as neutral species by the treatment of [DippNacnac]Al(I) with chelating thioureas. 

Whereby, the thermally unstable [DippNacnac]Al=S(S=PPh3) was observed by treatment of 

S=PPh3 with Al(I) species. They present the first monomeric examples bearing a terminal Al=S 

double bond.160 The reactivity of the Al=S bond was demonstrated by the facile oxidative 

chemistry giving new aluminum oxo and imido species.  

Figure 16 shows [(DippSiNON)AlS4K]n L33 bearing the form of AlS4 is the congener of 

[DippNacnac]AlS4 L23 (Figure 14). The treatment of PPh3 with L33 yielded a tetramer 

[((DippSiNON)Al=S)-K+]4 L34 bearing Al=S double bonds with combination of K+. The 

potassium counterion can be sequestered by [2.2.2]-cryptand, which subsequently afforded the 

monomeric species [K+(2.2.2-crypt)][(DippSiNON)Al=S]- L35, an aluminum sulfide with an 

Al=S double bond.161  
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Figure 16. Formation of [K+(2.2.2-crypt)][(DippSiNON)Al=S]- L35 from [(DippSiNON)AlS4K]n L33 and 

[((DippSiNON)Al=S)-K+]4 L34 (F in the dashed square box: the anionic stabilization type). 

As a result, the facile access to Al–Ch multiple bonds derived from aluminyls has facilitated 

the study of their physical and chemical properties. Multiply bonded Al–S compounds are 

reactive to activate and functionalize a number of substrates such as unsaturated substances 

(C=O, C=C, O=N et. al).147, 161 
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2.2.2.2. Aluminum selenides 

Roesky and coworkers reported the first structurally characterized Al–SeH compounds L36 and 

L37 supported by the β-diketiminato ligands by using the aluminum dihydride 

[DippNacnac]AlH2 L3 as a precursor (Figure 17).88 

 

Figure 17. Selected examples of Al–SeH bonds (L36, L37). 

Following the trend of the Al–O polarization (Figure 6), various Al–Se containing tetramers 

L38 (R = tBu,19 Cp*,162 Me2EtC,153 (Me3Si)3C
163) (Figure 18) and the tetranuclear cluster 

[Al4H2(µ-Se)5(NMe3)4]
164 were reported. There are numerous Al–Se dimers L39 supported by 

different ligands (R = H, R' = NMe3;
165 R = PhE, R' = NMe3 (E = Te164, S or Se166); R = 

N(Me3Si)2, R' = NMe3;
166 R = (SiMe3)3C, R' = Me (with Me on Se);152 R = Mes, R' = Mes (with 

Me on Se)167). 

 

Figure 18. Selected aluminum selenide oligomers containing Al–Se bonds (L38, L39) (III in the dashed square 

box: the tetrameric form, V: the dimeric form). 



2. Aluminum chemistry 

19 

 

Chelating ligands have been shown to be effective in isolating dimeric aluminum selenides 

(Figure 19). For example, Roesky and coworkers prepared L40156 using the β-diketiminato 

ligand by the reaction of [DippNacnac]AlH2 L3 and Te=P(NMe2)3, L41 

[(DippNH(CH2)3N
Dipp)Al(μ-Se)]2

168, L42 by using the dimer L39 (R = H, R' = NMe3) as a 

precursor,166 and the dimer L4318 as well as L44.169 Dialuminum selenide L45 was isolated by 

treatment of Se with the corresponding aluminum hydrides159 and [R2Al]2–µ–Se (R = 

CH(SiMe3)2) L46 was prepared by [((TMS)2HC)2Al]2 as a precursor.170 So far, there has been 

no neutral example bearing an Al=Se double bond, although there are such various stabilization 

strategies in Figure 7. 

 

Figure 19. Selected examples of aluminum selenides containing Al–Se bonds (L40-L46) (V in the dashed 

square box: the dimeric form, VI: the oligomer form). 

Recently, Coles and Anker reported [K+(2.2.2-crypt)][( DippSiNON)Al=Se]- L48 (Figure 

20)171 as the first and only monomeric anion with a terminal Al=Se bond. It was isolated by 
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using the aluminyl selenide L47 [((DippSiNON)Al=Se)-K+(THF)]n in the presence of 

[2.2.2]cryptand. The asymmetric unit of L47 comprises the [(DippSiNON)Al=Se]- anion, which 

is linked to a [K(THF)]+ cation through Se···K and π-arene interactions. The double bond 

character of L48 was further evidenced by the formation of the aluminyl diselenirane ring in 

L49 (Figure 20). 

