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Zusammenfassung 
 

Die einzigartigen Eigenschaften von Borverbindungen machen sie für chemische 

Reaktionen und Anwendungen äußerst wertvoll und vielseitig. Während verschiedene 

zyklische und azyklische Organoborverbindungen ausgiebig untersucht wurden, sind 

die kleinsten neutralen oder geladenen diborhaltigen Heterozyklen noch nicht 

ausreichend erforscht, was wahrscheinlich auf ihre begrenzte Zugänglichkeit 

zurückzuführen ist. Um Untersuchungen an B2C-Heterozyklen zu erleichtern, befasst 

sich die vorliegende Arbeit mit einem geradlinigen Zugang zu nicht-klassischen 

Diboriranen und Diboriraniden durch Funktionalisierung einfacher Diborane(4). 

Während die erhaltenen Diboriranide als -donierende Liganden gegenüber 

verschiedenen Metallen fungieren, führen nicht-klassische Diborirane zu 

Übergangsmetall -Komplexen. Darüber hinaus wurde gezeigt, dass die erhaltenen 

Komplexe, die von nicht-klassischen Diboriranen abgeleitet sind, CO in 

Ringerweiterungsreaktionen in Abhängigkeit von der Art der verbrückenden Einheit 

BRB side-on oder end-on einbauen können. 

Wie schon bei den kleinsten B-B-haltigen Heterozyklen haben kleine geladene 

azyklische Diborverbindungen im Vergleich zum schnell wachsenden Bereich der 

neutralen Diboran-Anwendungen wenig Aufmerksamkeit erhalten. Obwohl das Motiv 

eines 2,3-Diboratabutadiens seit Jahrzehnten bekannt ist, hat die Wahl ungeeigneter 

Substituenten vermutlich die Bildung von Butadien Metallkomplexen mit interner B-B-

Bindung verhindert. In dieser Arbeit wurde gezeigt, dass ein neuartiges tetraaryliertes 

2,3-Diboratabutadien ein geeigneter Ligand für Metallocene der Gruppe 4 ist. 
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Abstract 
 

The unique properties of boron compounds make them extremely valuable and 

versatile in chemical reactions and applications. While various acyclic and cyclic 

organoboron compounds have been extensively studied, the smallest neutral and 

charged diboron-containing heterocycles remain underexplored, likely due to their 

limited accessibility. To facilitate investigations on B2C-heterocycles, this thesis deals 

with the straightforward access to non-classical diboriranes and diboriranides through 

functionalization of simple diboranes(4). While the obtained diboriranides act as -

donating ligands towards different metals, non-classical diboriranes give rise to 

transition metal -complexes. Furthermore, the obtained complexes derived from non-

classical diboriranes were shown to incorporate carbon monoxide in ring expansion 

reactions in side-on or end-on fashion depending on the nature of the bridging moiety 

BRB.  

As for the smallest B-B containing heterocycles, small charged acyclic diboron 

compounds have received little attention compared to the rapidly growing field of 

neutral diborane applications. Although the structural motif of a 2,3-diboratabutadiene 

has been known for decades, the choice of unsuitable substituents presumably 

precluded the formation of butadiene metal complexes with internal B-B bond. In this 

thesis a novel tetraarylated 2,3-diboratabutadiene was shown to be a suitable ligand 

for Group 4 metallocenes.  
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Preface 

 

Despite its early position in the Periodic Table (atomic number = 5), boron is not a 

product of stellar nuclear fusion, but is formed exclusively through fission of heavier 

nuclei by cosmic radiation,[1] and therefore constitutes only about 17 ppm by weight of 

the Earth's crust.[2] In nature, boron only occurs in bonded form in one of its many 

minerals such as colemanite, kernite, ulexite, or tincal. Almost the entire known 

deposits of these minerals, which are classified as strategic resources by the EU, are 

found in western hemisphere.[3] The isolation of elemental boron was first achieved in 

1808 by Gay-Lussac and Thenard through the heating of boron-containing minerals 

with potassium[4] and only nine days later by Davy through electrolysis,[5] although 

neither of them obtained the element in high purity.[6] The production of boron is, 

however, unnecessary for most applications, as the element is rarely used in elemental 

form, p-type doping of semiconductors being the best-known exception.[7] In contrast, 

the application of boron compounds is wide-spread, for instance as materials: boron 

oxide is added during glass fibre production to improve processing and a variety of 

properties.[8] In borosilicate glass, B2O3 reduces thermal expansion thus improving 

thermal resistance.[9] Metal borates have found applications as fire retardants[10] while 

metal borides are employed due to their extreme hardness.[11] Similarly, boron carbide 

and boron nitride are the hardest known materials next to diamond and accordingly 

are widely used as ceramics.[12] In addition, borax (sodium tetraborate) is popular as a 

detergent in households while perborates show good properties as a bleaching 

agent.[13] Along with the use as fertilizers,[14] these applications constitute about three 

quarters of the worldwide borate consumption.  

Due to their high specific energy of combustion compared to hydrocarbons, boranes 

were potentially attractive as jet and rocket fuels, which led to exponentially increasing 

research in molecular boron chemistry starting in the 1950s. Although the major 

breakthrough in the use of boranes as a fuel has not materialized as hoped for,[15] it 

has paved the way for numerous potential applications in various fields. In comparison 

to its heavier Group 13 homologues, boron shows more similarity to carbon and silicon 

and thus a pronounced tendency to form covalent bonds allowing for a rich molecular 

chemistry. For example, the hydroboration of olefins and the palladium-catalysed 

cross-coupling of boronic esters are crucial cornerstones of modern organic chemistry. 
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Both syntheses earned their discoverers H.C Brown and A. Suzuki the Nobel Prize in 

Chemistry,[16,17] underscoring their enormous importance.[18] Research in the field of 

dodecahedral carboranes has led to applications in the field of neutron capture therapy 

to combat certain types of cancer.[19] In addition, several boron-based drugs have 

recently been approved for clinical use due to their unique binding properties to 

biological targets, while numerous more are currently in clinical trials.[20] The inherent 

electron deficiency of boron is responsible for a high Lewis acidity, which results in an 

effective orbital interaction with -systems. With the formally vacant pz orbital at the 

boron center, and its sp2-hybridization, boranes inherently feature a trigonal-planar 

coordination geometry around the boron atom, predestining them for application in 2D 

molecules e.g. via BN isosters of arenes.[21] Incorporation of boron into carbon-based 

-systems leads to interaction between the vacant pz orbital and the -symmetric 

molecular orbitals of the conjugated system. This interaction drastically lowers the 

LUMO energies and thus improves the electron-acceptor properties.[22] As a result, 

numerous boron compounds have found applications in energy-related processes.[23] 

Because of their electronic structure, boron species (in particular low-valent) can 

exhibit properties usually associated with transition metals, while at the same time 

being less toxic, inexpensive, abundant and overall more environmentally benign.[24] 

These metallomimetic compounds have proven useful as catalysts[25] or for the 

activation of small molecules.[26] In addition, boron containing heterocycles can be used 

as ligands for transition metals.[27]  

 

Last but not least, the unique electronic structure of many boron species has been 

pivotal in the development of chemical bonding theories. The structure of 

diborane(6),[28] B2H6, remained a conundrum of valence bond theory: Linus Pauling 

upheld his conviction of an ethane-like connectivity for a long time.[29] The electronic 

structure of diborane(6) with its two bridging hydrogen atoms was correctly proposed 

by Longuet-Higgins and Bell at the beginning of the 20th century.[30] The thorough 

theoretical understanding of bonding in boranes earned William Lipscomb the Nobel 

Prize in Chemistry in 1976.[31] Almost half a century later, considerable theoretical and 

experimental efforts in molecular boron chemistry continue to be driven by academic 

curiosity, ultimately providing the fundamental base for the remarkable broadening of 

the application prospects of boron-containing molecules. 
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1 Introduction 

 

The propensity of boron containing compounds to form delocalized multicenter bonds 

results in boranes predominantly adopting deltahedral cluster structures. 

Consequently, electron-precise interactions in boron chains or cycles are energetically 

disfavoured, accounting for their lower incidence.[32] Recent decades, however, have 

seen great effort to compensate this shortfall. Diboranes(4), containing a classical two-

electron two center (2e2c) bond, are key to a rapidly evolving field in organic syntheses 

with vast application. For details, the interested reader is referred to pertinent review 

articles.[33] Promoting the structural diversity in the simplest boron chains (only one B-

B bond) is of high academic interest. Despite several investigations addressing the B-B 

bond, in particular charged derivatives have received rather sporadic attention.  

Due to their versatile electronic properties, boron-containing carbocycles have found 

substantial interest.[34] For instance, the use of tricoordinated boron in fused polycyclic 

aromatics is of particular interest with regards to the application in organic 

optoelectronic materials.[35] The potential of such systems to mimic transition metals 

has been demonstrated by several examples of small molecule activation. 

Furthermore, boron-containing heterocycles find more and more use as 

pharmaceutical reagents[36] and are particularly suitable as ligands for different 

metals.[37] In comparison to their all-carbon analogues, smaller boron-containing 

carbocycles (3-, 4-, and 5-membered) exhibit a higher propensity for strain-releasing 

ring-expansions. This is facilitated by substrates inserting into relatively weak 

endocyclic bonds, particularly in systems featuring homoatomic diboron bonds, where 

this tendency is further amplified. In comparison to the tremendous increase of 

research in boracycles in general, studies dealing with B-B bonded systems are 

scarce. 

 

The following literature review accordingly refers to recent areas of molecular boron 

research: Firstly, recent developments concerning the electron precise homoatomic 

diboron bond are addressed. Subsequently, previously reported smaller (three- to five-

membered) heterocycles containing a B-B bond and, if known, their reactivity will be 

discussed.  
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1.1 Acyclic diboron compounds 

1.1.1 Diboranes, Diborenes and Diborynes 

 

While the parent borane BH3 dimerises to diborane(6) via two three-center two-electron 

(3c2e) BHB bonds, diboranes(4) contain an electron-precise B-B bond. Boron’s 

homonuclear -bond dissociation enthalpy is in between that of carbon and silicon, 

both elements that are well known to form homoatomic bonds. The B-B bond is thus 

thermodynamically stable, albeit less so than many heteroatom-boron bonds (B–O, B–

N or B–C).[38] Due to their vacant p-orbitals, diboranes(4) are susceptible to be attacked 

by nucleophiles, which can, however, be mitigated thermodynamically by -donating 

substituents and/or kinetically by bulky groups. The first diborane(4), 

tetrachlorodiborane(4), was obtained as early as 1925 by A. Stock et al. under quite 

harsh conditions but was of limited use for synthetic chemistry due to its low stability.[39] 

Decades later, Brotherton et al. reported a synthetic pathway to the remarkable stable 

tetraaminodiborane(4) 2 (Scheme 1) tamed by the +M effect of the nitrogen atoms and 

its moderate steric bulk, giving access to diboranes(4) in large scale for the first time.[40] 

Bis(dimethylamino)chloroborane 1 gives tetrakis(dimethylamino)diborane(4) 2 in a 

Wurtz-like coupling using a suspension of molten sodium. Although it has so far not 

been unambiguously elucidated, the most likely mechanistic scenarios are either the 

combination of two boryl radicals or the nucleophilic attack of a boryl anion to 

chloroborane 1. These transient low-valent species can cause side reactions resulting 

in reduced yields and by-products. Despite considerable efforts to identify alternative 

access routes, this method remains the most common for the synthesis of diboranes(4) 

to date.[41] 

 

 

Scheme 1. Wurtz-like coupling of diaminochloroborane 1 to tetraaminodiborane(4) 2 and consecutive 

conversion to 1,2-dihalo-1,2-diaminodiboranes(4) 3 using HCl or BX3 (a: X = Cl; b: X = Br). 
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Since amino-substituted diboranes(4) are stabilized by considerable  backdonation 

from nitrogen to boron, the Lewis acidity is largely quenched. To address this issue, 

two amino groups of diborane(4) 2 can be converted to halo substituents with better 

leaving group characteristics using hydrochloric acid[42] or BX3 (X = Cl, Br)[43,44] to give 

1,2-halo-1,2-diaminodiborane(4) 3 (Scheme 1). In straightforward nucleophilic 

substitution reactions with RM (R = aryl, alkyl, allyl; M = Li, Na, MgCl) under salt 

elimination bis(dimethylamino)diboranes(4) 4 are obtained (Scheme 2).[42,44-53] 

Furthermore, diboranes(4) 4 can either be halogenated directly with BX3 (X = Cl, Br) 

to give dihalodiboranes(4) 6[46] or transformed into the alkoxy functionalized derivatives 

5.[54] 

 

 

Scheme 2. Addition of organometallic reagents RM (M = Li, Na, MgCl) to 1,2-dihalodiboranes(4) 3a,b 

to give diboranes(4) 4 (a: R = Bu;[42] b: = Mes;[44] c: R = Ph;[44] d: R = Flu = fluorenyl;[45] e: R = CCPh;[45] 

f: R = tBu;[46] g: R = indenyl;[47] h: R = ferrocene;[48] i: R = difluorenylmetallocene;[49] j: R = Tip = 

triisopropylphenyl;[50] k: R = Ant = anthracene[51]; l: R = allyl[52]; m: R = Cp = cyclopentadienyl[53]). 

Dihalodiborane(4) 6 (b: R = Mes, X = Cl; f: R = tBu, X = Cl; l: R = Mes, X = Br) is either obtained by 

addition of BX3
[46] or via 1,2-dimethoxydiborane(4) 5 (b: R = Mes).[54] 

 

Starting from 1,2-bis(aryl)-1,2-dichlorodiborane(4) 6, straightforward incorporation of 

the B-B moiety with retained vacant p-orbitals into more complex, otherwise elusive, 

systems is possible. Through these vacant p-orbitals the LUMO in diboranes(4), 

formally representing a bonding -orbital, is readily accessible. In 1981, Berndt and 

coworkers reported on the first one-electron-reduction of a neopentyldiborane(4) to a 

radical anion with formal -bond order of 0.5, verified by EPR spectroscopy.[55] The first 

dianionic B=B double bond was then reported a decade later by Power and 

coworkers.[56] B2Mes3Ph 7 was reduced using an excess of lithium powder in diethyl 

ether to obtain dianion 72− (formal -bond order of 1) that crystallises as a contact ion 

pair in diethyl ether (Scheme 3a). Formal addition of two electrons to diboranes(4) 
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accordingly renders them isoelectronic and isostructural to alkenes, fulfilling the 

favourable octet rule. The molecular structure of a diborane(4) radical monoanion in 

the solid state was reported by P. Power years after its first observation. 

Dimethoxydiborane(4) 8 shows a slight B-B bond contraction upon reduction to radical 

monoanion 8·− (Scheme 3b).[57] Due to increased Coulomb repulsion of the negative 

charges in diborataethene 72− the bond length (72−: 1.636 Å) is virtually the same as in 

8·− (1.636 Å) but shorter than the neutral diboranes(4) (7: 1.706 Å 8 1.724 Å). A 

significantly decreased B-B bond length (~1.55 Å) in dianionic diboranes(4) was 

reported by Nöth et al. shortly after the seminal discoveries by Berndt and Power. In a 

tetra(amino)diborane(4), the -electrons are strongly localized at the B-B bond, 

induced by the planarity of the B2N4 unit with pyramidalized nitrogen atoms precluding 

delocalization.[58]  

Recently, Wagner and Yamashita independently reported on the reactivity of 

diborataethenes as masked boryl anions[59] related to the Wanzlick equilibrium known 

between carbenes and alkenes.[60] These examples comprise one of the few reactivity 

reports for dianionic diboranes(4). 

 

 
Scheme 3. a) Two electron reduction of diborane(4) 7 to dianionic diborataethene 72− and b) single 

electron reduction of dimethoxydiborane(4) 8 to radical anion 8·−. 

 

Neutral compounds with homoatomic boron bonds of bond order higher than one have 

first been isolated by Robinson et al. in 2007.[61] Reduction of NHC stabilized 

tribromoborane 9 with potassium graphite resulted in the formation of diborene 10 

(Scheme 4a). The synthesis of the presumable intended species with B-B triple bond 

was not achieved via this pathway since hydride abstraction of the solvent prevented 

full reductive dehalogenation as seen by the formation of hydrides in diborene 10 and 

side product 11. Several years later, Braunschweig et al. succeeded in the isolation of 
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the first room temperature-stable diboryne 14 starting from NHC stabilized 

tetrabromodiborane(4) 12 (Scheme 4b) with a pre-established B-B bond.[62] Addition of 

four equivalents of sodium/naphthalene results in the formation of the neutral triple 

bond in 14, while addition of two equivalents gives diborene 13. The addition of 

diborane 12 to diboryne prompts a comproportionation to diborene 13 which in turn is 

transformed into the diboryne after adding two equivalents of sodium/naphthalene. The 

isolation of such a species was a long-awaited goal, preceded by several theoretical 

studies[63] and matrix isolated transient intermediates.[64] The small trans-bent angle of 

diboryne 14 compared to its heavier dianionic homologues (Al≡Al, Ga≡Ga), reported 

decades earlier,[65] supports the presence of a genuine triple bond rather than a 

significant triplet character.[66]  

 

 

Scheme 4. a) Reduction of IDip stabilized tribromoborane 9 to diborene 10 and diborane(4) 11. b) First 

reported preparation of room temperature-stable diboryne 14 starting from IDip stabilized 

tetrabromodiborane(4) 12. Addition of two equivalents NaNaph to 12 gives diborene 13 (IDip = 1,3-bis-

(2,6-diiso-propylphenyl)imidazol-2-ylidene). 

 

The ligand choice for diborynes is crucial since a more -acidic donor results in the 

formation of a cumulene like structure instead of the diboryne as reported by the same 
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group in subsequent works.[67] Neutral B-B multiple bonds have mainly found 

application in the activation of small molecules[24,68] and as ligands for transition 

metals.[69] A diborene platinum complex also reported by Braunschweig et al. in 2012 

marks the first complex in which the -backbonding from a transition metal to the B=B 

moiety actually strengthens the bond and is thus of particular interest.[70] Additionally, 

this complex constitutes the only fully characterised donor-free diborene to date. 

 

1.1.2 Diboratabutadienes  

 

Multiple bonds between boron and carbon atoms have been published decades earlier 

than their homonuclear diboron counterparts. In 1967, Arzoumanian reported on the 

first borataalkene with its anionic B=C double bond, isoelectronic to alkenes.[71] The 

first examples of so-called methyleneboranes with neutral B=C double bonds, 

isoelectronic to vinyl cations, followed shortly thereafter in a report by Berndt and 

coworkers.[72,73] While anionic borataalkynes with a certain triple bond character are 

known for decades[74] the according neutral boryne had only been reported very 

recently.[75]  

The preparation of anionic C=B double bonds is usually performed by deprotonation 

of -boryl carbon atoms, which are relatively acidic due to the stabilization of the lone 

pair of electrons of the corresponding base by the adjacent vacant p-orbital of 

boron.[73,76] In such polarized double bonds, the 2p-orbital of the more electronegative 

carbon has a higher contribution to the occupied molecular orbitals while boron’s 

corresponding orbital shows a higher contribution to the unoccupied molecular orbitals 

(Scheme 5a). Thus, a carbanionic ylide/ylene resonance structure (15/15’ in Scheme 

5b) can be assumed, which is supported by applications in bora-Wittig reactions.[77] 

The same property allows the application of borataalkenes as versatile ligands for 

transition metals providing an attractive alternative to the ubiquitous isoelectronic 

alkene complexes with their industrial relevance in catalysis.[78] As in case of the latter, 

the bonding situation in borataalkenes complexes can be rationalized with the Dewar-

Chatt-Duncanson model and its -complex/metallocyclopropane dichotomy.[79] While 

alkenes usually bind to metals in 2- fashion, borataalkenes can also bind in 1-B or 

1-C coordination modes depending on the nature of the transition metal.[80] This 
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flexibility in the coordination mode has led to the increased utilization of borataalkenes 

as ligands in recent years.[80] 

 

 

Scheme 5. a) Contribution of boron and carbon to occupied and unoccupied orbitals. b) Mesomeric 

structures of -borylanion 15’ (bora-ylide) and borataalkene 15 (bora-ylene).  

 

Butadienes as the simplest conjugated systems are of particular interest due to their 

versatile ligand properties as well as their relevance for catalysis.[81] The first dianionic 

butadiene with a central B-B bond was reported as early as 1990.[82] Methyleneborane 

16 is reduced with lithium powder in toluene, presumably via a single electron transfer 

(SET) mechanism, resulting in the formation of an intermediate mono-radical anion 

17·− (Scheme 6). Subsequent symmetrical radical dimerization yields 2,3-

diboratabutadiene 18a. The choice of substituents in this reaction proved crucial as, 

for instance, the use of duryl substituents results in dimerization under C-C bond 

formation at the sterically unprotected para-position of the aryl ring. Due to Coulomb 

repulsion of the anionic charges in diboratabutadiene 18a, the B-B bond is significantly 

stretched compared to neutral diboranes(4). The steric demand of the four silyl groups 

apparently prevented reactivity studies so far. 

 

 

Scheme 6. Synthesis of the first 2,3-diboratabutadiene 18a by Berndt and coworkers.  

 

A few years later, investigations by Nöth and coworkers showed that starting from a 

diborane(4), the diboratabutadiene is accessible in a more straightforward fashion due 

to an already established B-B bond.[83] 
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Scheme 7. Synthesis of dianionic diboratabutadiene 18b via deprotonation of diborane(4) 4d with 

NaNMe2 (Fl = Fluorenyl). Addition of main group halides (a: E = AsCl, b: E = PbMe2, c: E = SnMe2) 

results in the formation of five membered heterocycles 19.  

 

The addition of fluorenyllithium to readily available 1,2-bis(dimethylamino)-1,2-

dichlorodiborane(4) results in the incorporation of -boryl carbon centers with residual 

acidic hydrogen atoms to give 1,2-bis(fluorenyl)-1,2-bis(dimethylamino)diborane(4) 4d 

(Scheme 7). Subsequent double deprotonation  with sodium dimethylamide yields 

dianionic 2,3-diboratabutadiene 18b. In the same study, the first five-membered cyclic 

diboranes(4) 19 with main group motifs (AsCl, SnMe2 and PbMe2, Scheme 7) were 

obtained by treatment of 18b with the corresponding electrophiles. The 2e−-oxidation 

of diboratabutadiene 18b was shown to yield 1,2-diboretanes (vide infra). 

Diboratabutadiene 18c was synthesized in adaptation of Nöth’s protocol by Berndt and 

coworkers later on (Scheme 8).[84] The consecutive addition of B(OMe)3 and BCl3 to 

diboratabutadiene 18c resulted in triboracyclopentane 20 (Scheme 8). Reduction of 

this compound provided access to an anionic bishomo-derivative of a lithium 

triboriranide 21 with strong 3c2e bonds.[84] 

 

 

Scheme 8. Synthesis of anionic bishomo triboriranide 21 via triboracyclopentane 20 starting from 

diboratabutadiene 18c (R = SiMe3). 
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Similar results were obtained with a Group 14 electrophile: The addition of 

dichloromethylsilane results in the formation of the five-membered heterocycle 22 

under elimination of lithium chloride (Scheme 9).[85] The Si-H functionality is converted 

to Si-Cl using BCl3, which upon reduction with lithium powder in diethyl ether results in 

the formation of anionic system 23 containing strong homoaromatic interactions. 

Furthermore, hydrogen migration from the silicon atom in 22 to the B-B bond to give 

the neutral heterocycle 24, again with homoaromatic interaction, is induced by addition 

of tetrahydrofuran (Scheme 9).[86] 

 

 

Scheme 9. Synthesis of siladiboracyclopentane 22 from diboratabutadiene 18c. Consecutive 

chlorination and reduction yields anionic homoaromatic derivative 23 while addition of tetrahydrofuran 

(thf) results in irreversible H-migration into the BHB bridging position in neutral homoaromatic 

heterocycle 24. 

 

Transition metal borabutadiene complexes are so far only known without internal B-B 

bond.[87] Although 2,3-diboratabutadienes have been known for decades, reactivity 

studies are limited to main group electrophiles.  
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1.2 Boron-containing heterocycles 

1.2.1  Five- and four-membered rings containing a B-B bond 

 

Five-membered rings with endocyclic B-B bond are relatively rare and can be grouped 

in three classes according to the presence or absence of further heteroatoms: (1) 

without additional endocyclic heteroatoms, (2) with s- and p-block heteroatoms, and 

(3) with endocyclic transition metal centers. In the following, selected examples for 

each class will be provided:  

(1) The class of 1,2-diborolanes (1,2-diboracyclopentanes) has been introduced in 

1990 by Herberich.[88] Diborolane 25a (Scheme 10) was prepared by reductive 

cyclization of an open-chained 1,3-bis(chloroboryl)propane. The Berndt group 

employed a different approach starting from a 1-allyl-2-chlorodiborane(4): Reduction 

of an allyldiborane(4) with lithium powder in thf affords 1,2-diborolanide 26 (Scheme 

10).[89] The Braunschweig group recently synthesized 1,2-diborolane 27 by thermally 

induced intramolecular C-H activation of a 1,2-(dianthracene)diborene.[90]  

 

 

Scheme 10. Recently reported 1,2-diborolane species by Herberich 25a, Berndt 26 and Braunschweig 

27 (An = Anthracene). 

 

1,2-Diborolanes mostly react via insertion of small molecules or nucleophiles in the B-

B bond. For instance, Siebert reported on the carbon monoxide and isonitrile insertion 

into the B-B bond of 1,2-diborolanes (Scheme 11).[91] The addition of xylyl isonitrile to 

1,2-diborolane 28 results in the formation of 1,3-diboracyclohexene 29. The addition of 

water induces a rearrangement to five-membered boryl-boracyclopentene 30. 

Similarly, the addition of carbon monoxide to 1,2-diborolane 28 was speculated to 

result in the formation of the albeit undetected insertion product 31. Dimerization of the 
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proposed transient diboracyclohexene 31 was invoked to explain the formation of 

spirocyclic boracyclopentene dimer 32.  

 

 

Scheme 11. a) Addition of XylNC to diborolane 28 to give six-membered 29. Addition of water results 

in boryl-boracyclopentene 30. b) Treatment of diborolane 28 with CO results in the insertion into the B-

B bond to presumably give transient 31 and subsequent dimerization product 32. 

 

Berndt et al. employed the reductive dimerization of a 1,2- diborolane for the formation 

of a central four-membered aromatic ring with planar-tetracoordinate boron atoms and 

very short B-B distances.[92] Further synthetic applications have been reported by the 

Berndt[93] and Braunschweig group.[90] Recently, 1,2-diborolanes attracted renewed 

interest as pharmacologically active ingredients.[94] 

 

(2) Five-membered 1,2-diboraheterocycles with p-block elements exist in several 

combinations, but N-heterocycles are the most prevalent. For instance, 1,4-diaza-2,3-

diboroles are isoelectronic to cyclopentadienide: two C-C double bonds are formally 

replaced by BN units. Kong et al. recently reported on the synthesis of the five-

membered heterocycle 33 by addition of dicyclohexylcarbodiimide to a 1,2-

dichlorodiborane(4) followed by reduction.[95] In the same work diazadiborole 33 was 

used as a synthon for different boracycles (Scheme 12). With the same B2N2C scaffold, 

Braunschweig reported on several isolable cyclic radicals 34· in 2018.[96] Already a 

decade earlier, Roesler reported stable crystalline N-heterocyclic carbene 35 with a B-
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B bond in the backbone showing better -donating abilities than Arduengo-type 

carbenes.[97]  

 

 

Scheme 12. Selected examples of 1,4-diaza-2,3-diborolane species by Kong 33, Braunschweig 34· (a: 

R = Ph; b: R = NiPr2) and Roesler 35 (Cy = cyclohexyl, Mes = Mesityl, IDip = 1,3-diisopropyl-4,5-

dimethylimidazol-2-ylidene, Dip = Diisopropylphenyl). 

 

The corresponding phosphorus analogue, a 1,4-diphospha-2,3-diborolane was 

reported by Braunschweig as a cyclic diborene stabilized by coordination of 

bis(diphenylphosphino)methane.[98] Moreover, several 1,2-diborolane motifs bearing 

three Group 15 heteroatoms have been reported in recent years.[99]  

1,2,3-Triborolanes had only been known as metallocarborane derivatives[100] until 

Meller and coworkers reported a genuine example in the early 1990s using -donating 

amino substituents as a stabilizing factor.[101] Since small molecules with several 

neighbouring boron atoms tend to form polyhedral clusters rather than electron precise 

molecules, the triborolane motif without donating ligands was only applied in the 

coordination sphere of transition metals.[102] Their reactivity behaviour remains mostly 

undiscovered. In contrast, the 1,2,4-triborolanes, synthesized by Berndt et al. were 

used to generate bishomoaromatic species (see Chapter 1.1.2).[84,103] 1,2,4,-

triborolanes containing additional endocyclic heteroatoms have been reported by 

several groups.[104] While five-membered rings containing four or five boron atoms are 

predominantly known as submotifs of carborane clusters, an exception was reported 

by Braunschweig and co-workers very recently.[105] 

Further examples with different heteroelements of the s- and p-block of the periodic 

table include Li, Na, K, Cs, Mg, Ca, Ba,[106] O[107], S[108], As[83], Si[85,86], Sn[83], Pb[83] as 

ring members. 

(3) Diboracycles with endocyclically incorporated transition metals often include 

additional Group 15 or 16 elements as ligation sites: Metalloheterocycles of type 36 

were prepared by the addition of a 1,2-diamide-1,2-diborane(4) to Group 4 metal 
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halides (Scheme 13).[109] An example with oxygen as heteroelement donor was 

recently reported by Mashima and Tsurugi.[110] They made use of the lone pairs of 

electrons in bis(neopentylglycolato)diborane(4) as a bidentate ligand 37 for several 

transition metal halides. The heavier homologue, with sulfur had already been 

established decades earlier by the Nöth group using Li2S2Fe2(CO)6 as a precursor:[111] 

Addition of the metallodisulfide to 1,2-bis(dimethylamino)-1,2-dichlorodiborane(4) 

results in diborairon-biscyclopentane 38 (Scheme 13). 

 

 

Scheme 13. Selected examples of metal-containing 1,2-diboracyclopentanes 36 (a: M = Ti, L = Cl, n 

=2; b: M = Ti, L = Me, n = 2; c: M = Zr, L = benzyl, n = 2; Dip = diisopropylphenyl), 37 (a: M = Nb;  

b: M = Mo; c: M = Zr; d: M = Ta; e: M = Ti, L = Cl, n = 4) and 38 (L = CO, n = 3). 

 

Five-membered, transition metal containing diboracycles without additional 

heteroelements are not known as of today.  

 

The four-membered rings containing a B-B bond can similarly be grouped in two 

different classes depending on the presence of further heteroatoms: (1) without 

additional heteroatoms or (2) with additional p-block heteroelements. 

(1) Fully saturated four-membered heterocycles including a B-B bond are known since 

the early 1990s.[112] An unsaturated derivative, however, had already been reported in 

1981 by van der Kerk et al., namely a dihydrodiborete, which constitutes a formally 2-

aromatic non-Kékulé species:[113] Reduction of a 1,2-bis(bromoboryl)ethylene plausibly 

resulted in the formation of a transient 1,2-dihydro-1,2-diborete that rapidly rearranges 

to the puckered, thermodynamically favoured 1,3-isomer. The findings were confirmed 

shortly afterwards in related work by the Siebert group.[114]  One year later, they even 

reported on the first isolation of a room temperature stable 1,2-dihydro-1,2-diborete 

using bulky diisopropylamino substituents at the boron centers for kinetic and 

electronic stabilization.[115] While this persistent 1,2-dihydrodiborete still rearranges at 
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elevated temperatures, Kaufmann disclosed the first thermally stable derivative by 

preventing the isomerization through annulation with a benzene ring in the 

backbone.[116] The addition of sodium/potassium alloy to ortho-

bis(bromoboryl)benzene 39 gave stable 1,2-dihydro-1,2-diborete 40 (Scheme 14a). 

Attempts towards a 1,2-diborete, a formally 4-antiaromatic cycle, were also preceded 

by reports on the rearrangement to the energetically favoured 1,3-isomer[117, 68b] until 

the Braunschweig group prepared a cAAC-stabilized derivative with a similar 

benzannulated structure: Reduction of ortho-bis(dibromoboryl)naphthalene 41 with 

lithium powder in diethyl ether gave 1,2-diborete 42 (Scheme 14b).[118] The cAAC 

ligands' strong σ-donating and -accepting properties play a crucial role in stabilizing 

the inherently 4-antiaromatic C2B2 ring by delocalizing electron density towards the 

periphery in the biradicaloid structure of 42. 

 

 

Scheme 14. a) Synthesis of benzannulated 1,2-dihydro-1,2-diborete 40 starting from ortho-

bis(bromoboryl)benzene 39 using sodium/potassium alloy. b) Reduction of ortho-

bis(dibromoboryl)naphthalene 41 with lithium powder results in cAAC-stabilized 1,2-diborete 42  

(cAAC = 1-(2,6-diisopropylphenyl)-3,3,5,5-tetramethylpyrrolidin-2-ylidene). 

 

The 1,2-dihydro-1,2-diborete, for instance, reacts with iron pentacarbonyl under 

photolytically induced B-B bond cleavage to a 1,4-diborabutadiene complex in the 

coordination sphere of a Fe(CO)3 piano stool fragment.[87e] The 1,2-diborete can mimic 

a bis(borylene) to form adducts with CO making use of the reactive B-B bond.[118] 

Additionally, carbon monoxide can be inserted end-on into the B-B bond to generate a 

bisborylketone as very recently elaborated by Braunschweig and coworkers.[119]  

 

(2) Only a few examples of 1,2-diboretes with endocyclic heteroatoms other than boron 

exist. A 1,2-diborete containing just one additional heteroatom was recently reported 
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by Braunschweig: The addition of dilithio diazabutadiene to a 1,2-dichlorodiborane 

results in the formation of azadiboretidine 43 (Scheme 15).[120] The structural motif had 

already been proposed three decades earlier by Meller et al. although without 

unambiguous evidence.[121] In 2001, the Nöth group reported the formation of an 

azatriborete 44 by adding Me3SnLi to a 1,3-dibromo-triborane(5), a rare example of an 

electron-precise four-membered ring with three boron atoms and a heteroatom.[122] In 

1992, Paetzold introduced the 1,2-diaza-3,4-diboretidine 45, isoelectronic to 

cyclobutadiene and 1,2-diborete.[123] Two years later, Nöth reported on the first 

example of the heavier homologue 46, a 1,2-diphospha-3,4-diboretane (Scheme 

15).[104] 

 

 

Scheme 15. Selected four-membered diboraheterocycles: azadiboretidine 43, azatriborete 44, 1,2-

diaza-3,4-diazadiboretidine 45 and its heavier homologue 1,2-diphospha-3,4-diazadiboretidine 46. 

 

Four-membered heterocycles with at least three boron ring members exhibit a 

pronounced tendency to engage in non-classical bonding as elaborated in a recent 

review by Himmel.[124]  

 

 

Scheme 16. Four different charged tetraborane rings. Neutral 47, monoradical anion 48·−, dianion 492− 

and monoradical cation 50·+ (R = NCy2, Cy = cyclohexyl). 

 

A rare exception was reported by Braunschweig with a tetraborane ring[125] that can 

exist in four different charge states.[126] Addition of one or two equivalents of potassium 
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to tetraborane 47 results in monoradical anionic species 48·− or the dianionic ring 492−. 

The one electron oxidation with a silver salt furnishes the monoradical cationic 

tetraborane 50·+ (Scheme 16). 

 

1.2.2 Three-membered rings containing a B-B bond 

 

Borirenes have recently experienced a resurgence through the facile access by [1+2] 

cycloaddition of borylenes to alkynes.[127] They have thus been the subject of several 

reactivity studies in recent years,[127] including some investigations on their 

coordination behaviour towards transition metals.[128] In contrast, three-membered ring 

systems with endocyclic B-B bonds have received much less attention.  