 

Figure 20. Synthesis of the first monomeric anion bearing Al=Se double bond L48, and its reaction with 

elemental Se (F in the dashed square box: the anionic stabilization type). 
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2.2.2.3. Aluminum tellurides  

Aluminum telluride is the heaviest reported aluminum–chalcogen species. Of the Al–Ch series, 

tellurido species are the least reported presumably due to the synthetic challenges caused by a 

longer Al–Te bond accelerating aggregation.16 

 

Figure 21. Selected examples of tetramer and dimers containing Al–Te bonds (L50-L56) (III in the dashed 

square box: the tetrameric form, V: the dimeric form, VI: the oligomer form). 

Figure 21 shows the Al–Te tetramers L50 (R = tBu,19 Cp*,162 Me2EtC,153 (Me3Si)3C
163), the 

dimers L51 stabilized by various ligands (R = H, R' = NMe3;
165 R = LDip, R' = IMe2Et2;

17 R = 

tBu, R' = tBu (with tBu on Te)19), and the chelating ligands stabilized dimers, such as L52 

supported by β-diketiminato ligand by the reaction of [DippNacnac]AlH2 L3 and Te=PMe3,
156 

the dimers L5318 and L54169. Very bulky ligands allowed to prepare dialuminum tellurides 

L55159 and L56 [R2Al]2–µ–Te (R = CH(SiMe3)2).
172 
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Our group isolated [NHI(IMe2Et2)2]Al=Te L57 which is the first monotopic aluminum 

telluride comprising the electron-precise and discrete Al=Te double bond (Figure 22).17 It is 

stabilized by one NHI and two NHCs. Al–Te features a high polarity similarly to the showed 

ionic resonance contribution in Figure 6 (I), which is the evidence for the formation of 

[NHI(IMe2Et2)Al]2 (L51, R = NHI, R' = IEt2Me2) by the dimerization of L57 at elevated 

temperature. 

 

Figure 22. The dimerization of [NHI(IMe2Et2)2]Al=Te L57 (D in the dashed square box: the Lewis base 

stabilization type). 

However, the bidentate supporting ligands were used on the Al center for the family bearing 

an Al=Ch double bond, the neutral aluminum oxide L10 bearing Al=O (Figure 8), the neutral 

aluminum sulfides L31 and L32 with Al=S (Figure 15) and the aluminyl anionic species (L13 

and L14 (Al=O, Figure 10), L34 and L35 (Al=S, Figure 16), L48 (Al=Se, Figure 20)), which 

resulted in the steric and electronic stabilization on the Al–Ch unit limiting the investigation of 

their reactivity. 

 [(DippSiNON)(THF)Al=Te]-L58 presents as the second example bearing a terminal Al=Te 

double bond (Figure 23).16 It is the final member of the homologous series of 

[(DippSiNON)Al=Ch]- aluminyl anions containing Al=Ch double bonds (Ch = O, S, Se, Te). The 

double bond character of the Al–Te bond in L58 is confirmed by the cycloaddition reaction 

with CO2 yielding the double CO2 insertion product L59 .
16 Similarly, as Figure 23 showed the 

Al=S double bond of L34 and the Al=Se bond of L47 show chemical reactivity towards CO2 

obtaining the cycle-oxidation products L60 and L61,161 which is consistent with the Al=O 

double bonds of L13 and L14 (Figure 11 and 12). 
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Figure 23. The reactions of CO2 with compounds containing Al=Te (L58), Al=Se (L47), and Al=S (L34) (F in 

the dashed square box: the anionic stabilization type). 

In summary, currently reported heavier Al–Ch (Ch = S, Se, Te) multiple bonds have proven 

easier to handle than Al=O while there are more emerging isolable examples. The facile access 

to multiply bonded Al–Ch molecules facilitates the discovery on their bonding natures. The 

subsequent studies on their reactivity towards various substrates yielded new Al–Ch containing 

species which are showed above and also summarized in some reviews.8, 14, 37, 65, 142, 173-174 All 

studies on these species accordingly offer fundamental theory in aluminum chalcogenides, 

especially aluminum oxides, whose bond nature and aggregation principle deserve being 

unveiled and inform future development of new materials.  
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2.2.3. Molecular structures and theoretical study 

The nature of the multiple bonds between aluminum and chalcogen has been investigated by 

spectroscopic, crystallographic, and computational methods. Table 1 showed the characteristic 

structural or calculated data of the compounds bearing multiply bonded Al–Ch (O, S, Se, and 

Te) bonds for rational comparisons.  

Among neutral species bearing Al=Ch double bonds (L10 (Al=O), L32 (Al=S), L57 (Al=Te)), 

the Al=O double bond length in L10 is 1.659(3) Å, is the shortest Al–O bond compared with 

other examples in literature, and consistent with multiple-bond character.11 The Al=S double 

bond length in L32 is 2.104(1) Å which is shorter than the predicted sum of the molecular 

covalent double bond radii, r2 (Σ(r2)=2.111 Å).160 The Al=Te double bond length in 

[NHI(IMe2Et2)2]Al=Te L57 is 2.5130(14) Å,17 which is shorter than the 2.549(1)Å170 found for 

the ditopic [((SiMe3)2CH)2Al]2–µ–Te L46 and other compounds containing the Al–Te single 

bonds.  

For anionic species bearing Al–Ch multiple bonds, one example supported by DipptBuNON 

ligand (L13, Table 1) consists of a dimer but with two discrete Al=O double bonded moieties, 

has a mean bond length of 1.676 Å.12 They are significantly shorter than those found in the 

lithium aluminum oxide trimer [(DippNacnac)Al(Me)OLi]3 L12 (1.698(1) Å, Figure 9),130 but 

slightly longer than that of the neutral species L10 (1.659(3) Å). The DippSiNON ligand has been 

reported for the full species of Al–Ch (O, S, Se, Te) multiple bonds (Table 1). The terminal 

Al=O double bond length in L14 is 1.6362(14) Å,13 which is shorter than r2 (Σ(r2)=1.66 Å). 

The Al=S double bonds in L34 are within the range 2.0857(7)-2.1039(7) Å,161 which are shorter 

than the Al–S multiple bond found in L32 (2.104(1) Å) and the predicted value for the sum of 

the molecular covalent double bond radii, r2 (Σ(r2) = 2.13 Å), showing a significant shortening 

of the bond. The terminal Al=S double bond length in L35 is 2.0760(11) Å161 which is shorter 

than those in L34. This data suggests that there is no S···K interaction in L35 which would 

cause a decrease of the Al–S distance. This trend was also observed for the Al–Se bond length, 

that in L47 (2.2253(11) Å)171 is slightly longer than the observed bond length in L48 (2.2032(6) 

Å)171 wherein the cation is sequestered. The Al=Te bond length in L58 is 2.5039(7) Å,16 which 

is shorter than that in L57 (2.5130(14) Å), consistent with multiple-bond character contributing 

to a shortening of the bond, although longer than Σ(r2), 2.46 Å.  

Table 1. Summary of structural and computational results for the current reported neutrals and anions bearing the 

Al=Ch (O, S, Se, Te) multiple bonds 
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Note: a ΔdAlCh (%) = [1-d(Al=Ch)/d(Al–Ch)]×100% with d(Al–Ch) equal to the average value calculated from 

structurally determined Al–Ch bonds listed in the Cambridge Structural Database (CSD). b Calculated using the 

average value of d(Al–O) = 1.74 Å from 35 entries of Al–OH bonds in the CSD. c Calculated using the average 

value of d(Al–S) = 2.59 Å from 12 entries of Al–SH bonds in the CSD. d Calculated using the average value of 

d(Al–Se) = 2.36 Å from 9 entries of Al–SeH bonds in the CSD. e Calculated using the average value of d(Al–Te) 

= 2.59 Å from 4 entries of Al–TePh bonds in the CSD. f Δχp = χp(Ch)-χp(Al), where χp (Al) = 1.61, χp(O) = 3.44, 

χp(S) = 2.58, χp(Se) = 2.55, χp(Te) = 2.1, according to the Pauling electronegativity scale.161 

To further elucidate the bonding situation in aluminum chalcogenides bearing multiple 

bonds, density-functional theory (DFT) calculations were performed including Wiberg bond 

index (WBI), Natural population analysis (NPA), Mayer bond order (MBO) by using the 

method outlined by Bridgeman et al., Natural resonance theory (NRT), as well as the molecular 

orbital (MO) analysis together with the frontier Kohn-Sham (KS) orbitals.  