 

1.2.2.1 Diboriranes 

 

While an undistorted sp3 hybridized carbon center shows a tetrahedral coordination 

environment with bond angles of about 109.5°, three-membered rings allow for a 

maximum sum of inner angles of 180°. On average, inner angles are therefore 

considerably more acute leading to the well-known “banana” bonds with pronounced 

p-orbital contributions as well as considerable ring strain.[129] This effect is even more 

severe in case of donor-free bora substitution because of the sp2-hybridization at boron 

with its 120° bond angles. In addition to its Lewis acidity, this deviation is a key factor 

contributing to the intrinsic instability of classical diboriranes.  

 

 

Scheme 17. Classical diborirane 51 and global minimum: non-classical diborirane 51’. 

 

The electronically unfavourable arrangement is thus settled by the formation of a BHB 

bridge (3c2e bond) and a cyclic 2 electron system resulting in non-classical structure 

51’. The BHB bridge and the ring carbon in 51’ arrange in one plane, so the geometry 

contradicts the van´t Hoff/Le Bel rule (tetracoordinated main group atoms reside in 
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tetrahedral geometry).[130] Quantum chemical calculations by Jemmis et al. suggest 

that the parent non-classical diborirane 51’ is 50.8 kcal mol−1 lower in energy than its 

classical counterpart 51 (Scheme 17).[131] Accordingly, to date only Liu’s donor-

stabilized diborirane 52[132] and Wagner’s dianionic diborirane “ate” complex 53[133] are 

known as examples approximating classical diboriranes (Scheme 18). The B-B bond 

in 53 is generated by adding electrons in between two three-coordinated boron atoms 

in neutral bis(boryl) precursor.  

 

 

Scheme 18. Previously reported NHC stabilized diborirane 52 and dianionic diborirane 53 (IDip = 1,3-

diisopropyl-4,5-dimethylimidazol-2-ylidene). 

 

The few synthetic pathways towards non-classical diboriranes have been developed 

by the Berndt group. They suffer, however, from low selectivity, moderate yields and/or 

scope. The first access towards a non-classical diborirane was reported in 1985: The 

1,1-diboration of bis(trimethylsilyl)acetylene with diborane(4) 6f gives bis(boryl)alkene 

54a with tBu-groups at the boron atoms which serves as direct precursor for reductive 

ring closure (Scheme 19).[134]  

 

 

Scheme 19. Synthesis of non-classical diborirane 55a from reduction of 1,1-bis(chloroboryl)alkene 54a 

by four equivalents of K/Na alloy, starting from 1,2-dichlorodiborane(4) 6f. 

 

After reduction with sodium/potassium alloy in tetrahydrofuran and consecutive 

protonation with hydrochloric acid, the non-classical diborirane 55a was indeed 
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obtained.[135] One problem that arises is the apparently limited scope of the reaction 

since the choice of other substituents and/or reducing agents leads to other products, 

as was shown several years later by Berndt and coworkers. 

 

 

Scheme 20. Synthesis of non-classical diborirane 55b by reaction of borylborirane 57 with Bu3SnH and 

a subsequent rearrangement. Borirane 57 was obtained via protonation of boranediylborirane 56a 

starting from reduction of bis(boryl)alkene 54b with magnesium (Dur = 2,3,5,6-tetramethylphenyl). 

 

For instance, reduction of bis(boryl)alkene 54b with duryl groups at the boron center 

with magnesium results in boranediylborirane 56a containing a 3c2e bond, which can 

be regarded as a homo-bridged diborirane (Scheme 20).[136]  

 

 

Scheme 21. Synthesis of non-classical diborirane 55c by thermal conversion of non-classical 

diboretane 58 starting from boranediylborirane 56a (Dur = 2,3,5,6-tetramethylphenyl). 
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In order to still address a non-classical diborirane, Berndt and co-workers resorted to 

further manipulations: The addition of hydrochloric acid to 56a gives borylborirane 

57[137] (Scheme 20) which is subsequently converted to non-classical diborirane 55b 

by Cl-H exchange through addition of Bu3SnH.[138] 

In addition to the lengthy synthetic pathway and the poor overall yields, a non-classical 

1,2-diboretane is obtained as side product. Boranediylborirane 56a is systematically 

converted to non-classical 1,2-diboretane 58 using diethylborane. Thermal conversion 

results in non-classical diborirane 55c with pending boryl group (Scheme 21).[139] 

Unlike the magnesium reduction, treatment of duryl-substituted bis(boryl)alkene 54b 

with an excess of lithium powder in diethyl ether and consecutive protonation with 

hydrochloric acid gives borylborataalkyne 59 (Scheme 22).[73,74b] Dimethylchlorosilane 

is nucleophilically attacked by the anionic carbon center of borylborataalkyne 59 under 

LiCl elimination. The Si-bonded hydrogen initially migrates to a boron center while one 

of the duryl groups migrates in turn to silicon yielding non-classical diborirane 55d.[139] 

 

 

Scheme 22. Synthesis of non-classical diborirane 55d via the addition of dimethylchlorosilane to 
borylborataalkyne 59, starting from reduction and subsequent protonation of 1,1-bis(chloroboryl)alkene 

54b (Dur = 2,3,5,6-tetramethylphenyl). 

 

In more recent work, Berndt and coworkers serendipitously isolated non-classical 

diborirane 55e from the product mixture of thermal decomposition of 

diboracyclopentane 25b (see Chapter 1.2).[93] Starting from a diborane(4), however, it 

takes six steps to obtain the diborirane 55e in poor yields (Scheme 23). 
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Scheme 23. Thermal decomposition of diboracyclopentane 25b to give non-classical diborirane 55e 

amongst other products (R = SiMe3, R’ = Dur = 2,3,5,6-tetramethylphenyl). 

 

One reported example of non-classical diborirane reactivity is the addition of elemental 

iodine to diborirane 55b, which leads to a ring opening reaction to afford 

bis(iodoboryl)ethane 60 (Scheme 24).[136] Notably, 55b is regenerated by reduction of 

60 with sodium/potassium alloy. 

 

 

Scheme 24. Synthesis of bis(iodo)borane 60 by addition of elemental iodine to non-classical diborirane 

55b. Reduction of 60 with K/Na again gives non-classical diborirane 55b. 

 

Otherwise, the reactivity on non-classical diboriranes remains unexplored, e.g. the 

reactivity behaviour of the BHB bridge, the complexation of the -system or the 

reactivity towards main group nucleophiles. 
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1.2.2.2 Diboriranides 

 

Aromaticity is one of the most fundamental concepts in organic and inorganic 

chemistry. In 1865, Kekulé proposed the nowadays well-known structure of 

benzene,[140] while decades later, Hückel and Pauling shed light on the phenomenon 

from a theoretical perspective introducing the 4n+2 counting rule and resonance 

stabilization respectively.[141]  

The formal substitution of ring carbon atoms by heteroelements has been extensively 

studied and continues to tremendously increase the structural diversity of aromatic 

systems. Incorporation of boron is of particular interest due to the interaction of the -

system with the vacant p-orbital at boron leading to a significant decrease of the LUMO 

energies and thus the electron accepting properties.[23] Cyclopropenium cation 61 is 

the smallest hydrocarbon that complies with Hückel's rules for aromaticity. Due to its 

ring strain and the delocalized -system, the molecule has been exploited as a C3 

building block and as a ligand for transition metals in several coordination modes.[142]  

 

 

Scheme 25. Cyclopropenium cation 61 and isoelectronic diboriranide 62. 

 

Anionic diboriranides 62 are isoelectronic to cyclopropenium cations 61, formally 

replacing a C-C bond with a B-B bond and adding two electrons (Scheme 25) and 

therefore comprise the lightest conceivable monoanionic aromatic system. As with 

non-classical diboriranes, only little is known about the reactivity of diboriranides 62, in 

stark contrast to their all-carbon congener 61. A few synthetic pathways towards 

diboriranides have been developed by the group of Berndt decades ago.[135,136,143]  

The first synthesis was reported in 1985 starting from 1,1-bis(chloroboryl)alkene 54a. 

Addition of four equivalents of sodium/potassium alloy in thf gives diboriranide dianion 

63 (Scheme 26). Single protonation with tert-butyl-trimethylsilylamine as weak 

Brønstedt acid results in monoanionic diboriranide 64a. As discussed in Section 

1.2.2.1, further protonation of this diboriranide does not result in the formation of a 
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classical diborirane but yields the energetically more favourable non-classical 

diborirane 55a (Scheme 19).[134] An alternative route with improved yield was 

developed some years later: Starting once more from bis(chloroboryl)alkene 54a, the 

boranediylborirane 56b is obtained by addition of one equivalent of magnesium 

turnings in thf under sonication.  

 

 
Scheme 26. Synthesis of diboriranide 64a via two different reduction pathways starting from 

bis(chloroboryl)alkene 54a. Excess of lithium powder in Et2O gives dianionic 63 while an equimolar 

amount of magnesium in thf results in boranediylborirane 56b (R = SiMe3, R’ = tBu = tert-butyl). 

 

Diboriranide 64a is obtained after reduction of boranediylborirane 56b with lithium 

powder in diethyl ether in 90% yield (Scheme 26). Further work by Berndt shows that 

the diboriranide 64b can also be obtained from non-classical diborirane 55d by 

reduction with excess lithium powder in diethyl ether under liberation of lithium hydride 

(Scheme 27).[143] The same reactivity was reported earlier for a homoaromatic 

derivative of a non-classical diborirane.[144]  

 

 

Scheme 27. Synthesis of 1,2-diboriranide 64b by reacting non-classical diborirane 55d with lithium 

under elimination of LiH. 
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As stated above, the general reactivity of diboriranides is severely underexplored being 

limited to protonation and the reactions with a few main group electrophiles.  

For example, diboriranide 64b reacts with Et2AlCl at −60°C in hexane to the 

diethylaluminium-bridged diborirane 65a (Scheme 28). The aluminium atoms reside in 

the ring plane while some degree of BCB 3c2e bonding is retained. A similar result has 

been observed for PhBF2 according to multinuclear NMR spectroscopy, in the absence 

of a single crystal x-ray diffraction study.[143] Addition of PhBF2 to diboriranide 64c also 

results in boryl bridged diborirane 65b. 

 

 

Scheme 28. Synthesis of E bridged diborirane 65a,b (a: R’ = Dur = 2,3,5,6-tetramethylphenyl, R = 

SiMe3, E = Al, X = Et, Y = Cl; b: R’ = Mes = 2,4,6-trimethylphenyl, R = SiMe3, E = B, X = F, Y = 3,5-di-

tert-butylphenyl) from diboriranide 64b,c (b: R’ = Dur, R = SiMe3; c: R’ = Mes, R = SiMe3). 

 

In contrast, addition of dichlorophenylborane to diboriranide 64b does not appear to 

react via the B-B -bridge but via the formal anionic ring carbon. Formation of transient 

classical boryldiborirane 66 was speculated, which presumably rearranges to the 

energetically more favourable 1,3-diboraindane 67 under migration of the chloro 

substituent from boron to silicon (Scheme 29).[143] 

 

 

Scheme 29. Synthesis of 1,3-diboraindane 67 via transient classical boryl-diborirane 66 starting from 

diboriranide 64b by adding PhBCl2 (R’ = Mes = 2,4,6-trimethylphenyl, R = SiMe3). 

 

Ten years later, Siebert and Berndt et al. isolated the first examples of Group 15 

element-bridged diboriranes.[145] Addition of Ph2ECl (E = P, As) gives mesoionic 

phosphoniumdiboretanide 68a and arsoniumdiboretanide 68b (Scheme 30). 
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Consecutive reduction of phosphoniumdiboretanide 68a with lithium in diethyl ether 

yields phosphadiboretanide 69 under liberation of phenyllithium. 

 

 

Scheme 30. Synthesis of phosphoniumdiboretanide 68a and arsoniumdiboretanide 68b from 

diboriranide 64a after addition of Ph2ECl (a: E= P; b: E = As) and consecutive reduction of 68a to 

phosphadiboretanide 69 (R = SiMe3). 

 

The discussed reactivity of diboriranides indicates the tendency to react as a 

nucleophile via its B-B -bridge (despite one counterexample), while a certain -

interaction is retained in the BCB backbone. 

 

1.2.2.3 Triboriranes 

 

Three membered triboracycles had only been known as homoderivatives[146] for a long 

time until Braunschweig et al. reported the lithium salt of a triborirandiide 70 in 2015.[147] 

A neutral B3 ring 71 was reported some years later by Yamamoto albeit with only weak 

-interactions between two of the boron atoms.[148]  

 

 

Scheme 31. Recently reported three membered triboracycles: triborirandiide 70, neutral 

triboracyclopropane 71 and trianionic 72. 
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A cyclic triborane only comprised of -bonds 72, which exclusively reacts under B-B 

bond cleavage, was recently reported by Kinjo and coworkers (Scheme 31).[149] 

 

1.2.2.4 Heteroatom derivatives of three-membered 1,2-diboracycles 

 

Three membered rings with B-B bond and a third endocyclic atom besides boron or 

carbon are also known. While heavier Group 13 atoms in an electron-precise B2X cyclic 

scaffold are not known, a B2Si ring was recently reported by Mo as silylene stabilized 

siladiborirene 73 (Scheme 32).[150] Azadiboriridines 74, isoelectronic to diboriranides, 

are known since several decades. Accordingly, several derivatives and reactivity 

studies have been reported over the years.[151] Expectedly, B2N heterocycle mostly 

react under ring-strain releasing B-B bond cleavage.[152]  In contrast, the B2P rings have 

only recently been reported.[153] Similarly, while diboroxiranes 75a have been 

described in 1992 by Paetzold,[154] their heavier homologues 75b-d have only been 

obtained recently by Braunschweig by addition of the element to B-B multiple 

bonds.[155] Finally, Braunschweig reported on halogen-bridged diboranes(4) 76a-c.[156] 

 

 

Scheme 32. Siladiborirene 73, azadiboriridines 74, chalcogen containing three membered rings B2Ch 

75 (a: Ch = O; b: Ch = S; c: Ch = Se; d: Ch = Te) and halide bridged diborane(4) 76 (a: X = Cl; b: X = 

Br; c: X = I; L = PMe3).
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2 Aims and Scope 

 

Despite the huge variety of potential functionalities (Scheme 33), investigations on the 

reactivity of the smallest diboracycles are scarce. Since organometallic transition metal 

complexes are of immense interest for organic and inorganic synthesis, for instance 

as homogenous catalysts, the implementation of such heterocycles as ligands via the 

available -system would be desirable. Intriguing reactivities can be expected from 

other functional groups in the system: While the borane in resonance structure I’ may 

allow for hydroboration of various double and triple bonds, the Lewis acidic 

methyleneborane could be susceptible either to nucleophilic attack or to cycloadditions 

(Scheme 33). In addition, diboriranide II, that should be accessible from the non-

classical diborirane I by reductive hydride elimination, could also act as a versatile 

ligand for transition metals either by coordination of the -bridge or by its -system. In 

combination with the inherent ring strain of these systems, a versatile reactivity is to 

be expected. 

 

 

Scheme 33. Synthesis of diboriranide II from non-classical diborirane I (resonance structure I’) with both 

heterocycles comprising several potential functionalities. 

 

The paucity of research on these systems is likely due to two key challenges: the 

complex substitution patterns found in all known examples and the difficulty of 

accessing them, which typically involves multi-step processes with low yields and 

limited general applicability. For example, the absence of aromatic substituents at the 

ring carbon atom restricts the exploration of the unique electronic properties in 

expanded conjugated systems. Accordingly, the central focus of this thesis is to 

develop a straightforward synthesis of perarylated non-classical diboriranes and 

anionic diboriranides and the examination of their reactivity towards small molecules 
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and transition metals, following recent investigations in the Scheschkewitz group 

(Scheme 34). 

 

Scheme 34. Synthesis of non-classical diborirane V from diborane(4) III via deprotonation of asymmetric 

diborane(4) IV (Ar = Aryl, X = halide, M = Group 1 or 2 metal). 

 

The initial sequence consists of three steps starting from a 1,2-dihalodiborane(4) III to 

result in an asymmetric diborane(4) IV with -boryl C-Hs at one boron and a suitable 

leaving group at the pending boron atom. Deprotonation of the -boryl carbon atom 

should result in the formation of non-classical diborirane V. The synthesis may depend 

on the choice of suitable reagents. A high-yielding protocol would facilitate 

investigations of the diborirane and the corresponding diboriranide – by extension 

based on the synthesis reported by the Berndt group.[144] 

 

 

Scheme 35. Synthesis of diboratabutadiene VI from 1,2-dihalodiborane(4) III and consecutive formation 

of metal complexes VII (Ar = Aryl, X = halide, M = Group 1 or 2 metal, M’ = transition metals). 

 

Olefin metal complexes have been a cornerstone of organometallic chemistry research 

for nearly two centuries, with butadienes being of particular interest as the simplest 

conjugated -ligands, featuring two C=C double bonds. Recently, bora-substituted 

neutral and anionic alkene homologues have emerged as a promising alternative class 

of ligands with distinct applications.[80] Although dianionic 2,3-diboratabutadienes with 

central B-B bonds have been reported decades ago, transition metal complexes of 

bora-substituted butadienes have so far only been explored with terminal boron 

centers (see Chapter 1.1.2).[87] The potential for a residual internal B-B bond to unlock 

new synthetic pathways makes the concept of a 2,3-diboratabutadiene transition metal 
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complex highly appealing. Previous attempts to synthesize such a complex may have 

failed due to unsuitable choices of substituent, as the steric bulk of SiMe₃ groups at 

the anionic carbon centers in 18c (Scheme 8, Section 1.2.1) likely promoted electron 

and proton transfer over nucleophilic substitutions at bulky transition metal centers. We 

hypothesized that replacing silyl groups with less sterically demanding phenyl 

substituents, like the approach used for diborirane V, could overcome these 

challenges. Accordingly, the second focus of this work was the synthesis of the 

corresponding diboratabutadiene VI and the examination of its reactivity towards 

transition metals in anticipation of metal complexes VII (Scheme 35). Moreover, its 

reactivity, especially with respect to the retained B-B bond, was to be investigated. 
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3 Results 

3.1 Diboriranide σ-Complexes of d- and p-Block Metals 

 

P. Grewelinger, T. Wiesmeier, C. Präsang, B. Morgenstern, D. Scheschkewitz, Angew. 

Chem. Int. Ed. 2023, 62, e202308678. https://doi.org/10.1002/anie.202308678; 

Angew. Chem. 2023, 135, e202308678. https://doi.org/10.1002/ange.202308678 

 

This article has been published by Wiley-VCH Verlag GmbH & Co. KGaA as an “Open 

Access” Article and is licensed under a “Creative Commons Attribution-

NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND-4.0)” License 

(https://creativecommons.org/licenses/by-nc-nd/4.0/). 