For the consistency and to allow accurate comparisons between the different Al–Ch multiple 

bonds, the terminal Al–Ch in [Al(NONSiDipp)(E)]- (E = O (L14), S (L34, L35), Se (L47, L48), 

and Te (L58)) have been described by DFT, which was calculated by using the BP86 functional 

and the SDDALL basis set with additional d-polarization functions to describe Al (ζd = 0.190), 

Si (ζd = 0.284), S (ζd = 503), Se (ζd = 0.364) and Te (ζd = 0.252) and 6-31G** for all other 

atoms.16, 161 

The major contributions to the highest occupied molecular orbital (HOMO) and HOMO-1 

come from the orthogonal lone pairs located on the chalcogen atoms. Antibonding π-interaction 

among groups is found for the lowest unoccupied molecular orbital (LUMO).11-13, 16-17, 160-161, 

171 

The expected increase in orbital size for Al–Ch bonds involving the chalcogens is observed, 

with a notable extension of the principal lobes towards the aluminum for the series [Al-Te]- > 

[Al-Se]- > [Al-S]- > [Al-O]-. This reflects the decrease in the electronegativity of the 

chalcogenides as the group is descended, presented as Pauling electronegativity difference 

across the Al–Ch bond (Δχp). This is supported by NPA charges (q) for the aluminum and 

chalcogen atoms, which show a decrease when presented as the difference. The WBI calculated 

for the anions reflect this trend, increasing from O (1.11) < S (1.30) < Se (1.38) < Te (1.53) and 

are consistent with a greater bond order. Although this contradicts the expected greater orbital 

energy mismatch in orbital energy between Al and the heavier chalcogens, as the greater MO 

coefficients from the chalcogen atoms to the HOMO and HOMO-1 change from 2p, 3p (for O) 

to a combination of 3p, 4p and 5p for Te.16, 161  
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Quantum theory of atoms in molecules (QTAIM) analysis have also been performed on the 

BP86-optimised anionic Al–Ch species. The electron density associated with the Bond Critical 

Point (BCP), ρ(r), along the Al–Ch bond path decreases as the group 16 elements increase in 

molecular weight, showing a weaker Al–Ch interaction as the electronegativity of the element 

decreases. This is accompanied by an increase in the bond ellipticity, ɛ, from 0.033 in [Al–O]- 

to 0.139 in [Al–Te]-, indicating a greater π-character of the Al–Ch bond in the order O < S < Se 

< Te.16, 161 

 

2.3. Dialumenes 

Homodinuclear multiple bonds involving heavier main group elements i.e., Si=Si, Sn=Sn, 

Ge=Ge, etc. feature accessible frontier orbitals similarly to TMs which have proven they can 

activate inert bonds such as H2 (Figure 3, i).36-37 As an extension to the aluminum analogues of 

alkenes, dialumenes (Figure 3, iii, E = Al) have been a notoriously difficult synthetic target over 

the past several decades due to the synthetic challenges (i.e. the appropriate ligand design).  

For the heavier main group multiple bonds, the trans-bent geometries are observed in the 

solid state, while in hydrocarbon solutions these dissociate to their monomeric units. The 

Carter-Goddard-Malrieu-Trinquier (CGMT) model intuitively describes the geometries of 

multiple bonds between main group elements (Figure 4).175-178 Molecular orbital theory is also 

used to describe the observed trans-bent geometry, as Jahn-Teller distortions used to describe 

TM geometric distortions accounts for upon descending down the group, the π–σ* gap becomes 

lower in energy as there is increased mixing of the π and σ* orbitals (Figure 24). It can be 

explained as an increasing stability of the singlet ground state resulting more trans-bending and 

weakening of the multiple bonds.59, 61-62 The consistent trend is found in the group 13 

elements.14-15, 61-62, 124, 179-181 
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Figure 24. Schematic drawing of the mixing of the  and * molecular orbitals in a heavier group 14 species62 

Due to the increased singlet lone pair character182 and the high Lewis acidity of the Al 

center,15, 60, 180, 183-184 the potential reactivity of aluminum multiple bonds is increased resulting 

in a very unstable multiple bond. Quantum chemical calculations revealed that the parent 

dialumene (HAl=AlH) can exist as trans-bent structural motif.185 The use of more σ-donating 

and sterically bulky ligands will offer better thermodynamic and kinetic stability to the 

aluminum center, and in combination with external bases which can alter the potential energy 

landscape possibly leading to isolable aluminum multiple bonds.186  

There are few examples containing aluminum multiple-bond character as radical compounds 

or anionic species (Figure 25). Two structurally characterized examples, 

tetrakis[bis(trimethylsilyl)methyl] -radical monoanion L62 (R = CH(SiMe3))
187 and an one-

electron Al–Al -bonding complex L62 (R = 2,4,6-iPr3C6H2) were reported.188 EPR spectra 

showed one unpaired electron occupies the -orbital generating multiple bond character of Al–

Al bonds with formal bond order >1. The first dianionic “dialuminyne” species L63 

Na2(
DippTerAl)2 (DippTer = 2,6-(2,6-iPr2C6H3)2C6H3) and the “cyclotrialuminene” L64 