 

The article is reproduced with permission of Wiley-VCH Verlag GmbH & Co. KGaA and 

all authors. No modifications were made. The results are additionally concluded and 

put into context in Chapter 4. 

 

Author Contributions: 

Philipp Frank Grewelinger (Conceptualization: Equal (DS); Data curation: Lead; 

Formal analysis: Lead; Investigation: Lead; Writing – original draft: Lead) 

Tim Wiesmeier (Data curation: Supporting, Formal analysis: Supporting, Investigation: 

Supporting) 

Carsten Präsang (Conceptualization: Supporting; Data curation: Supporting; Formal 

analysis: Supporting; Investigation: Supporting; Writing – original draft: Supporting) 

Bernd Morgenstern (Data curation: Lead; Formal analysis: Supporting; Methodology: 

Supporting; Visualization: Supporting) 

David Scheschkewitz (Conceptualization: Lead; Formal analysis: Supporting; Funding 

acquisition: Lead; Investigation: Supporting; Methodology: Supporting; Project 

administration: Lead; Resources: Lead; Supervision: Lead; Writing – review & editing: 

Lead)  

https://doi.org/10.1002/anie.202308678
https://doi.org/10.1002/ange.202308678
https://creativecommons.org/licenses/by-nc-nd/4.0/


Main Group Chemistry

Diboriranide σ-Complexes of d- and p-Block Metals
Philipp Grewelinger, Tim Wiesmeier, Carsten Präsang, Bernd Morgenstern, and
David Scheschkewitz*

Abstract: Diboriranides are the smallest conceivable
monoanionic aromatic cycles, yet only limited examples
have been reported and their reactivity and complex-
ation behavior remain completely unexplored. We
report a straightforward synthesis of the first peraryl
diboriranide c-(DurB)2CPh

� as its lithium salt in three
steps via the corresponding non-classical diborirane
from a readily available 1,2-dichlorodiborane(4) (Dur=
2,3,5,6-tetramethylphenyl). With the preparation and
complete characterization of representative complexes
with tin, copper, gold and zinc, we demonstrate the
strong preference of the diboriranide for σ-type coordi-
nation modes towards main group and transition metal
centers under unperturbed retention of the three-
membered B2C-ring’s 2e

� π-system.

Introduction

The coordination chemistry of aromatic species such as
benzene,[1] cyclopentadienide anions[2] and tropylium cations[3]

is dominated by the dative bonding of the π-system to
electron-deficient acceptors from the p- and the d-block of
the periodic table. The isoelectronic replacement of carbon
atoms of the ring systems by one or two boron atoms led to
various examples of borole dianions,[4] boratabenzenes[5] and
diboratabenzenes[6] as well as the seven-membered
borepins.[7] While monoanionic boratabenzenes and neutral
borepins are employed as conceptually obvious substitutes
for cyclopentadienide ligands, the dianionic species allow for
a straightforward access to various triple decker complexes.[8]

In comparison, the coordination chemistry of three-mem-

bered aromatics is much less developed: Although the all-
carbon cyclopropenium cations I (Scheme 1) have been
employed as ligands, they predominantly react under reduc-
tive ring-opening, in other words oxidative addition of the σ-
framework to the transition metal.[9] Borirenes II, formally
derived by isoelectronic replacement of one carbon by a
boron atom, have enjoyed particular attention due to the
convenient access by borylene transfer to alkynes.[10] This
methodology also provides facile access to borirenes in X-
type coordination to transition metals,[11] but the coordination
to transition metals as L-type ligands is rare and occurs
exclusively in the η3-mode through the π-system.[12]

While a few diboriranides III were described by Berndt
et al.,[13] triborirandiides IV have only been known as
homoaromatic derivatives[14] until Braunschweig et al. re-
ported a monocyclic example in 2015.[15] Stable complexes
with d- and p-block elements are unknown in both cases. In
fact, even the general reactivity of diboriranides III is an
almost unchartered terrain, presumably due to (a) the
relatively bulky substitution patterns in all known examples
and (b) the rather complicated access, typically in multi-step
procedures and/or poor yields.

The first diboriranides reported by Berndt et al. in 1985
had been prepared by excessive reduction of 1,1-
bis(chloroboryl)-2,2-bis(trimethylsilyl)alkene.[13a] In this reac-
tion, the boryl-substituted end of the C=C bond becomes part
of the anionic B2C ring and the silyl-substituted end is
transformed into an exocyclic methyl group with an addi-
tional anionic charge that can be selectively protonated to
give A (Scheme 2). While the procedure requires only three
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Scheme 1. Schematic representation of isoelectronic cyclopropenium
analogues with boron atoms.

Scheme 2. Previously reported B2C ring structures (NHC=1,3-diiso-
propyl-4,5-dimethylimidazol-2-ylidene).
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steps from a 1,2-dichlorodiborane(4), it is inherently limited
in scope. All other diboriranides reported after 1985 have
been prepared from neutral diboriranes B by reductive
cleavage of the B� B-bridging hydrogen atom, allegedly as
hydride.[16]

The procedures, however, often involve more than six
steps from 1,2-dichlorodiboranes(4), result in mediocre yields
and lack general applicability.[13a,17] For example, aromatic
substituents at the ring carbon atom remain inaccessible, thus
precluding any extension of the conjugated system for the
exploitation of the peculiar electronic properties in extended
systems. The same limitation applies to the two classical
diboriranes C and D reported by the groups of Wagner[18] and
Liu,[19] which are inherently unsuitable as precursors for
diboriranides anyway due to the tetracoordinate ring carbon
atoms and the absence of a suitable leaving group in this
position.

We now report the straightforward and high yielding
synthesis of a simple diboriranide with a sterically innocent
and potentially conjugated phenyl substituent at the ring
carbon atom in three steps from a readily available 1,2-diaryl-
1,2-dichlorodiborane(4). As we will show, the coordination of
the thus obtained diboriranide to p- and d-block elements is
dominated by the B� B σ-bond leaving the 2e� π-system
essentially unperturbed and resulting without exception in
species with an anti-van’t Hoff/Le Bel-geometry at the boron
centers.

Results and Discussion

Synthesis of lithium diboriranide

Carbon atoms in α-position to an electron deficient boron
center can readily be deprotonated to result in the corre-
sponding methyleneborates with a B� C double bond.[20] We
therefore anticipated that the restrictions mentioned above
may be overcome by the deprotonation of a suitably
substituted derivative of a 1-methyl-2-halodiborane(4) and
subsequent ring closure to the corresponding diborirane
under salt elimination. Instead of the parent methyl, we opted
for a benzyl group to further facilitate deprotonation and
provide minimal kinetic stabilization while still maintaining a
relative steric innocence and - at the same time - extending
the conjugated system of the diboriranide by a phenyl
substituent.

The required 1-benzyl-2-chloro-1,2-diduryldiborane(4) 1
was prepared by the surprisingly selective reaction of 1,2-
dichloro-1,2-diduryldiborane(4)[21] with one equivalent of
benzyl magnesium chloride[22] at � 78 °C in 97% yield. It was
characterized by multinuclear NMR spectroscopy and single
crystal x-ray diffraction (see Supporting Info). The deproto-
nation of 1 in benzylic position is indeed possible using
lithium tetramethylpiperidide (LiTMP) and results in instant
ring closure to the non-classical diborirane 2 (Scheme 3),
which was isolated from a concentrated toluene solution at
� 23 °C as colorless crystals in 85% yield. The 11B NMR
chemical shift at δ=25.7 ppm is very similar to those of the
previously reported diboriranes with duryl substituents at the

boron atoms (δ11B=24 to 29 ppm).[17] The 1H NMR signal at
δ=7.3 ppm is attributed to the BHB bridge (BHB of
preceding 1,2-diduryldiboriranes δ1H=7.36 to 7.83 ppm).[17]

The substantial broadening caused by the coupling to the two
quadrupolar boron nuclei confirms this assignment.

In adaption of the protocol by Berndt et al.,[16,23] the
addition of an excess of lithium powder to a solution of 2 in
diethylether leads to the formation of diboriranide 3
(Scheme 3), which was isolated as pale-yellow crystals in 60%
yield by crystallization from Et2O/thf. The

11B NMR spectrum
in thf-d8 shows one broad signal at δ=44.2 ppm. The
deshielding compared to diborirane 2 is probably due to the
more pronounced Hückel aromaticity of the B2C ring system.
Accordingly, the ring carbon atom of 3 at δ13C=151.9 ppm is
also deshielded compared to that of diborirane 2 (13C=

135.7 ppm) and thus in range of cyclopropenium cations I,[12a]

borirenes II[10] and other diboriranides.[13] The lithium counter
cation in 3 is probably solvent-separated in thf-d8 as
concluded from the absence of significant broadening of the
7Li NMR signal at the unremarkable chemical shift of δ=

0.4 ppm.

Syntheses of diboriranide metal complexes

In view of the 2e3c σ-BHB-bridges that allow for the
retention of the 2e� Hückel aromaticity of the three-
membered ring of non-classical diboriranes, we envisaged the
possibility of similar coordination modes for the metal
complexes of diboriranides.

Under the conditions indicated in Table 1, the addition of
the appropriate metal halides to lithium diboriranide 3 leads
to near quantitative conversion (according to NMR-spectro-
scopy) to new metal-bridged diboriranides 4 to 7 (Scheme 4).

The reaction of one equivalent of Me3SnCl with diborir-
anide 3 in hexane at room temperature affords the tin-
bridged diborirane 8, albeit with small traces (10%) of

Scheme 3. Synthesis of lithium diboriranide 3 from 1-benzyl-2-
chlorodiborane(4) 1 via non-classical diborirane 2
(Dur=duryl=2,3,5,6-tetramethylphenyl; TMP=2,2,6,6-tetrameth-
ylpiperidide).

Table 1: Reaction conditions of the addition of reactants to diborir-
anide 3. All reactions were carried out at room temperature.

Compound reactant Eq. solvent duration yield

4 AuCl(PPh3) 1 thf 15 min 47%
5 CuCl or CuI(PPh3)3 0.5 thf 1 h 39%
6 CuCl 1 thf 12 h 42%
7 ZnCl2 1 thf 15 min 96%
8 Me3SnCl 1 hexane 1 h 50%
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diborirane 2 as a side-product. In all cases, the 1H NMR
spectra in solution show only one singlet each for the ortho-
and meta- methyl groups of the duryl substituents confirming
their chemical equivalence and therefore symmetric structure
of the products in solution on the NMR time scale. The
31P NMR spectrum of the crude product of the addition of 0.5
equivalents of CuI[(PPh3)3] shows a single signal at δ=

� 4.9 ppm, which was assigned to free PPh3,
[24] thus suggesting

the dissociation of the phosphane-ligand and the formation of
cuprate 5. Indeed, the reaction of CuCl with two equivalents
of 3 yields an identical product. In contrast, the 31P NMR
spectrum of gold complex 4 shows a downfield-shifted signal
at δ=52.2 ppm, which confirms the retention of PPh3 in the

product. Similar 11B NMR signals are observed in all five
complexes (4: 37.9 ppm, 5: 34.7 ppm, 6: 34.4 ppm, 7: 32.9 ppm,
8: 34.0 ppm), somewhat upfield-shifted compared to the
precursor, lithium diboriranide 3.

The 119Sn NMR spectrum of 8 shows a sharp singlet (ν1/2=
13.2 Hz) at δ= � 38.0 ppm, in stark contrast to the broad
signals of reported stannyl-bridged borane clusters.[25] The
absence of coupling of 119Sn to the quadrupolar 11B nuclei
suggests a predominant p-character of the 3c2e BSnB bond.
The 13C NMR chemical shifts of the ring carbon atoms are all
closer to that of diboriranide 3 than to that of diborirane 2 (4:
147.8 ppm, 5: 153.9 ppm, 6: 151.1 ppm, 7: 144.0 ppm, 8:
144.5 ppm, determined at � 40 °C to � 70 °C, see SI), which
indicates a similarly ionic character of the interaction between
the B2C ring and the metal center.

X-Ray diffraction studies

Single crystals of the non-classical diborirane 2 and all
diboriranide complexes 3 to 8 were obtained by crystallization
from the appropriate solvents (see Supporting Information
for conditions).[26] The x-ray diffraction studies confirm the
presence of B2C ring systems in which the B� B bonds are
bridged by the hydrogen atom or the incorporated metal
fragments, respectively (Figure 1). The cuprate 5 features two
η2-bonded diboriranides, both coordinating edge-on to the
spirocyclic copper center with the B� B bonds. The angle
between the two B2C planes indicates almost perpendicularity
(B1,B2,C1 and B3,B4,C28: 84.1(2)°). The solvent-separated
lithium counter cation of 5 is coordinated by four thf
molecules. The B2C rings, the phenyl-ipso-carbon atoms and
the B� B-bridging atoms approximately reside in one plane in
all complexes 3 to 8; the largest deviation with 0.23 Å occurs
for Li1 of diboriranide 3 (Table 2). The coordination environ-
ments of the boron atoms thus approach tetragonal planarity
and constitute further examples of violations of the van't
Hoff/Le Bel-rule.[27,28] The B� B bond length of 1.769(2) Å in

Scheme 4. Syntheses of metal complexes starting from diboriranide 3
(Dur=2,3,5,6-tetramethylphenyl).

Table 2: Crystallographic data of diborirane 2 and diboriranide s-, p- and d-block metal complexes 3 to 8.[a] Duryl-ipso-carbon.[b] Angle between B2C-
ringplane and the phenyl-ring plane.[c] Composed of B1,B2,C1, the phenyl-ipso-carbon atom and the corresponding metal or hydrogen atom (X).[d]

One selected molecule of two in the unit cell.

Compound B� B [Å] B� X [Å] B-Cring [Å] B-CDur [Å] B� B-CDur [°][a] B-Cring-B [°] dihedral angle [°][b] Out of plane deviation [Å][c]

2 (X=H) 1.769(2) 1.278(2) 1.442(2) 1.564(2) 155.4(1) 75.6(1) 1.2(1) 0.01 (H1)
1.309(2) 1.442(2) 1.560(2) 157.2(1)

3 (X=Li) 1.630(4) 2.402(6) 1.454(4) 1.570(3) 159.3(2) 68.2(2) 16.3(2) 0.23 (Li1)
2.389(6) 1.455(4) 1.571(3) 159.4(2)

4 (X=Au) 1.809(4) 2.142(2) 1.442(3) 1.577(3) 167.6(2) 77.8(2) 12.9(1) 0.06 (C1)
2.242(2) 1.440(3) 1.588(3) 166.8(2)

5 (X=Cu) 1.690(4) 2.150(3) 1.445(4) 1.577(4) 168.2(2) 71.5(1) 35.2(3) 0.16 (B2)
2.140(3) 1.448(4) 1.567(4) 167.7(2)

1.702(4) 2.147(3) 1.448(4) 1.567(4) 169.5(2) 71.9(2) 1.5(2) 0.20 (B4)
2.148(3) 1.449(4) 1.573(4) 165.2(2)

6 (X=Cu) 1.728(5) 2.093(4) 1.450(5) 1.584(4) 165.0(3) 73.3(2) 13.2(2) 0.02 (C1)
2.071(4) 1.444(5) 1.578(4) 166.1(3)

7 (X=Zn)[d] 1.719(3) 2.186(2) 1.443(2) 1.577(2) 161.4(1) 73.2(1) 8.2(2) 0.10 (B1)
2.199(2) 1.440(2) 1.581(2) 163.0(1)

8 (X=Sn) 1.799(2) 2.462(2) 1.453(2) 1.568(2) 160.1(1) 77.5(1) 10.6(1) 0.08 (B1)
2.636(2) 1.419(2) 1.559(2) 174.6(1)
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non-classical diborirane 2 is in the typical range of B� B bonds
with one bridging hydrogen[17,29] and as such much longer
than the one observed in lithium diboriranide 3 (1.630(4) Å).

The latter distance is only slightly longer than neutral
B=B double bonds,[30] which is in line with cyclic delocaliza-
tion of the π electrons, but shorter than most dianionic
examples[31] reflecting the absence of Coulomb repulsion. The
small dihedral angle (16.3(2)°) between the phenyl group and
the diborirane plane in diboriranide 3 agrees with extended
π-conjugation although this value is larger than the one in the
non-classical diborirane 2 (1.2(1)°).

While the duryl groups at the boron atoms of diborirane 2
are only slightly distorted from the ideal arrangement in an
isosceles triangle (Table 2; B1� B2� CDur 155.4(1)° and
B2� B1� CDur 157.2(1)°), the distortion in diboriranide com-
plexes 3 to 7 becomes progressively more pronounced
(159.4(1)° to 169.5(2)°), even approaching linearity in the
homoleptic cuprate 5, which could be attributed to the
increased electron density at the copper center.

The diboriranide gold complex 4 shows a nearly linear
arrangement of the PPh3 ligand and the η2-bonded B� B unit
(P1� Au1-centroid B1,B2 176.0(4)°). The B� B σ-bond
(B1� B2 1.809(4) Å) is much longer than in lithium diborir-
anide 3 (B1� B2 1.630(4) Å), but noticeably shorter than in a
related azadiboriridine gold complex (1.889 Å).[32] At the
same time, the Au� B distances in 4 (B1� Au1 2.214(2) Å,
B2� Au1 2.242(2) Å) are elongated compared to the said
azadiboridine Au(I) complex (2.118 Å), quite possibly an
effect of the electron-withdrawing chloro-ligand at the Au
center of the latter. Indeed, the Au� B distances in 4 are
comparable to those in boryl (2.21–2.30 Å)[33] and diborene
complexes (2.21–2.22 Å),[34] both equally free of electro-
negative ligands at their Au centers. It should be noted that
the azadiboriridine ligand is only of limited value for
comparison anyway because of the less effective delocaliza-
tion of the two π-electrons in the B2N heterocycle due to the
higher electronegativity of the nitrogen center.

Compared to gold complex 4, the coordination to copper
lengthens the B� B distances to a lesser extent: for the
homoleptic cuprate 5 (B1� B2 1.690(4), B3� B4 1.702(4) Å)
they are in the range of heteroleptic copper complexes of
dianionic diboranes(4) (1.68–1.73 Å),[35] the only other exam-
ple of a cuprate with at least one B� B ligand. The B� Cu
distances in 5 (B1� Cu1 2.150(3) Å and B2� Cu1 2.140(3) Å,
B3� Cu1 2.147(3) Å, B4� Cu1 2.148(3) Å) are similar to those
of neutral (2.10–2.15 Å)[36] and dianionic (2.14–2.23 Å)[35]

B=B double bond π-complexes.
The solid-state structure of the heteroleptic monocuprate

6, which can alternatively be obtained by diboriranide trans-
fer from 5 to a second equivalent of CuCl, revealed the
completion of the coordination sphere at the copper center
by the chloride ion of one equivalent of LiCl. The lithium
cation is in turn coordinated by three thf molecules and the
chloride. In line with the presence of the electronegative and
thus weakly donating chloride ligand, the B� B bond in 6 is
noticeably longer (B1� B2 1.728(5) Å) and the B� Cu bonds
(B1� Cu1 2.093(4), B2� Cu1 2.071(4) Å) shorter than in 5.
This observation is confirmed by the molecular structure of
the zinc complex 7 in the solid state, which just like 6 contains

Figure 1. Molecular structures of diborirane 2 and diboriranide metal
complexes 3 to 8 in the solid state: gold diboriranide 4,
bis(diboriranide) cuprate 5, copper diboriranide 6, zinc diboriranide
complex 7, trimethylstannyl-bridged diboriranide 8. Most hydrogen
atoms, solvent separated counter cation of 5, and disordered solvent
molecules omitted for clarity. Thermal ellipsoids at 50%.[26]
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one equivalent of LiCl to complete the coordination sphere
of the metal center. The B� B bond of 7 (B1� B2 1.719(3) Å)
is almost identical to that in 6. The boron-zinc distances
(B1� Zn1 2.186(2) Å, B2� Zn1 2.199(2) Å) in the zinc complex
7 are significantly shorter than in π-complexes of neutral
diborenes with zinc dihalides (2.29–2.36 Å),[37] a manifestation
of increased Coulomb attraction. The B� B bond lengthening
seems to be a direct measure for the σ-donation to the d-
block metal in complexes 4 to 7. Although steric effects
cannot be ruled out completely, the σ-donation by the
diboriranide to Zn and Cu is approximately the same, but
considerably smaller than to Au.

Surprisingly, the x-ray diffraction study on single crystals
of tin-bridged diboriranide 8, also reveals an edge-on
coordination of the tin atom to the B� B moiety thus resulting
in an expanded five-fold coordination at the Sn1 center as in
reported Ph3Sn-bridged pentaborane(9) clusters.

[25a] The B� B
bond (B1� B2 1.799(2) Å) is even slightly shorter than in the
gold complex 4. In contrast to the d-block diboriranide
complexes, however, the tin atom is noticeably inclined
towards one of the boron atoms: the B� Sn bond lengths
strongly differ (B1� Sn1: 2.462(2); B2� Sn1 2.636(2) Å), all the
while being both longer than the typical B� Sn single bonds of
electron precise stannyl boranes (2.28–2.32 Å).[38] While the
smaller B1� B2� CDur angle of 160.1(1)° is in range of the other
diboriranide metal complexes 4 to 7, the larger B2� B1� CDur
angle is with 174.6(1)° remarkably close to linearity.

The structural parameters support a significant contribu-
tion by the methyleneborane resonance structure 8’
(Scheme 5). While there is no indication for such a lowering
of the symmetry in solution, this may well be due to a fast
exchange on the 1H NMR time scale even at � 40 °C.

DFT calculations

The electronic structure of the diborirane 2 and the
diboriranide metal complexes 3, 4, 5, 7 and 8 was investigated
by DFT calculations at the B3LYP/def2tzvpp level of theory.
The Kohn–Sham molecular orbitals (MOs) were calculated
from structures that were optimized at the BP86/def2SVP
level of theory. Whereas the optimized structures of 2, 3, 4, 5,
7 and 8 match the crystal structures reasonably well, the
experimentally determined Cl� Cu� BB(centroid) angle in the
mono(diboriranide)cuprate 6 was not reproduced by the
computations, presumably due to packing effects in the solid
state (see SI). Therefore, the MOs of 6 are derived from a
single point calculation using the coordinates experimentally
obtained from the solid state structure.

Whereas the all-bonding combination of the π-orbitals of
the B2C ring represents the HOMO in case of the diborirane
2, the σ-donation to the Li+ counterion is raised to above the
corresponding π-orbital in 3 (Figure 2 and SI). Natural bond
orbital (NBO) analyses yields a 3c2e interaction of nearly
perfect π-symmetry for both 2 and 3 (at least 99.7% p-
character for all involved atoms). In addition, the non-
classical diborirane 2 features the expected BHB 3c2e σ-
interaction which is approximately composed of sp3-hybrids
at the boron centers (see SI). The disappearance of the BHB
3c2e σ-bond in diboriranide 3 in favor of a classical 2e2c σ-
bond is further confirmed by increasing Wiberg bond indexes
of the B� B bond from diborirane 2 (0.53) to diboriranide 3
(1.06). Concomitantly, the positive charges at the boron
atoms decrease according to natural population analysis
(NPA; 2: B1: +0.49, B2: +0.48; 3: B1: +0.20, B2: +0.19),
illustrating the higher electron density in the B2C ring system
in diboriranide 3 compared to diborirane 2. As expected, the
main negative charge is located at the carbon atom of the
ring system (2: � 0.62, 3: � 0.60).

The HOMO of the gold(I) complex 4 (Figure 3) is an
antibonding combination of the σ-orbital of the B� B moiety
and the dz2 orbital of the metal center. The HOMO� 1
corresponds to the all-bonding aromatic π-system delocalized
across the B2C ring with only very minor contributions by the
Au center, which further supports the essentially σ-only
coordination. The LUMO of 4 is mainly composed of an
antibonding phosphorus-centered orbital of the PPh3 ligand
with stabilizing interactions to the π-system of one of the
three phenyl groups at phosphorus.

In contrast to gold complex 4, both the homoleptic and
heteroleptic cuprates 5 and 6, respectively, exhibit a LUMO
resulting from the constructive interaction of the π*-system at
the B2C ring with the pending phenyl ring. The HOMO of
both cuprate complexes 5 and 6 is similar to that of the gold
complex 4 consisting of an antibonding combination of the σ-
orbital of the B� B moiety and thedz2 orbital of the metal
center. Here as well, the HOMO� 1 represents the all-
bonding delocalized π-system of the B2C ring with minor

Scheme 5. Tin bridged diboriranide complex 8 and methyleneborane
resonance structure 8’.

Figure 2. Relative energies of the HOMOs and HOMOs� 1 of diborir-
ane 2 and diboriranide derivatives 3 to 8.
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contributions by the copper centers. While the LUMO of
cuprate 6 is composed of σ*-orbitals at the solvent molecules
(see SI), the LUMO+1 of 6 corresponds to the LUMO of
bis(diboriranide) 5 being mainly composed of the π*-system
at the boron atoms and the phenyl ring.

The HOMO of zincate 7 represents the donation of σ-
electrons from the boron atoms to the zinc atom. In contrast
to the corresponding orbitals of the complexes discussed
above, it does not show contributions of any zinc-centred
orbital although the HOMO� 1 once more represents the
diboriranide π-system.

Most notably, the energetic order of occupied frontier
orbitals is reversed in the Me3Sn-bridged 8: the HOMO
represents the π-system and the HOMO� 1 the σ-donation to
the tin center (Figure 2). The LUMO of 8 represents the π*-
system at the boron atoms and is of comparably low energy
(� 1.12 eV). The increased energy of the π-orbitals of 8 lends
further support to the disturbance of cyclic delocalization by
a significant contribution of resonance structure 8’
(Scheme 5).

For further confirmation of the aromaticity of diborirane
2 and diboriranide complexes 3 to 8, nucleus independent
chemical shifts (NICS) were calculated in the geometrical
center of the B2C moieties at the B3LYP/def2TZVP level of
theory (Table 3). The obtained values for NICS(0) are similar
to that of the cyclopropenium cation, which we calculated at
the same level of theory for comparison (NICS(0)= � 23.2).[39]

In order to minimize the effect of localized ring currents as
well as the shielding by the σ-framework, NICS were also
calculated 1 Å above and below the B2C ring plane.[40] All
values for NICS(1/� 1) in the range of � 10.6 to � 13.3 are
only slightly lower than that of the cyclopropenium cation
(NICS(1)= � 14.9)[39] and thus confirm the 2π-aromaticity of
the three membered ring systems in 2 to 8 and its essential
independency from the nature of the coordinated metal.
Notably, even the coordination of the Me3Sn group in 8 does
not seem to exert an adverse effect on the magnetically
induced ring current.

Conclusion

We have disclosed a straightforward synthetic strategy to
access diboriranes in two steps from a readily available 1,2-
dichlorodiborane(4). Unlike in previously reported diborir-
anes, a phenyl group is attached to the ring carbon atom; its
coplanarity allows for π-conjugation with the B2C ring plane
for the first time, thus offering new perspectives regarding the
incorporation of non-classical diborirane motifs into extended
π-systems. The nearly planar anti-van‘t Hoff/Le Bel-geometry
at the boron centers is retained upon reduction to lithium
diboriranide 3 and - more importantly - also upon complex-
ation to various d-block elements, namely gold (4), copper (5,
6), and zinc (7). The diboriranide binds to the p- and d-block
metal complexes in this very same plane, essentially by σ-only
coordination thus leaving the π-system mostly unperturbed.
In case of the stannyl-bridged diboriranide 8, however,
crystallographic evidence suggests a weakening of the cyclic
delocalization as one of the two Sn� B distances is substan-
tially elongated to localize the bonding to some extent and
hence lower the degree of hypercoordination at the tin-
center, which is considered to be unfavorable in the absence
of electronegative substituents.

Figure 3. Selected frontier orbitals of diboriranide metal complexes 4
and 6 to 8 (energy in eV, contour value=0.05).
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The scope of the new method, in particular with regards
to the tolerance of functional groups as well as to the further
extension of the π-conjugated system is currently under
investigation in our laboratory.
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Diboriranes

π-Complexes Derived from Non-classical Diboriranes: Side-on vs.
End-on Carbonylative Ring Expansion

Philipp Grewelinger, Carsten Präsang, Michael Zimmer, Bernd Morgenstern, and
David Scheschkewitz*

Abstract: Unlike cyclopropanes, the analogous B2C
species (diboriranes) tend to adopt non-classical Hück-
el-aromatic structures with bridging moieties R between
the boron atoms. The coordination of the thus generated
cyclic 2e� π-system to transition metals is completely
unexplored. We here report that complexation of non-
classical diboriranes cyclo-μ-RB2Dur2CPh (R=H, SnMe3;
Dur=2,3,5,6-tetramethylphenyl) to Fe(CO)3 fragments
allows for the carbonylative ring expansion of the B2C
ring to either four- or five-membered rings depending
on the nature of the BRB 3-center-2-electron bond
(3c2e): The H-bridged diborirane (R=H) initially reacts
with Fe2(CO)9 to the allylic π-complex with an agostic
BH/Fe interaction. Subsequent formal hydroboration of
CO from excess Fe2(CO)9 results in the side-on ring
expansion under formation of a five-membered B2C2O
ring, coordinated to the Fe(CO)3 moiety. In contrast, in
case of the stannyl-bridged diborirane (R=SnMe3) under
the same conditions, CO is added end-on to the B� B
bond with the carbon terminus formally inserting into
the B2Sn 3c2e-bond. The two carbonylative ring ex-
pansion products can also be described as nido and closo
clusters, respectively, according to the Wade-Mingos
rules.

Introduction

Organometallic transition metal species are of tremendous
importance in organic and inorganic chemistry, first and

foremost as catalysts but also as structure-determining
motifs1] and functional groups[2,3] in materials. Aromatic π-
coordinating ligands such as benzene, cyclopentadienide and
related have been at the forefront of the field during the
past 60 years. The coordination chemistry of boron contain-
ing aromatic heterocycles such as diboretes,[4] borolediides,[5]

bora- and boratabenzenes[6] and borepins[7] is similarly
dominated by the donation of the π-system toward the
electron deficient metal center. In contrast, transition metal
complexes of three-membered aromatic boracycles are even
scarcer than those of the isoelectronic cyclopropenium
cations.[8] For instance, the first and still only triborirandiide
was obtained by Braunschweig et al. as a dimer with inverse
double-sandwich structure involving four sodium counter
cations,[9] but its ligand properties toward transition metals
remain unexplored. Similarly, despite the straightforward
access to borirenes by borylene transfer to alkynes,[10] only a
few borirene metal complexes have been reported. Apart
from a borirene σ-complex,[11] there is only one example of a
η3-bonded π-complex, recently reported by Braunschweig
and co-workers: the chromium carbonyl complex I
(Scheme 1) is obtained in low yield as a side-product during
the photolytic transfer of a bulky borylene from Cr(CO)5 to
tolane, PhCCPh.[12] Recently, we disclosed the straightfor-
ward synthesis of a non-classical diborirane and the corre-
sponding anionic diboriranides II as well as first investiga-
tions into the coordination behavior of the latter.[13]

Complexes II with the cationic metal centers M, exclusively
bonded in σ-fashion to the perimeter of the anionic B2C
ring, were readily obtained by salt metathesis with the
lithium salt. Apart from the reduction to the diboriranide,
the reactivity of the neutral diborirane – containing a “non-
classical” 3c2e σ-bond (BHB) – is completely unknown.
According to DFT calculations, the Hückel-aromatic 2e� π-
system of neutral non-classical diboriranes constitutes the
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Scheme 1. Selected metal complexes of three-membered aromatic
boracycles (I: R=iPr; II: M+Ln=Li(thf)2, AuPPh3, CuClLi(thf)3, ZnCl2Li-
(OEt2)2, SnMe3, Dur=2,3,5,6-Me4C6H).
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highest occupied molecular orbital (HOMO) and should
therefore be amenable to η3-coordination.[13]

Here, we report the first π-complexes involving B2C
moieties that retain a certain – albeit weak – B� B
interaction. The coordination to iron carbonyl fragments
gives rise to subsequent carbonylative ring expansion.
Depending on the nature of the B� B-bridge in the
diborirane precursor this occurs either side-on or end-on to
yield five- and four-membered ligand systems, respectively.

Results and Discussion

Synthesis of diborirane π-complexes

Quantum chemical calculations had shown that the HOMO
of diborirane 1 is composed of the delocalized π-system of
the B2C ring.[13] We therefore anticipated it to be well suited
as π-ligand for transition metals. In addition, the BHB
bridge could support the coordination through its σ-
electrons as BH bonds have been repeatedly employed as σ-
donors to transition metal centers.[14] Inspired by the first
diborane transition metal complexes as well as by Fehlner’s
borirene-containing Fe3C2B closo cluster,[15] we opted for an
iron carbonyl as precursor.

The addition of 1.6 equivalents of Fe2(CO)9 to the non-
classical diborirane 1 in benzene indeed results in a color
change from colorless to red. After workup, the diborirane
iron complex 2 is obtained as red crystals from hexane after
18 hours (Scheme 2). Upon heating the iron complex 2 to
150 °C for 1 h, the non-classical diborirane 1 is liberated as
verified by multinuclear NMR spectroscopy (Scheme 2),
which suggests that the diborirane coordination to the
Fe(CO)3 fragment is only moderately strong. For compar-
ison, the addition of Fe2(CO)9 to the lithium salt of
diboriranide II (M+Ln=Li(thf)2) does not lead to the
uniform formation of a product, but only to an intractable
product mixture underscoring the differences between the
neutral diborirane 1 and the anionic diboriranide.

X-ray diffraction on a single crystal of 2 confirmed the
coordination of the Fe(CO)3 fragment above the B2C moiety
(Figure 1). The hydrogen atom has forfeited its bridging
position between the two boron atoms and bridges B1 and
Fe1 instead in an agostic interaction of the BH bond. Upon
coordination to the iron center, the B1� B2 distance is
widened significantly (1: 1.769 Å); 2: 2.380(3) Å). The
B� C� B angle (106.7(1)°), however, is more acute than in

Berndt’s borylmethyleneborane suggesting some remaining
bonding interaction between the boron atoms in 2.[16]

Homodiborirane complexes reported by Siebert and Berndt
also show larger B� C� B angles (132.3 to 150.3°) and B� B
bond lengths (2.573 to 2.896 Å) than 2.[17]

The elongation of the B� Cring bonds upon coordination
is significantly more pronounced for B1� C1 than for B2� C1
(1: B1� C1 1.442(2) Å; B2� C1 1.442(2) Å; 2: B1� C1 1.498
(2) Å; B2� C1 1.469(2) Å), which is consistent with a certain
B2� C1 double bond character (Scheme 2). In line with this
assertion, the iron atom is located closer to B2 (B2� Fe1
2.038(2) Å) than to B1 (B1� Fe1 2.105(2) Å), presumably an
effect of the stronger donation of the B=C π-bond compared
to the BH σ-bond. The C1� Fe1 distance of 2.137(2) Å is
similar to those in the aforementioned borirene-derived
closo cluster[15] and in a methyleneborane iron complex
reported by the Braunschweig group.[18] The BH distance in
2 (B1� H1 1.296(2) Å) remains almost unchanged from those
of the bridging hydrogen of diborirane 1 (B1� H1 1.278(2) Å;
B2� H1 1.309(2) Å) indicating a considerable agostic inter-
action with Fe1. Indeed, the Fe1� H1 bond of 1.61(2) Å is in
the range of such bonds in reported borohydride iron
complexes.[14h,i]

The 1H NMR signal in the far high field at δ= � 11.4 ppm
is attributed to the BH hydrogen. The broadening caused by
the coupling to one quadrupolar boron nucleus confirms this
assignment. Compared to non-classical diborirane 1, the
signal for the B-bonded hydrogen is exceptionally upfield
shifted by Δδ=18.7 ppm, unambiguously proving its hydridic
character due to agostic interactions with the iron
fragment.[14c] The ortho and meta CH3 groups of the duryl
substituents each give rise to only one 1H and 13C NMR
signal, which could either be due to a more symmetrical
structure or rapid equilibration between the degenerate
species 2 and 2’ in solution (Scheme 2). VT NMR did not
help in discriminating between these two orthogonal explan-
ations as even at � 60 °C no splitting of the signals was
observed.