Na2(
MesTerAl)3 (

MesTer= 2,6-(2,4,6-Me3C6H2)2C6H3) feature multiple-bond character, the latter 

presents as a trimer due to the usage of a less bulky ligand.189 
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Figure 25. Representative Al–Al multiply-bonded species (Dashed square box: proposed compounds). 
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Alternative species related to aluminum multiple bonds is the cycloaddition derivatives of 

masked Al=Al and arene species (Figure 25). The α-diimine-stabilized dianionic “dialumene” 

L65 [RAl=AlR]2- (R = [(2,6-iPr2C6H3)NC(Me)]2
2−) is proposed to be formed due to the 

presence of the cycloaddition products by reaction of this “dialumene” and butadienes.190 

Despite the anionic species, there are several neutral examples stabilized by very bulky ligands 

even combining with LB donor on the Al center. The “dialumenes” L66 (R = TMSDippTer,26 R = 

Bbp = 2,6-[CH(SiMe3)2]2C6H3,
191 and R = Tbb = 2,6-[CH(SiMe3)2]2-4-tBuC6H2

192-193) are 

trapped as its cycloaddition product with benzene. The “dialumene” L66 (R = DippTer = 2,6-

[(2,6-iPr2C6H3)2]C6H3) is proposed by the addition reaction with toluene194 or 

Me3SiCCSiMe3.
195 The amidinato supported L67 (AmDipp = C[N(2,6-iPr2C6H3)]2(4-MeC6H4)) 

reacts with benzene to give the respective cycloaddition product.196 The NHC supported 

terphenyl transient dialumene [IMe4(
MesTer)Al]2 L68 is self-stabilized by a peripheral C=C 

bond of a flanking aryl ring.24 

The neutral Al=Al double bonds are limited but are highly desirable to understand its true 

bonding nature as well as to explore their reactivity.14 In the case of boron, various compounds 

containing boron−boron multiple bonds have been reported by complexation with NHC.181, 197-

200 In the case of other heavier group 13 (Ga, In, Tl), neutral double-bonded compounds have 

been isolated and characterized by the usage of sterically bulky terphenyl ligand, e.g. 

ArM=MAr (M = Ga, In, Tl; Ar = 2,6-(2,6-iPr2C6H3)2C6H3).
14, 201-203 Therefore, neutral multiple-

bonded Al compounds can be possibly accessible by complexation of Lewis bases and bulky 

aryl ligands conferring stability on the reactive Al center. Cowley and coworkers reported an 

amidophosphine base-coordinated (chelating ligand system) dialumene L69 which reversibly 

dissociates to monomers in solution (Al=Al to Al:).66 Our group reported NHC together with 

aryl or silyl group stabilized dialumenes L70 (R = SitBu2Me)23 and L71 (R = 2,4,6-iPr3C6H2)
25 

featuring reactivity towards unsaturated organic molecules while the latter can even activate 

dihydrogen. 
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3. Scope of This Work  

With the highest abundance among metals in the earth’s crust and the environmental-friendly 

nature, aluminum chemistry has undergone a renaissance, from synthetic curiosity to realized 

applications. As highlighted before, the transition-metal like properties of low oxidation state 

Al species have emerged in recent times, gaining tremendous attention in academia. However, 

aluminum is generally found in the +3 oxidation state, and in nature in the form of polymeric 

aluminum chalcogenides (e.g., Al2O3). The nature of the bulk materials should be investigated 

by exploring the bonding nature of discrete Al=Ch containing complexes, as this will support 

the development of novel advanced aluminum materials. In this context, the isolation of new 

aluminum multiple bonds and their reactivity are highly desired. Prior to this thesis, there were 

only few neutral homo/hetero multiply bonded aluminum examples (e.g., Al=Ch, Ch = O, Se, 

Te, and Al=Al)8, 17, 23, 161 and reactivity towards challenging small molecules is relatively 

unexplored. Thus, this thesis aims to synthesize multiply bonded Al=Ch and Al=Al molecules 

and examine their reactivity to further understand the bonding in multiply bonded aluminum 

compounds and to reveal their true potential and suitability for materials chemistry. 

A major goal in contemporary aluminum research is the synthesis of a neutral low-valent 

aluminum compounds containing a discrete Al=O double bond. This would give direct insights 

into alumina materials. There are no neutral examples bearing freestanding Al=O double bond. 