Scheme 2. Synthesis of diborirane iron carbonyl complex 2 starting
from non-classical diborirane 1 and the degenerate equilibrium in
solution between 2 and 2’ involving 1,3-hydride migration
(R=Dur=2,3,5,6-Me4C6H).

Figure 1. Molecular structure of diborirane iron complex 2 in the solid
state. Thermal ellipsoids at 50% probability. Selected bond lengths [Å]
and angles [°]: B1� B2 2.380(3), B1� C1 1.498(2), B2� C1 1.496(2),
B1� H1 1.296(2), B1� Fe1 2.150(2), B2� Fe1 2.038(2), Fe1� H1 1.61(2),
C1� Fe1 2.137(2); B1� C1� B2 106.7(1).[19]
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Consistent with above, the 11B NMR spectrum of the
diborirane complex 2 shows only one signal at δ=68.4 ppm.
In contrast, 11B SPE/MAS NMR detects two distinct signals
at δ=85.1 ppm and 50.6 ppm in line with the two chemically
inequivalent boron atoms in the solid state. The average of
these chemical shifts of 67.5 ppm, however, is very close to
the observed solution signal and thus provides a first
indication of fluxionality in solution. DFT calculations at the
BP86/def2SVP level further strengthen this interpretation:
attempts to optimize a symmetrical geometry analogous to
BHB-bridged diborirane 1 unequivocally led to relaxation to
unsymmetrical 2 (Scheme 2). The GIAO-computed 11B
NMR shifts at δ=79.5 and 44.5 ppm (B3LYP/def2tzvpp) are
very close to the experimental signals in the solid state.
While the boron atom associated to the downfield signal is
slightly more shielded than in Braunschweig’s meth-
yleneborane iron complex,[18] the upfield shifted signal is in
the range for σ-borane complexes.[14j] The alternative
explanation of an inherently symmetrical structure in
solution can be excluded as the signal for the ring carbon
atom matches the one in the solid state 13C CP/MAS
spectrum. It is significantly upfield shifted compared to
diborirane 1 (δ=50.0 for 2 vs. 136.4 ppm for 1) indicating
little if any cyclic delocalization of the π-electrons across the
B2C ring.

The solid state IR spectrum of 2 shows three clear
signals at 1967, 1986 and 2045 cm� 1 (see SI). DFT calcu-
lations at the BP86/def2SVP level of theory give vibrations
at 2004, 2013 and 2059 cm� 1, only slightly blue shifted
compared to the experimental data. In hexane solution, two
bands at 1990 and 2049 cm� 1 in an approximate 2 : 1 ratio are
observed suggesting rapid turnstile-like exchange of the CO
positions in solution.[20] DFT calculations indicate the B� H
stretching frequency at 1782 cm� 1, which, however, cannot
be assigned due to its occurrence in the fingerprint area (see
SI).

The longest wavelength absorption in the experimental
UV/Vis spectrum of 2 (see SI) is observed as a very broad
band at an estimated λmax of about 420 nm (ɛ=1445 M� 1

cm� 1) tailing to about 500 nm. A TD-DFT calculation at the
B3LYP/def2tzvpp level of theory assigns the band to two
weak transitions at 470 nm (HOMO!LUMO) and at
407 nm (HOMO� 1!LUMO; see SI). The HOMO of
complex 2 corresponds to the backdonation of an occupied
d orbital at iron into the vacant σ-type p orbital at B2 of the
B=C bond (Figure 2). The HOMO� 1 reflects the bonding
combination of the B2C π-system (predominantly but not
exclusively located at C1 and B2) and a vacant d orbital at
the iron center. The LUMO is dominated by the vacant p
orbital at hydrogen-bonded B1 with some minor contribu-
tions at the pending duryl groups and the iron center. The
bonding interaction between the BH σ-bond and a d orbital
at iron is identified at very low energy as HOMO� 18 (see
SI). Quantum theory of atoms in molecules (QTAIM, see
SI) confirms the substantial weakening of the B� B inter-
action in 2 as no bond critical point is found between the
boron atoms.

Carbonylative ring expansion

The interest in boron containing transition metal complexes
is intimately related to their role in important catalytic
processes[21] and hence to the activation of the C� B or BH
bond for reactions with otherwise unreactive substrates. In
view of the borylmethyleneborane nature of 2 with coordi-
nation of both the BH σ-bond and the B� C π-bond to the
iron center, we envisaged the possibility of hydroboration of
a small molecule such as carbon monoxide with iron
complex 2. While extended exposure of 2 to an excess of CO
only results in the liberation of the free diborirane 1, stirring
of 2 with five equivalents Fe2(CO)9 in toluene for 72 h
indeed leads to the formation of a new product as indicated
by 1H NMR monitoring.

Two singlets each for the ortho and meta CH3 groups
confirm the chemical inequivalence of the duryl substituents
and hence a less symmetric structure. Consequently, the 11B
NMR spectrum also shows two signals for the boron atoms
at δ=26.2 ppm and 34.5 ppm and thus upfield-shifted signals
compared to that of iron complex 2. The similarity of the
chemical shifts to those of 1,3-diborole metal complexes[22]

suggests the constitution of 3, the formal hydroboration
product of 2 and one molecule of CO and hence the
expansion of the diborirane to a five-membered ring
(Scheme 3). Carbonylative ring expansions by transition
metal carbonyls have been reported for various strained
heterocycles,[23] but not for boron containing systems.

Figure 2. Selected frontier orbitals of iron complexes 2, 3 and 5 (energy
in eV, contour value=0.06).
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Due to the higher electronegativity of oxygen compared
to carbon, the signal at δ=34.5 ppm is tentatively assigned
to the oxygen-bonded boron atom. The 13C NMR spectrum
at 213 K shows two broad signals at δ=109.0 and 90.0 ppm
which we attribute to the ring carbon atoms. The signal at
δ=109.0 ppm, still in the aromatic region, is due to the
B� C� B carbon atom. The significant downfield shift
compared to the ring carbon in diborirane complex 2 (δ=

50.0 ppm) confirms a more pronounced cyclic delocalization
of the π-electrons. This gains further support from the 13C
NMR signal of the other endocyclic carbon signal at δ=

90.0 ppm being substantially deshielded compared to Erker’s
saturated oxadiborolane NHC adduct III (δ=77.4 ppm,
Scheme 4).[24]

The IR spectrum of the red solid shows two strong
signals at 2000 cm� 1 and 2059 cm� 1 in the region for CO
stretching modes. DFT calculations find CO vibrations at
2026, 2028 and 2079 cm� 1 again slightly blue shifted
compared to the experimental data. The significant blue-
shift compared to diborirane complex 2 suggests weaker
backbonding from the iron center to the CO π*-orbitals due
to an increased charge transfer to the boron ligand.
Incidentally, the CO stretching frequencies are very similar
to those of Herberich’s Fe(CO)3-borole complex IV
(Scheme 4).[25]

The η5-complex 3 can also be obtained by adding 3.4
equivalents of Fe2(CO)9 to diborirane iron complex 2,
confirming its intermediacy. As the formal hydroboration
product 3 cannot be obtained from isolated 2 by simple
addition of 1 atm of CO gas, we assume an initial addition of
an Fex(CO)y fragment of an unknown nature to 2 and
subsequent transfer of a CO molecule. The spatially
proximal B� H would then hydroborate a polarized CO
bond. The liberated Fex(CO)y fragment could react with
Fe2(CO)9 explaining that more than one equivalent of
Fe2(CO)9 are required for full conversion. Free non-classical
diborirane 1 does not react with CO either, which under-

scores the necessity of the presence of the unknown iron
species.

Crystallization from a concentrated hexane solution
yields dark-red single crystals suitable for x-ray diffraction
(Figure 3). The structure was solved in the triclinic space
group P1 and confirms the constitution of 3 as an 4-oxa-1,3-
diborole ligand η5-coordinated to the Fe(CO)3 fragment in a
piano-stool fashion. In accordance with the Wade-Mingos
counting rules (16 skeletal electrons for six centers), the
compound can equally be described as six-vertex nido
cluster with a pentagonal-pyramidal polyhedron. The dona-
tion of the π-electrons to the iron fragment in 3 is more
pronounced than in 2, which is expressed in longer B� C
bonds (2: B1� C1 1.498(2) Å, B2� C1 1.496(2) Å; 3: B1� C1
1.544(2) Å; B2� C1 1.559(2) Å), albeit still shorter than
typical B� C single bonds. The B2� C2 bond of 3 of
1.501(2) Å is shorter than the other two B� C bonds, which
is probably a consequence of the much lower steric
congestion at C2.

The five-membered ring in 3 adopts an envelope
conformation with the phenyl-substituted C1 bent toward
Fe1 (folding angle B1� C1� B2/B1� O1� C2� B2 22.1(1)°).
This folding minimizes the steric interactions between the
phenyl and the duryl substituents although it is less
pronounced than in an iron sandwich complex with an
anionic η5-1,3-diborole ligand reported by Siebert et al. (V
in Scheme 4; folding angle 41.3°).[22a] In any case, the bent
structure appears to maximize the overlap between the
B2C2O π-electrons and the dz

2 orbital at the iron center in
sight of considerable steric strain. Compared to Siebert’s
1,3-diborole complex V, the boron-iron distances in 3
(B1� Fe1 2.299(2) Å; B2� Fe1 2.315(2) Å) are only slightly
larger (V: 2.248 Å), while the iron contact of the folded
carbon (3: C1� Fe1 2.175(2) Å) is substantially elongated (V:
1.899 Å). In turn, the other carbon-iron distance in 3
(C2� Fe1 2.025(2) Å) is significantly shorter (V: 2.116 Å).

Scheme 3. Hydroboration of carbon monoxide with 1 to yield η5-
complex of five-membered diboracycle 3 (R=Dur=2,3,5,6-Me4C6H).

Scheme 4. Reported five-membered diboracycle III[24] and complexes
IV[25] and V[22a] (FpXyl=2,5-bis(trifluoromethyl)phenyl; IMes=N,N’-dime-
sitylimidazolylidene; Cp*=pentamethylcyclopentadienyl).

Figure 3. Molecular structure of formal hydroboration product 3 in the
solid state. Thermal ellipsoids at 50% probability. Selected bond
lengths [Å] and angles [°]: B1� C1 1.544(2), B2� C1 1.559(2), B1� O1
1.466(2), B2� C2 1.501(2), C2� O1 1.440(2), B1� Fe1 2.229(2), B2� Fe1
2.315(2), C1� Fe1 2.175(2), C2� Fe1 2.025(2); B1� C1� B2 106.3(1).
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These observations can be rationalized with the canon-
ical orbitals as calculated by DFT at the B3LYP/def2tzvpp
level of theory (Figure 2) since the significant overlap of the
rings π-system mainly located at C1 with the irons d orbital
can be seen in the HOMO� 1. The HOMO� 3 is composed
of the bonding combination of the lone pair at C2 and
another d orbital of iron. The LUMO shows a vacant d
orbital with antibonding combination of the COs π-system.
The longest wavelength absorption in the experimental UV/
Vis spectrum (see SI) at λmax =403 nm (ɛ=2450 M� 1 cm� 1)
tails to around 500 nm in a similar manner as diborirane
complex 2. A TD-DFT calculation at the B3LYP/def2tzvpp
level of theory assigns the band to the HOMO!LUMO
transition at 401 nm.

Although certainly nowhere near as well developed as
hydroboration, borostannylation has been reported as an
effective tool for the cyclization of α,ω-dienes.[26] We were
thus interested in the behavior of Me3Sn-bridged diborirane
4[13] toward Fe2(CO)9. As in the case of the non-classical
diborirane 1, DFT calculations showed that the HOMO of
diborirane derivative 4 is composed of the B2C rings π-
system.[13] Indeed, the addition of 1.2 equivalents of Fe2-
(CO)9 to the tin-bridged diborirane 4 in toluene leads to a
color change of the reaction mixture from colorless to red-
brown and the appearance of a uniform set of new signals in
the 1H NMR spectrum (Scheme 5). The product appears to
be symmetrical in solution due to the presence of only one
signal each for the ortho and meta-CH3 groups of the duryl
substituents. The single 11B NMR signal at δ= � 17.7 ppm is
considerably more shielded than in both 2 and 3. While the
13C NMR signal for the endocyclic Ph-substituted carbon
atom (δ=111.2 ppm) is similar to the one in the five-
membered ligand of complex 3 (δ=109.0 ppm), the oxygen-
bonded ring carbon signal is dramatically downfield shifted
to δ=257.7 ppm.

This carbon atom is thus considerably more deshielded
than the COs at the iron center (δ=211.6 ppm). This is
indicative of a small degree of backdonation from the iron
center to the empty p orbital of the CO moiety. The 119Sn
NMR spectrum shows a signal at δ=191.3 ppm, downfield-

shifted by Δδ=230 ppm compared to precursor 4 as
expected for the reduction in coordination number at tin
from five to four. The IR spectrum shows CO vibrations at
similar wavenumbers as in diborirane complex 2 at 1966,
1983 and 2045 cm� 1. DFT calculated values at 1994, 2013
and 2059 cm� 1 are once more slightly blue-shifted compared
to the experimental data. Taken together, the analytical data
is in line with the constitution of 1,3-dihydro-1,3-diborete
complex 5.

Dark red-brown crystals of 5 suitable for an x-ray
diffraction analysis were obtained from a concentrated
hexane solution at 0 °C (Figure 4). The crystal structure
confirms the end-on insertion of one carbon monoxide
ligand into the 3c2e BBSn bond to yield a four-membered
1,3-diborete ring system coordinated in η4-fashion to the
Fe(CO)3 moiety. With a cluster electron count of 12, the
compound can be described as a five-vertex closo cluster
with an B2C2Fe scaffold and thus as a distorted trigonal
bipyramid. As a consequence, the B2C2 moiety adopts a
bicyclo(1.1.0)butane-like structure, which is, however, also
familiar for free 1,3-diboretes.[27] The Fe(CO)3 unit resides
above this moiety, yet the boron atoms retain a considerable
degree of mutual interaction as the B� B distance is
elongated just moderately (B1� B2: 1.871(5) Å) compared to
precursor 4 (B� B: 1.799 Å).[13] In Stone’s ferracar-borates
with FeCB7 and Fe2CB7 scaffolds the distance between the
two carbon-connected boron vertices are considerably
expanded to 2.137 and 1.996 Å, respectively.[28] In fact, the
B� B distance in 5 is significantly shorter than in a free 1,3-
diborete (2.16 Å)[27] and slightly shorter than in 1,3-diborete
nickel complex (1.890 Å), recently reported by Braunsch-
weig and co-workers.[29]

The longest wavelength absorption in the experimental
UV/Vis spectrum (see SI) is observed as a very broad band
of low intensity at λmax =600 nm (ɛ=481 M� 1 cm� 1) tailing to
around 650 nm. The TD-DFT calculated λmax =620 nm

Scheme 5. Complexation of tin bridged diborirane 4 to the four-
membered iron complex 5 (R=Dur=2,3,5,6-Me4C6H) and the pre-
sumed intermediate complex 6.

Figure 4. Molecular structure of 1,3-diborete iron complex 5 in the solid
state. Thermal ellipsoids at 50% probability. Selected bond lengths [Å]
and angles [°]: B1� B2 1.871(5), B1� C1 1.529(4), B2� C1 1.510(4),
B1� C2 1.599(4), B2� C2 1.620(4), B1� Fe1 2.210(3), B2� Fe1 2.291(3),
C1� Fe1 2.065(3), C2� Fe1 1.906(3) C2� O1 1.318(3); B1� C1� B2 76.0(2),
B1� C2� B2 71.1(2).
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matches the experimental value reasonably well. The
calculated HOMO–LUMO gap is 1.96 eV and thus signifi-
cantly smaller than for compound 2 and 3. The computed
UV/Vis spectrum consists of a large number of transitions
which, taken together, agree well with the experimental
spectrum (see SI). The electronic structure, investigated by
DFT calculations at the B3LYP/def2tzvpp level of theory,
shows the LUMO to be composed of ligand- and metal-
centered orbitals (Figure 2).

HOMO and HOMO� 2 each show significant overlap
between π-electrons, each predominantly located at C1 and
C2 and the d orbital at the Fe(CO)3 fragment. HOMO� 5
shows orbital overlap of the entire π-system delocalized over
the B2C2 centers with the Fe(CO)3 fragment, suggesting a
donation in η4-fashion.

We propose a similar mechanism for the formation of
the four-membered ring 5 as for complex 3. The first step
could be the generation of the, albeit undetected, Sn-bridged
diborirane complex 6. The product of oxidative addition of a
B� Sn bond to a palladium center was reported by Tanaka
and co-workers.[26a] A reason for the instability of the
putative intermediate might be the much weaker B� Sn
bond, which would facilitate the insertion of either the Fe
center or a carbonyl ligand ultimately leading to the 1,3-
diborete complex 5. The free energy of calculated intermedi-
ate 6 and free CO is ΔG=21.9 kcal mol� 1 higher than that of
product 5 (see SI). Alternatively, a π-complex of B=C bond
and a Fe(CO)4 fragment without agostic BSn interaction
could be envisaged, which, however, is calculated to be
ΔG=7.1 kcalmol� 1 higher in free energy than compound 6
and free CO (see SI). We did not attempt to compute any of
the involved transition states keeping in mind that the
unclear nature of the involved Fex(CO)y fragments would
make this a futile exercise. The preference of this system for
the end-on insertion vs. the side-on insertion observed for 3
is ascribed to the pronounced oxophilicity of the SnMe3

group. The apparent kinetic product 5 is calculated to be
ΔG=2.0 kcalmol� 1 higher in free energy than the hypo-
thetical thermodynamic product, the Me3Sn analogue of 3
(see SI). Heating of 5 above the melting point of 168 °C,
however, leads to its decomposition.