They are all classified as oligomers or polymers, with the only example with oxygen moiety 

complexed with a Lewis acid. Considering the difference in electronegativities between Al and 

the chalcogen elements (Al 1.61, O 3.44, S 2.58, Se 2.55, Te 2.1), the heavier chalcogen (S, Se, 

Te) features less discrepancy than oxygen. Compounds containing Al–Ch (S, Se, Te) multiple 

bonds have proven easier to handle than aluminum oxides, and there are neutral examples with 

a terminal Al=S (DippNacnac(NHC)Al=S, L31 and L32) and [NHI(IMe2Et2)2]Al=Te L57 with 

a terminal Al=Te. Therefore, this thesis started to synthesize Al=S, Al=Se or Al=Te as the 

priority and subsequently test activation of challenging bonds such as CO2. 
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Figure 26. Stabilization strategies for Al–E multiple bonds and their molecular orbitals. 

These are challenging targets due to the absence of suitable stabilization to the reactive Al 

center and the very weak Al–E (E = Ch or Al) multiple bonds. Thus, as shown in Figure 26, a 

potential approach to gain access to these elusive species will be usage of sterically demanding 

ligands and complexation with Lewis base or acid to hinder oligomerization. Aryl ligands are 

sterically tunable by varying the wingtip substituents, and NHCs are strong σ-donors and poor 

π-acceptors, they are very promising candidates to provide sufficient electronic and kinetic 

stabilization for the Al–Ch multiple bonds. While three examples DippNacnac(NHC)Al=S, L31 

and L32, [NHI(IMe2Et2)2]Al=Te L57, [SitBu2Me(IiPr2Me2)Al]2 L70 were isolated owing to 

the persuasive electron donation from the adjacent NHCs, [Tipp(IiPr2Me2)Al]2 L71 (Figure 27) 

has already been observed by usage of the corresponding aluminum dihydride 

Tipp(IiPr2Me2)AlH2 L9 as a feasible precursor in our laboratory, but the structure of the product 

was unpublished at the beginning of this thesis. All these prompted us to use the aryl group 

tuned by changing the substituents and adjacent to the different NHCs for isolation Al=Ch 

double bonds. During this project, the very bulky terphenyl ligand has proven that it could even 

support a monomeric Al(I), which reacted with H2 resulting in the dimeric aluminum hydride 

(Figure 27). This motivated us to employ Tipp(IiPr2Me2)AlH2 L9 as a precursor or even attempt 

to tune the aluminum hydride by utilizing bulkier aryl group. Following the successful synthesis, 

a detailed reactivity study of Al=Ch will be performed. In addition, a particular emphasis will 

be to understand the effect of different supporting ligands on the stability and reactivity of the 

resulting complexes. 
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Figure 27. Reported ligands system for low-valent aluminum species (L71 and L72). 

This thesis will start with the synthesis of Al=S using aluminum dihydride as a precursor 

and to study the fundamental differences between the aryl ligands, see chapter 4. Inspired by 

the Al–S project, this approach is further extended to Al=Se and Al=Te projects in chapter 5. 

Of particular focus is the activation of small molecules, as this is considered challenging even 

for TMs due to the high bond strengths found in small molecules such as H2, CO2, CO and so 

on. 

 The chapter 6 will concern the reactivity of Al=Al double bonds. Our group already reported 

a comparative reactivity study between silyl- and aryl-substitution towards unsaturated and 

small molecule including CO2, N2O, O2 (Figure 28).23, 25 The functionalization of white 

phosphorus P4 by a number of TMs has been of paramount significance in phosphorus chemistry 

over the past decades.204 Analogously, various main group molecules, especially aluminum, are 

also known to react with P4. The reactivity of both dialumenes ([R(NHC)Al]2, R = Tipp or 

tBu2MeSi) with P4 is performed and discussed. 
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Figure 28. The current reactivity study on dialumenes (L70 and L71). 

Overall, this thesis is intended to gain a deeper understanding of the multiply bonded aluminum 

chemistry. The knowledge obtained in this work will open new avenues, which will underpin future 

developments in aluminum materials. 
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telluride monomer featuring a terminal Al=Te bond, is reported. The aluminum–telluride 

monomer exhibits high thermal stability and reacts with three equivalents of CO2 to form an 
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The controlled formation of phosphorus-rich aryl dialumene featuring different geometries, and 

chemically reversible inter-conversion between them were achieved. The two-electron 

reduction product of P4 feature a unique P4
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source of P3-. Treatments of different electrophiles including various halides to them under mild 

conditions obtained different phosphines which avoid the requirements of elevated temperature 
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7. Summary and Outlook  

7.1 Aluminum sulfides 

With the aim to prepare aluminum sulfides bearing an Al=S double bond, aluminum hydride 