As in case of H-bridged diborirane 1, the uncomplexed
Me3Sn-derivative 4 does not react with CO in the absence of
iron carbonyls, confirming the involvement of an unknown
Fex(CO)y species. As a side remark, although numerous
reactions of B� Sn reagents with C� C multiple bonds have
been reported,[26] the formation of 5 appears to be the first
formal borastannylation of a heteronuclear multiple bond.

Conclusion

We have prepared the first diborirane π-complex 2 derived
from hydrogen-bridged diborirane 1 and Fe2(CO)9. The
Fe(CO)3 fragment is coordinated by the B2C π-system as
well as the BH σ-bond so that the non-classical diborirane
acts as a 4e� donor toward the iron center retaining only
weak BB interaction. The formal hydroboration of carbon
monoxide by non-classical diborirane 2 results in the ring

expansion to an η5-coordinated B2C2O ligand 3, although
only in the presence of Fe2(CO)9. The particularly strong
backdonation from the iron center, which formally turns the
4π-system into a 6π-system, can be seen in the 13C NMR
signals of the ring carbon atom as well as in the IR
stretching frequencies. In contrast, upon treatment with
Fe2(CO)9, the Me3Sn-bridged derivative of 1 is expanded by
an end-on inserted CO molecule to yield the η4-bonded 1,3-
diborete complex 5. The inherent Hückel aromaticity of the
1,3-diborete results in almost negligible backdonation from
metal to ligand as the 13C NMR signal is hardly affected by
the coordination.

Supporting Information

Plots of NMR, UV and IR spectra as well as details of the
single crystal x-ray diffractions studies and DFT-calculations
are available in the Supporting Information of this article.
Deposition numbers 2357653 (for 2), 2357652 (for 3), and
2357648 (for 5) contain the supplementary crystallographic
data for this paper. These data are provided free of charge
by the joint Cambridge Crystallographic Data Centre and
Fachinformations-zentrum Karlsruhe Access Structures
service. The authors have cited additional references within
the Supporting Information.[30–40]
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2,3-Diboratabutadiene Complexes of Group 4 Metals
and their Donor-Induced Oxidative Cleavage to
Methyleneboranes
Philipp Grewelinger, Carsten Präsang, Bernd Morgenstern, and David Scheschkewitz*

Metal complexes of conjugated olefins have been known for a
century. The formal heterosubstitution of carbon atoms in such
ligands significantly alters their electronic properties. While sev-
eral examples with terminal boron centers are known, butadiene
transition metal complexes with internal B─B bonds and thus
bora-substitution in 2,3-position remain elusive. Herein, the first
peraryl 2,3-diboratabutadiene dianion is reported, prepared in
two steps as its lithium salt from readily available 1,2-dichloro-
1,2-diduryldiborane(4) (duryl= 2,3,5,6-tetramethylphenyl). The
reactions with Cp2MCl2 (M= Zr, Hf ) afford unprecedented
2,3-diboratabutadiene π-complexes with unique coordination

modes in between the familiar s-cis and s-trans conformations
of the corresponding all-carbon derivatives. Addition of
the N-heterocyclic carbene 1,3,4,5-tetramethylimidazol-2-ylidene
(IMe) to the complexes gives rise to the donor-induced oxidation
of the B─B bond, resulting in two separate IMe-coordinated
methyleneboranes with B═C double bonds and the liberation
of transient metal(II) fragments “MCp2”. At longer reaction times,
the methyleneboranes are hydrogenated by the active “MCp2”

species as evidenced by isolation of the corresponding saturated
methyl borane adducts.

1. Introduction

Almost two centuries ago, the first transition metal alkene complex
marked the dawn of organometallic chemistry, an ethylene com-
plex of [PtCl3]�, now known as Zeise’s salt.[1] Nowadays, alkenes are
among the most common ligands of transition metals and have
made their way into chemistry textbooks for their prototypical
bonding situation according to the Dewar–Chatt–Duncanson
model[2–4] as well as for their industrial relevance in catalysis.[5–8]

Butadienes as the simplest conjugated systems comprising two
C═C bonds are versatile precursors for transition metal-catalyzed
transformations in organic chemistry[9–11] due to their different
coordination modes, namely the η2-coordination of either C═C
bond as well as the competing s-cis and s-trans η4-modes of
the entire π-system.[12–14]

On grounds of the topologically similar, yet electronically very
different structure, the bora-substituted neutral and anionic
alkene homologues are emerging as an alternative class of

ligands with unique applications.[15] Concerning the correspond-
ing butadiene analogues, dianionic Ia-c with central B─B bonds
were reported as early as 1990,[16–18] but their reactivity is limited
to main group electrophiles.[19,20] Transition metal borabutadiene
complexes are so far only known with one or two terminal boron
centers: Siebert et al. described the synthesis of 1-borabutadiene
complex II through ring-opening and isomerization of a diboro-
lane by coordination to the CpCo fragment (Scheme 1).[21]

The related rhodium complex III was obtained in the Erker
group by exchange of the ethylene ligands in [Rh (C2H4)2Cl]2
for an N-heterocyclic carbene (NHC)-stabilized borabutadiene
(NHC= IMe= 1,3,4,5-tetramethylimidazol-2-ylidene).[22] Irradiation
of a bis (borylene) iron complex in the presence of Me3SiC≡
CSiMe3 yields the 1,4-diborabutadiene complex IV according to
Braunschweig and coworkers.[23] The 1,2-divinyldiborene complex
V reported by the same group is the only butadiene complex so far
with an intact B─B bond.[24] Lindley et al. prepared complex VI by
UV-promoted insertion of the Fe (CO)3 fragment into the B–B bond
of the corresponding 1,2-diborete precursor.[25] The availability of
butadiene ligands with retained central B─B bonding can thus be
expected to open up fundamentally new preparative avenues in
this regard.

We now report the straightforward and high yielding syn-
thesis of a 2,3-diboratabutadiene with a sterically innocent

and conjugated phenyl substituent in two steps from a readily

available 1,2-diaryl-1,2-dichlorodiborane (4). As we will show,

the 2,3-diboratabutadiene coordinates to group 4 metallocene

fragments in a manner right in between the well-known s-cis

and s-trans coordination modes of all-carbon butadiene ligands.

Addition of N-heterocyclic carbene allows for the oxidative

cleavage of the B─B bond into two B═C-containing methylene-

borane fragments.
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2. Results and Discussion

Initially, we tested the reaction of the literature known
2,3-diboratabutadiene Icwith Cp2ZrCl2, which resulted in a mixture
of products, presumably due to competing protonation and redox
reactions. The steric constraints imposed by the SiMe3 groups at
the anionic carbon centers likely favor electron and proton transfer
over attack by the bulky group 4 electrophile. We anticipated that
these problems may be overcome by replacement of the silyl by
sterically more innocuous phenyl substituents.

The required 1,2-dibenzyl-1,2-diduryldiborane (4) 1 was pre-
pared by the selective reaction of 1,2-dichloro-1,2-diduryldiborane
(4)[26] with two equivalents of benzyl magnesium chloride[27–31]

at�78 °C in 97% yield and characterized by multinuclear NMR
spectroscopy and single crystal X-ray diffraction (see Supporting
Information). In adaptation of the procedure by Berndt et al. for
a trimethylsilyl-substituted derivative,[17] double deprotonation
with LiNMe2 at the benzylic positions results in the essentially
quantitative formation of 2,3-diboratabutadiene 2 (Scheme 2).
The liberated Me2NH initially coordinates to the lithium counter
cations but is readily removed by repeated washing with Et2O.
The 11B-NMR chemical shift at δ = 58.1 ppm is very close to
those of previously reported diboratabutadienes.[16–18] The phenyl-
substituted 2 is isolated from a concentrated Et2O/toluene solution
at�23 °C as yellow crystals in 79% yield. X-ray diffraction on a sin-
gle crystal revealed the structure of 2 as a contact ion pair with the
lithium counter cations canted away from above and below the

planar CBBC motif to enable contacts to one B═C bond each
(Figure 1). Li1 is thus coordinated by B1=C1 (C1-Li1 2.164(3),
B1-Li1 2.438(3) Å) and Li2 by B2=C2 (C2-Li2 2.162(3), B2-Li2
2.432(3) Å). The coordination sphere of the lithium cations is com-
pleted by the respective distal boron atom and its pending duryl
ipso-carbon as well as one equivalent of Et2O each. While the B═C
bond lengths are in the typical double bond range (B1-C1 1.476(2),
B2-C2 1.479(2) Å), the B─B bond is slightly longer (B1-B2 1.749(2) Å)
compared to a single bond, presumably due to Coulomb repulsion
of the formally negatively charged boron atoms.[33]

In contrast to the s-cis geometry of the silyl-substituted dibor-
atabutadiene reported by Berndt et al.,[17] the phenyl-derivative 2
adopts an s-trans geometry with both phenyl groups almost
coplanar with the butadiene unit (dihedral angles Ph-ortho-C-
ipso-C─C=B: 22.1°, 21.6°). The thus extended conjugation path
exerts a considerable effect on the longest wavelength absorp-
tion in the UV/Vis spectrum of 2 at λmax= 395 nm, red-shifted
by Δλ = 80 nm from that of non-arylated diboratabutadiene
Ic[17] (recorded for comparison, see Figure S7, Supporting
Information). The only reported examples of formal group 4
borataalkene complexes are based on cyclopentadienyl ligands
with pending boryl groups, which reportedly do not show any
interaction with the metal centers.[34–36] Therefore—although tita-
nium, zirconium, and hafnium complexes with carbon-based
olefins have long been used as catalysts for Ziegler–Natta
polymerization[37–39]—“real” borataalkene coordination to Group 4
metals remains elusive (excepting boratabenzenes complexes with
reduced B─C bond order).[40–42]

With the 2,3-diboratabutadiene 2 at hand, we became curious
whether the proximity of the central B─B bond to the two anionic
α-carbon atoms may allow for authentic butadiene-like coordina-
tion modes. Indeed, the addition of one equivalent of Cp2ZrCl2 to
a solution of 2 in toluene results in a color change from yellow to
red in the course of 18 h. After workup, the diboratabutadiene
complex 3a is obtained as red crystals in 64% yield (Scheme 2).
The corresponding reaction of Cp2HfCl2 in thf/toluene solution
requires 5 days for full conversion and the hafnocene complex 3b
is obtained as orange crystals from toluene in 57% yield (see SI).
Reactions of 2 with Cp2TiCl2 under the same conditions seem to
be adversely affected by competing redox reactions and did not
result in analogous complexes.

The 11B-NMR signals of both complexes (3a: 73.5 ppm, 3b:
75.5 ppm) are shifted downfield compared to that of the
precursor, 2,3-diboratabutadiene 2 (δ = 58.1 ppm), but upfield
compared to donor-free diborane (4) 1 (δ = 100.0 ppm). This sug-
gests the retention of considerable B═C double bond character,

which is in line with the description of 3 as a π-complex with
little backdonation from the Group 4 metals in contrast to a hypo-
thetical diborametallacyclopentane[19,20] bonding situation that
would require strong backdonation according to the Dewar–
Chatt–Duncanson model, an unlikely yet not impossible situation
for a formal d0 transition metal center.[5–8] This interpretation is
further supported by the 13C-NMR signals of the formally anionic
carbon centers (3a: 90.4 ppm 3b: 89.7 ppm) in the typical range of
borataalkenes, only slightly shielded compared to that of the lith-

ium precursor 2 (δ = 95.4 ppm).

Scheme 1. Reported 2,3-diboratabutadienes Ia-c and boron-containing
butadiene complexes II to VI.[21–25] (a: R= NMe2, R 0 þ R 00 ;= fluorenyl,
b: R= Dur, R 0 = R 00 ;= SiMe3, c: R= Dur, R 0 SiMe3, R 00 ;= H, Dur= duryl=
2,3,5,6-tetramethylphenyl, iPr= iso-propyl, IMe= 1,3,4,5-tetramethylimidazol-
2-ylidene, IiPr= 1,3-diisopropylimidazol-2-ylidene, nbe= norbornene).

Scheme 2. Conversion of diborane (4) 1 via dilithium 2,3-diborata-
butadiene 2 to the corresponding metal complexes 3a, b (Dur= duryl=
2,3,5,6-tetramethylphenyl, Bn= benzyl; 3a: M= Zr, 3b: M=Hf ).
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The solid state structures of complexes 3a, b determined by
X-ray diffraction on single crystals confirm the description as
butadiene-type ligand systems in both cases. The B─C bond
lengths in the metallocene complexes are slightly longer than
in precursor 2 (3a: B1-C1 1.531(2), B2-C2 1.503(2) Å; 3b: B1-C1
1.523(2), B2-C2 1.535(2) Å; 2: B1-C1 1.476(2), B2-C2 1.479(2) Å)
but still within the B═C double bond range. Notably, the B─B
bond length (3a: B1-B2 1.777(2) Å; 3b: B1-B2 1.750(2) Å) is slightly
increased despite an anticipated lower charge density at the
boron centers compared to 2 (B1-B2 1.749(2) Å) (vide infra).
The C─M bonds (3a: C1-Zr 2.354(3), C2-Zr 2.358(3) Å; 3b: C1-Hf
2.324(2), C2-Hf 2.340(2) Å) are significantly shorter than the
B─M bonds (3a: B1-Zr 2.728(3), B2-Zr 2.733(3) Å; 3b: B1-Hf
2.813(2), B2-Hf 2.800(3) Å) even when considering the larger
van-der-Waals radius of boron.[43–45] Nonetheless, the B─Zr bond
lengths are reminiscent of those of reported boratabenzene
complexes.[40–42] Compared to the all-carbon zirconocene com-
plexes the C─M bonds are shorter than in reported s-trans
complex (2.45–2.50 Å)[46,47] and slightly longer than in an s–cis
complex (2.300 Å) reported by Erker.[48] The sum of angles around
the carbon centers (excluding the metal centers M) suggests an
approximate sp2-hybridization rather than sp3 (3a: Σ∢C1 353.4,
Σ∢C2 353.1°; 3b: Σ∢C1 348.0, Σ∢C2 351.0°) underpinning the por-
trayal as π-complexes. The two B═C moieties in butadiene com-
plex 3a are twisted by 63.1° (3b: 61.3°), which—remarkably—is
about equidistant from the values in known s-trans and s-cis con-
figurations of all-carbon butadiene zirconocenes.[46–48] Complexes
3a and 3b are thus best described as s-gauche diboratabutadiene
π-complexes. As in the reported butadiene s-trans com-
plexes,[47,48] diboratabutadiene complexes 3a, b feature a C2 rota-
tional axis, which is confirmed by the occurrence of single 1H and
13C NMR signals for the two Cp-moieties (see SI). A hypothetical
s-cis coordination mode would result in lower symmetry and thus
two signals each.

To rationalize the unprecedented intermediate bonding situ-
ation, we carried out DFT computations at the B3LYP/def2tzvpp
level of theory. The second highest occupied molecular orbital
(HOMO� 1) of the optimized structure 3aopt is composed of

the B═C π-bond in noticeable bonding combination with a
d-orbital at Zr. The strongest interaction between the ligand
and the Zr center, however, is identified in the HOMO of 3aopt,
which reflects the donation by the BC π-system (predominantly
but not exclusively located at C) and the vacant dz2-orbital at zir-
conium. The considerable antibonding character between the
boron atoms caused by the twisting of the π-bonds is presumably
responsible for the increased B─B bond length compared to 2.

The lowest unoccupied molecular orbital (LUMO) is domi-
nated by another mostly antibonding π*-component at the
B─B bond in destructive interference with a vacant d-orbital at
Zr. The occupied frontier orbitals of the hafnocene complex 3bopt

are very similar to those of 3aopt (Figure 2). The LUMO in this case,
however, shows the bonding combination of the vacant p-orbitals
at boron and a vacant d-orbital at zirconium while LUMOþ 1 of
3bopt reflects an essentially identical orbital combination as the
LUMO of 3aopt (see SI). The longest wavelength absorption in
the experimental UV/Vis spectrum (see SI) for 3a is observed
as a very broad band of medium intensity at λmax= 460 nm

Figure 1. Molecular structure of dilithium 2,3-diboratabutadiene 2 and the corresponding group 4 complexes 3a and 3b in the solid state. Thermal ellip-
soids at 50% probability. Selected bond lengths [Å] and angles [°]: 2: B1-B2 1.749(2), B1-C1 1.476(2), B2-C2 1.479(2), C1-Li1 2.164(3), B1-Li1 2.438(3), B2-Li2
2.562(3), C2-Li2 2.162(3), B2-Li2 2.432(3); B2-Li1 2.543(3), Σ∢C1 359.4, Σ∢C2 359.4, C1-B1-B2-C2 177.4; 3a: B1-B2 1.777(2), B1-C1 1.531(2), B2-C2 1.503(2),
C1-Zr 2.354(3), C2-Zr 2.358(3) B1-Zr 2.728(3), B2-Zr 2.733(3), Σ∢C1 353.4, Σ∢C2 353.1, C1-B1-B2-C2 63.1; 3b: B1-B2 1.750(2), B1-C1 1.523(2), B2-C2 1.535(2),
C1-Hf 2.324(2), C2-Hf 2.340(2), B1-Hf 2.813(2), B2-Hf 2.800(3), Σ∢C1 348.0, Σ∢C2 351.0, C1-B1-B2-C2 61.3.[32]

Figure 2. Selected frontier orbitals of diboratabutadiene complexes 3a and
3b (energy in eV, contour value= 0.05).
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(ε = 4255M�1 cm�1) tailing to around 550 nm. The TD-DFT cal-
culated λmax= 443 nm for the HOMO! LUMO transition matches
the experimental value reasonably well. The calculated HOMO!
LUMO gap for 3aopt is 2.80 eV and thus slightly smaller than for
compound 3bopt (2.97 eV) due to the energetically lower LUMO of
3aopt (Figure 2). The longest wavelength absorption in the exper-
imental UV/Vis spectrum for 3b is observed at λmax= 415 nm in
excellent agreement with the calculated λmax= 417 nm for the
HOMO! LUMO transition (see SI).