(Tipp(IiPr2Me2)AlH2, L9) was chosen as a suitable precursor, as it was used in the preparation 

of the corresponding dialumene.25 However, the treatment of the thiation reagent, S8, with L9 

was unsuccessful in forming the desired Al=S bond, only resulting in the immediate 

decomposition to several unidentified species. Therefore, we attempted to use the bulkier aryl 

ligand, TippTer (2,6-(2,4,6-iPr3C6H2)2C6H3) instead of Tipp to prepare new aluminum dihydride 

(TippTer(IMe4)AlH2 1) for possible reaction with S8. We also chose Lawesson reagent (2,4-bis-

(4-methoxyphenyl)-1,3-dithia-2,4-diphosphetane 2,4-disulfide) and bis(trimethylsilyl) sulfide 

(S(TMS)2) as additional thiation agents. The first project focused on the isolation, 

characterization, and bonding nature study of novel aluminum sulfides, especially targeting 

Al=S double bonds, as well as the study on differences of aryl ligands on reactivity of obtained 

species. 

According to experimental data, TippTer(IMe4)AlH2 1 appears to be more stable than 

Tipp(IiPr2Me2)AlH2 L9 because bulkier terphenyl ligand offers better kinetic protection to the 

Al center. When decomposition occurred in the case of L9, the treatment of S8 with 1 under 

mild conditions resulted in the stepwise products including the first monomeric aluminum 

hydride hydrogensulfide 2, an aluminum dihydrogensulfide 3, and a cyclic six-membered 

aluminum polysulfide 4 (Figure 29). With targeting Al=S bond in mind, dehydrogenation or 

desulfurization of all available compounds was of high interest. As a result, the cyclic five-

membered aluminum polysulfide 5 was obtained by reduction of 4 in presence of PPh3 and the 

compound 6, dehydrogenation product of SH in the compound 2 by the cyclic(alkyl)(amino) 

carbene (cAACMe), was isolated. Full characterization by multinuclear NMR spectroscopy and 

elemental analysis (EA), single-crystal X-ray diffraction (SC-XRD) studies gave experimental 

insights on the bonding nature of Al–S. 
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Figure 29. Various aluminum sulfides obtained from Al–S project. 

The reaction of Lawesson reagent with Tipp(IiPr2Me2)AlH2 L9 formed an intractable 

mixture of products (Figure 30). In the case of TippTer(IMe4)AlH2 1, compound 7 was isolated 

as the first example of a five-membered Al–S–P–P–S ring containing complex. The reaction of 

S(TMS)2, a milder thiation reagent, with L9 resulted in the dehydrogenation product by S(TMS) 

group (the compound 8), whereas no reaction occurred in the case of 1. 
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Figure 30. The reactions of compound 1 and L9 with LR and S(TMS)2. 

This is the first report on the controlled stepwise preparation of various aluminum sulfides 

through dehydrogenation and subsequent sulfurization reactions. Although not obtaining the 

Al=S double bond moiety, these novel aluminum sulfides feature various bonding nature and 

deserve attention, especially, on the further reactivity and the application in the synthesis of 

new heterometallic Al–S–TM clusters as well as biological or catalytic systems in future. 
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7.2 Aluminum selenides and aluminum tellurides 

In light of the previous work on Al–S, we attempted to synthesize heavier analogues with Al=Se 

or Al=Te double bonds by reactions of Tipp(IiPr2Me2)AlH2 L9 with elemental Se and Te, 

respectively (Figure 31). 

 

Figure 31. Various aluminum chalcogenides (Al–Se/Te) obtained from Al–Se/Te project. 

In the case of Te, we obtained not only dimers [Tipp(IiPr2Me2)Al-μ-Te]2 10, [Tipp(IMe4)Al-

μ-Te]2 12, but also monomers [Tipp(IiPr2Me2)(IMe4)]Al=Te 14, Tipp(IMe4)2Al=Te 16. 

Whereas, in the case of Se, only dimeric species were obtained ([Tipp(IiPr2Me2)Al-μ-Se]2 11, 

[Tipp(IMe4)Al-μ-Se]2 13). The monomeric aluminum telluride (IiPr2Me2)(IMe4)Al(Tipp)=Te 

14 was observed by multinuclear NMR and Mass spectroscopy. It quantitatively converts to 12 

through IiPr2Me2 release and subsequent dimerization by vacuum at room temperature. 

Calculations predict this step to be exergonic only in the case of Te. This tendency could be 
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explained by the higher proclivity for dimerization of Al–Se vs. Al–Te, and the higher 

dissociation energies of [IMe4Al(Tipp)-μ-Se]2 13 (36.4 kcal mol-1) vs. [IMe4Al(Tipp)-μ-Te]2 12 

(26.1 kcal mol-1) to the corresponding monomers. It also can be explained by more difference 

of the electronegativity of between Al–Se (0.94) vs. Al–Te (0.49), which against the formation 

of multiply bonded Al–Se. 

Reactions of [(IiPr2Me2)Al(Tipp)-μ-Ch]2, Ch = Se (11) or Te (10) with two equivalents of 

IMe4 resulted in the NHC exchange reaction forming the respective complexes ([IMe4Al(Tipp)-

μ-Ch]2, Ch = Se (13) or Te (12). The facile exchange of IiPr2Me2 by IMe4 ligands indicates a 

higher affinity of IMe4 toward the aluminum centers. It can be attributed to the steric effect 

thereof the repulsion is lower in the case of IMe4 which was confirmed by natural steric analysis 

and the calculated Gibbs energies of dissociation of dimers to the corresponding monomers. 

This was also reflected on the formation of Tipp(IMe4)2Al=Te 16 by cleavage of the dimers to 

form monomer in the presence of IMe4. 

Alongside the neutral Al=Te double bonds in Tipp(IMe4)2Al=Te 16 and 

[NHI(IMe2Et2)2]Al=Te L57 in our group, we focused on comparative study on the thermal 

stability and reactivity towards numerous reagents. We found 16 could be isolated under mild 

conditions and from different ways (e.g., using new aluminum dihydride Tipp(IMe4)AlH2 9 as 

a precursor), feature better thermal stability than L57 which enabled the reactivity studies 

towards small molecules.  

Acting in concert with the first project targeting the Al=S bond formation, we attempted to 

achieve it by reaction of S8 with Tipp(IMe4)2Al=Te 16 expecting that Te is replaced by S, 

unfortunately, this resulted in immediate decomposition. This data showed Tipp and NHC is 

not sufficient for stabilizing multiply bonded Al–S bond.  

The further reactivity towards CO2 of 16 was performed and discussed (Figure 32). 16 reacts 

with three equivalents of CO2 across two Al–CNHC and the Al=Te bond affording the 

pentacoordinate aluminum complex (IMe4CO2)2Al(Tipp)-μ-O2C=Te 18. It features a dianionic 

tellurocarbonate moiety [CO2Te]2-, which is an unprecedented tellurido analogue of the 

carbonate anion [CO3]
2-. The C–Te bond features a polarized multiple bond character supported 

by WBI (1.19), MBO (1.39), and NBO (Te (34.8%)–C(65.2%)) analysis as well as the second 

order perturbation analysis ( a significant donor-acceptor interactions (DAI) between the Te 

lone pair and the p-orbital of the carbon of 223.4 kcal mol-1, which is of higher magnitude than 

the DAIs between the lone pair of the oxygens and the empty p orbital of the carbon (191.6 and 

153.1 kcal mol-1). 
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Figure 32. Formation of the first tellurido analogue of carbonate, compound 18.  

In conclusion, Tipp and IMe4 can stabilize a monomeric compound bearing a terminal Al=Te 

double bond (Tipp(IMe4)2Al=Te 16), whilst only dimers were formed in the case of Se. 16 

features good thermal stability that enables further study on its reactivity towards CO2 resulting 

in the interesting carbonate analogue (IMe4CO2)2Al(Tipp)-μ-O2C=Te 18. 

7.3 P4 activation of dialumenes 

With two dialumenes [SitBu2Me(IiPr2Me2)Al]2 L70, [Tipp(IiPr2Me2)Al]2 L71 readily available 

within our laboratory, and ones that have shown varying reactivity based on differences in 

supporting ligands (Figure 28), we focused on P4 activation. By comparison, we isolated 

different compounds with trans or cis geometries (Figure 33). 

 

Figure 33. Aluminum phosphides with different geometries obtained from P4 activation by L70 and L71.  
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Figure 34. Formation of tertiary phosphines from P4. 

In industry, the preparation of phosphine requires elevated temperature or high pressure. 

Here P4 products of dialumenes could act as P transfer reagents to synthesize various phosphines 

under mild conditions from P4
2- to P3- (Figure 34). 

As a conclusion, this thesis showed a systematic and detailed research on synthesis, 

characterization, and reactivity of multiply bonded aluminum compounds through experiments 

and calculations. New cyclic aluminum sulfides, dimeric aluminum selenides, a monomer with 

a discrete Al=Te double bond as well as P4 products of dialumenes will discover more bonding 

nature and offer new possibility on aluminum chemistry. 
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