2.1. Donor-Induced B─B Bond Cleavage

B─B bonds can be activated by the coordination of n-donors,
which can cause the bond to be cleaved either homolytically
or heterolytically yielding borates,[49] boryl radicals,[50] borane rad-
ical anions[51] or transient boryl anions,[52] and borylenes.[53]

Prompted by the B─B antibonding nature of the LUMO of 3a,
we thus probed the behavior of 3a toward an NHC.

The addition of two equivalents of 1,3,4,5-tetramethylimidazol-
2-ylidene (IMe) to 3a in thf (Scheme 3) resulted in the darkening
of the red solution within 3 h and the formation of three
new products according to 1H and 11B-NMR monitoring. In
the crude mixture, three sets of two singlets each for the ortho
and meta-CH3 groups of the duryl substituent match the inten-
sity of IMe methyl signals and thus confirm the presence of three
distinct products. Interestingly, no signals in the 1H-NMR spec-
trum could be assigned to the Cp hydrogen atoms of a neces-
sarily formed zirconocene byproduct, which therefore might be
paramagnetic in nature. The 11B-NMR of the mixture shows one
broad signal at δ = 26.3 ppm and one doublet at δ = �16.5
(1JBH= 85 Hz) ppm indicative of a directly B-bonded H atom.
After workup (see SI) of the crude mixture colorless crystals were
isolated from a thf/hexane mixture. X-ray diffraction on a single
crystal confirms the formation of methyleneborane/IMe adduct
Z-4 (Figure 3) the formal product of the NHC-promoted B─B
bond oxidation of the diboratabutadiene ligand.

The short B─C bond (B1-C1 1.457(2) Å) and the sum of
angles around C1 of 360.0° confirm the presence of a B═C dou-
ble bond. The 11B-NMR chemical shift of Z-4 at δ= 26.3 ppm is in
range for donor-stabilized methyleneboranes, albeit slightly
shielded compared to recent examples.[52] After subsequent
workup of the mother liquor (see SI), another fraction of
colorless crystals is obtained. The crystal structure confirms
the formation of the NHC adduct of saturated borane 6 and
thus the hydrogenation product of methyleneboranes 4. The
11B-NMR shows the aforementioned doublet at δ = �16.5
(1JBH= 85 Hz) ppm confirming the presence of a hydrogen atom
at the boron center. The same coupling constant is also
observed in 1H-NMR as a very broad quartet (SI). The remaining
set of signals in the 1H-NMR of the crude mixture is tentatively
assigned to E-4 (Scheme 3), due to its similarity with the data of
Z-4 (Z:E ratio: 4:1). The 11B-NMR signal of E-4 can reasonably
be expected to be very similar to that of Z-4 and is therefore
probably concealed in the 11B-NMR spectrum of the crude. In
contrast, the addition of 10 equivalents of IMe to diboratabuta-
diene 2 does only slightly change the multinuclear NMR data
suggesting simple replacement of the coordinated Et2O at
the lithium counter cations of 2.

The postulated systematic by-product of the B─B bond oxi-
dation is the reduction product of the zirconium center of 3a to
result in the transient zirconocene ‘Cp2Zr’ fragment 5. Such unsta-
ble group 4 metallocenes are known to form a hydrogen-bridged
dimer upon C─H activation of the Cp ring, capable of hydroge-
nating various multiple bonds.[54–60] It is therefore safe to assume
that methyleneborane was hydrogenated by an undetected
dimer of type [5 0] (Scheme 3). The transition metal fragment itself
is oxidized to an unknown species in the course of this hydro-
genation, which is confirmed by the appearance of a sextet in
the EPR spectrum, consistent with a paramagnetic Zr (III) species
(see SI). The addition of two equivalents of IMe to the hafnium
complex 3b in thf resulted in the same product mixture as for
3a according to 1H and 11B-NMR spectra.

3. Conclusion

In conclusion, we reported the straightforward synthesis of the
first perarylated 2,3-diboratabutadiene dianion in two steps as

(a)

(b)

Scheme 3. a) Formation of methyleneboranes Z-4 and E-4 and zirconocene
5 from diboratabutadiene complex 3b and NHC; b) hydrogenation of
methyleneboranes 4 with “Cp2Zr” 5 via dimeric [5 0] to give benzylborane 6
(IMe= 1,3,4,5-tetramethylimidazol-2-ylidene; Dur= duryl= 2,3,5,6-
tetramethylphenyl).

Figure 3. Molecular structure of methyleneborane/NHC adduct Z-4 and
borane/NHC adduct 6 in the solid state. Thermal ellipsoids at 50% probabil-
ity. Selected bond lengths [Å]: Z-4: B1-C1 1.457(2), Σ∢C1 360.0, 6: B1-C1
1.638(2).
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its lithium salt from a readily available diborane (4) precursor.
The limited steric strain not only allows for the coplanarity of
the phenyl substituents and thus extended conjugation, it also
provides access to the first transition metal complexes of
2,3-diboratabutadienes: the reactions with Cp2MCl2 (M= Zr, Hf )
afford complexes of considerable π-character with unique coor-
dination s-gauche modes in between the well-known s-cis and
s-trans modes of the corresponding carbon-based butadienes.
The B─B bond of the Zr complex is oxidatively cleaved by the
addition of IMe under liberation of the transient ‘ZrCp2’ fragment,
resulting in E/Z-isomers of the corresponding NHC-coordinated
methyleneboranes. The transient ‘ZrCp2’ likely forms a hydride-
bridged dimer that subsequently hydrogenates methylenebor-
anes to give the corresponding saturated borane and a
paramagnetic Zr (III) species.
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4 Summary, Outlook and Conclusion 

 

Previously reported neutral and anionic three-membered B2C rings suffered from either 

complicated access, low yields, or insufficient scope (see Chapter 1.2.2.1). The first 

part of this thesis therefore addressed the development of a straightforward and high-

yielding route to non-classical diboriranes and diboriranides. Starting from a readily 

available 1,2-dichloro-1,2-diduryldiborane(4) (see Chapter 1.1.1), 1-benzyl-2-chloro-

1,2-diduryldiborane(4) 77 was obtained in virtually quantitative yield by the addition of 

one equivalent of benzyl magnesium chloride and was fully characterized. With the 

bulky base lithium tetramethylpiperidide (LiTMP), deprotonation of 77 in benzylic 

position was achieved (Scheme 36). The plausibly generated, yet unobserved benzylic 

anion nucleophilically attacks the -boron atom and results in rapid ring closure to give 

the first perarylated non-classical diborirane 55e in 85% yield. According to x-ray 

diffraction on a single crystal, the phenyl group at the ring carbon atom is coplanar with 

the B2C plane thus allowing for extended -conjugation. In the future, the incorporation 

of non-classical diborirane motifs into extended -systems could be made possible 

through the synthesis of para-functionalized derivatives.  

 

 

Scheme 36. Synthesis of non-classical diborirane 55e from 1-benzyl-2-chloro-1,2-diduryldiborane(4) 77 

and consecutive reductive hydride elimination of 55e to diboriranide 64c.  

 

In adaption of the protocol by Berndt and coworkers,[143] the addition of an excess of 

lithium powder to a solution of diborirane 55e in diethyl ether leads to the formation of 

diboriranide 64c (Scheme 36), which was isolated in 60% yield by crystallization. 

Single crystal x-ray diffraction revealed the side-on coordination of the lithium counter 

cation in the B2C plane. DFT calculations at the B3LYP/def2tzvpp level of theory 

suggest that the -donation from the B2C ligand to the lithium cation represents the 
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HOMO of diboriranide 64c. In view of the in-plane -bridge, retaining 2e− Hückel 

aromaticity in non-classical diboriranes, the possibility of similar coordination modes 

for different metal complexes of diboriranides was anticipated. 

 

 

Scheme 37. Synthesis of diboriranide metal complexes 78a-e from lithium diboriranide 64c.  

 

The addition of diboriranide 64c to representative p- and d-block metal chlorides results 

in the formation of metal diboriranides 78a-e (Scheme 37). X-ray diffraction studies 

revealed the presence of the B2C ring structure with the metals indeed bonded in the 

same plane. In case of tin-bridged diborirane, the parameters obtained by the x-ray 
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diffraction indicate a contribution of methyleneborane resonance structure 78e’ 

presumably to avoid unfavourable penta-coordination of tin (Scheme 38). The 

difference in the B−B bond lengths in the reported metal complexes is apparently a 

measure for the σ-donation to the metal fragment. The B-B bond length of the gold 

complex 78a (1.809(4) Å) is considerably longer than that for Cu and Zn complexes 

78c (1.728(4) Å) and 78d (1.719(4) Å), possibly also due to steric effects.  

 

 

Scheme 38. Me3Sn-bridged diborirane 78e and boryl-methyleneborane resonance structure 78e’. 

 

DFT calculations at the B3LYP/def2tzvpp level of theory suggest that the diboriranide 

binds to the p- and d-block metals in σ-coordination leaving the -system mostly 

unperturbed. NBO calculations only show minor contributions of -backdonation from 

the B2C ligand to the metal while NICS calculations reveal aromatic ring currents, in all 

cases of comparable magnitude as in the isoelectronic cyclopropenium cation. While 

in the case of d-block metal-bridged complexes 78a-d the HOMO is composed of the 

-donation to the metal (as in lithium diboriranide 64c), the HOMO of Me3Sn-bridged 

diboriranide 78e is composed of the B2C delocalized -system (as in H-bridged 

diborirane 55e).  

Based on these considerations, both 55e and 78e were expected to be suitable as -

ligand for transition metals. Additionally, given that BH bonds are well-known to engage 

in agostic interactions with transition metals, coordination was expected to be further 

supported through the σ-electrons of the BHB bridge in 55e. The general lack of cyclic 

B2C moieties as -ligands inspired the second major task of this thesis. The addition 

of Fe2(CO)9 to non-classical diborirane 55e indeed results in the formation of the first 

diborirane derived -complex 79 showing the anticipated coordination modes (Scheme 

39). 
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Scheme 39. Diborirane Fe(CO)3 complex 79 derived from the addition of non-classical diborirane 55e 

to 1.6 equivalents of Fe2(CO)9 in two allylic resonance structures 79 and 79’.  

 

X-ray diffraction on a single crystal shows that the Fe(CO)3 coordination sphere is 

completed by the -system of the B2C moiety, while the BH bond donates -electrons 

to the iron center in an agostic interaction. Due to a comparatively small BCB angle 

(106.7(1)°), some residual, albeit weak, BB interaction was proposed for diborirane 

complex 79. Multinuclear NMR spectra suggest a symmetric structure in solution. For 

example, the 11B NMR spectrum of the diborirane complex 79 shows only one signal 

at  = 68.4 ppm, whereas the 11B SPE/MAS NMR detects two distinct signals ( = 85.1 

ppm and 50.6 ppm), as expected for two chemically different boron atoms in the solid 

state. Since the median of the two solid state shifts resembles the one observed in 

solution, fluxionality between resonance structures 79 and 79’ is the most plausible 

explanation for these findings. 

In view of the boryl-methyleneborane nature of 55e (see Chapter 2, Scheme 33), the 

ring expansion (hydroboration by B-H and attack of a Lewis basic center to B=C) with 

a small molecule such as carbon monoxide was tested. Coordination of the BH σ-bond 

as well as the B−C -bond to iron in complex 79 could further facilitate the incorporation 

of small molecules.  

In the presence of Fe2(CO)9, the formal hydroboration of carbon monoxide by non-

classical diborirane 55e indeed results in an 5-coordinated five-membered B2C2O 

ligand 80, coordinating Fe(CO)3 (Scheme 40). Single crystal x-ray diffraction revealed 

an envelope conformation of the thus obtained five-membered cyclic ligand. 

Due to the formally antiaromatic character of the ligand system, the backdonation from 

the iron center is particularly strong, formally turning the ligand into a 6-system as can 

be seen e.g. in the IR stretching frequencies. 
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Scheme 40. Synthesis of five-membered Fe(CO)3 complex 80 starting from non-classical diborirane 

55e after addition of five equivalents of Fe2(CO)9.  

 

Treatment of Fe2(CO)9 with tin bridged diborirane 78e results in the formal 

borastannylation of carbon monoxide in a ring expansion reaction to Fe(CO)3 

complexed diborete 81. In contrast to the side-on insertion of CO into BHB diborirane 

55e, the carbonylative ring expansion of 78e occurs in end-on fashion presumably as 

a result of the pronounced oxophilicity of tin. Due to the weaker B-Sn bond compared 

to B-H, no intermediate resembling complex 79 could be isolated. Nonetheless, the 

formation of diborete complex 81 could occur via an intermediate such as 82 (Scheme 

41). The mechanistic considerations are supported by the optimization and energy 

comparison of potential alternative intermediates at the B3LYP/def2tzvpp level of 

theory.  

 

 

Scheme 41. Synthesis of four-membered Fe(CO)3 complex 81 starting from Me3Sn bridged diborirane 

78e after addition of 1.2 equivalents of Fe2(CO)9 via transient diborirane complex 82. 
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The formally 2 aromatic nature of 1,3-diborete in 81 results in little backdonation from 

the iron center to the ligand (in contrast to 80): For the oxygen bearing ring carbon, the 

13C NMR signal of the now endocyclic CO moiety is significantly more deshielded ( = 

257.7 ppm) than the CO ligands in Fe(CO)3 ( = 211.6 ppm).  

With these findings, the first examples of the employment of cyclic B2C moieties as - 

and -ligands for different metals were disclosed. Furthermore, the fundamental 

possibility of non-classical diborirane 55e to activate small molecules like carbon 

monoxide, albeit in the coordination sphere of an iron species, was demonstrated. In 

sight of this proof-of concept, various heteroatom-containing multiple bonds might be 

considered as a next step to either react with the non-classical diborirane 55e or its 

iron complex 79. Several new boron-containing heterocycles can thus be envisaged. 

Similarly, the formation of several B2C-based metal complexes should be possible in 

adaption to the here reported procedures. 

 

Metal complexes of conjugated olefins are known for over a century and have found 

vast application in catalysis. The boron-containing dianionic derivative of the simplest 

conjugated olefin, namely butadiene, with internal B-B bonds has been known for a 

long time as well. The corresponding transition metal complexes, however, remain 

conspicously absent. The steric cumbersome Me3Si groups at the anionic carbon 

centers of diboratabutadiene 18c (see Chapter 1.1.2) presumably hinder the attack of 

transition metal electrophiles and may favour electron or proton transfer instead. The 

synthesis of the first perarylated diboratabutadiene with less bulky phenyl substituents, 

was anticipated to overcome these problems and was thus defined as the third central 

target of this work. The required 1,2-dibenzyl-diborane(4) precursor 82 was 

synthesized from 1,2-diduryl-1,2-dichlorodiborane(4) and two equivalents of benzyl 

Grignard. Deprotonation in benzylic position using LiNMe2 gives first perarylated 

diboratabutadiene 18d, prepared in adaption to the protocol reported by Berndt and 

coworkers (Scheme 42). The diboratabutadiene 18d crystallizes as a contact ion pair 

in s-trans geometry in contrast to the Me3Si-derivative 18c previously reported by 

Berndt et al. (s-cis).[84]  
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Scheme 42. Synthesis of perarylated diboratabutadiene 18d starting from 1,2-dibenzyl-1,2-diduryl-

diborane(4) 82 and formation of butadiene metallocene complexes 83a (M = Zr) and 83b (M = Hf) from 

18d and Cp2MCl2. 

 

The near-coplanarity of the phenyl substituents with the CBBC scaffold in 18d results 

in extended conjugation as visualized by UV-Vis experiments and therefore suggests 

interesting options with regards to the construction of extended conjugated systems. 

As anticipated on grounds of the lower steric demand of the phenyl groups, the 

treatment of diboratabutadiene 18d with zirconocene- and hafnocene chlorides indeed 

gives rise to the first transition metal complexes of 2,3-diboratabutadienes 83a,b with 

considerable ligand to metal -interaction as elaborated with multinuclear NMR 

experiments, x-ray diffraction studies and DFT computations. Both complexes adapt 

an s-gauche geometry in between the well-known s-cis and s-trans geometries for 

reported all-carbon butadiene metallocene complexes.  

The addition of two equivalents N-heterocyclic carbene to metal complexes 83 results 

in the oxidative cleavage of the B-B bond under formation of two E/Z isomers of NHC 

stabilized methyleneboranes 84 and transient metallocenes 85 (Scheme 43). 

 

 

Scheme 43. NHC induced oxidative bond cleavage of diboratabutadienes 83 to generate E/Z isomers 

of methyleneborane 84 under formation of transient metallocene 85 (a: M = Zr; b: M = Hf; IMe = 1,3,4,5-

tetramethylimidazol-2-ylidene). 
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Transient metallocenes 85 presumably form hydrogen bridged dimeric metallocene 

species [85’], capable of hydrogenating the generated methyleneboranes 84 to benzyl 

borane 86 (Scheme 44). 

 

 

Scheme 44. Synthesis of benzyl borane 86 starting from metallocene 85 via hydrogen bridged dimer 

[85’] (a: M = Zr; b: M = Hf; IMe = 1,3,4,5-tetramethylimidazol-2-ylidene). 

 

With the reported work on the first 2,3-diboratabutadiene transition metal complexes, 

containing a B-B bond, a missing species in the emerging field of B=C ligands was 

disclosed including a notable first reactivity. The novel diboratabutadiene transition 

metal complexes 83 thus show susceptibility to redox reactions and as a logical next 

step could be further investigated in this regard. In this context, catalytic activity can 

be anticipated, e.g. in Ziegler-Natta polymerization or dehydrocoupling of main group 

hydrides of type RnEHm to (polymeric) compounds with E-E bonds. 
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5 Supporting Information 

5.1 Diboriranide σ-Complexes of d- and p-Block Metals 
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5.2 -Complexes of Non-Classical Diboriranes: Side-on vs. End-

on Carbonylative Ring Expansion
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their Donor-induced Oxidative Cleavage to 

Methyleneboranes 
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