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Abstract 

The reversible coordination of the lone pair from a nitrogen atom into the free p-orbital of 

a boron atom can be used in various fields of organic synthesis and organic materials. 

This coordination is utilized in organic synthesis in the field of Lewis acid catalysis, for 

example in Friedel-Crafts and aza-Diels-Alder reactions, which clearly demonstrates its 

significance and applicability. This applicability was further extended in 2011 when the 

Wegner group employed the boron-based bidentate Lewis acid (BDLA), 9,10-dimethyl-

9,10-dihydro-9,10-diboraanthracene, to show that the boron-nitrogen coordination can be 

used to catalyze inverse electron-demand Diels-Alder (IEDDA) reactions of phthalazines. 

By integrating the BDLA catalyzed IEDDA reaction into several domino processes, a 

diverse substrate scope with highly complex structures can be accessed. One of these 

domino processes combined an IEDDA reaction with a photoinduced ring-opening (PIRO) 

reaction of phthalazines with cyclic enamines and provided medium-sized carbocycles for 

the first time. These are core structures of many biologically active compounds and 

functional materials. Due to entropic and enthalpic reasons they cannot easily be 

synthesized and the synthesis normally requires transition-metal catalysis. Electron-rich 

as well as electron-poor phthalazines and cyclic enamines lead to various substituted 9- 

and 11-membered carbocycles in this BDLA catalyzed IEDDA/PIRO reaction (Figure 1). 

 

Figure 1: The reversible boron nitrogen coordination in Lewis acid catalysis and in synthesis of organic materials. 

In the case of organic materials this coordination also has a major impact on boron-

nitrogen doped polycyclic aromatic hydrocarbons (PAHs), e.g., in organic field-effect 

transistors (OFETs), organic light emitting diodes (OLEDs), or in solar cells. In 2017 the 

Wegner group published the synthesis of a stable boron-nitrogen doped biradical with a 

diazadiboraacene backbone. To access this novel diazadiborabenzo[b]triphenylenes and 

investigate their photophysical properties, a new modular synthetic strategy was 

developed. The investigation of the photophysical properties showed that even small 

changes of the substituent on the boron-atom lead to significant changes in the emission 

spectra.
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Zusammenfassung 

Die reversible Koordination des freien Elektronenpaars eines Stickstoffatoms in das freie 

p-Orbital eines Boratoms kann in verschiedenen Bereichen der organischen Synthese 

und für Materialien genutzt werden. Wie vielseitig diese Koordination in der organischen 

Synthese sein kann, zeigt sich in der Lewis-Säuren Katalyse, z. B. in Friedel-Crafts- und 

aza-Diels-Alder Reaktionen. Unter Verwendung der zweizähnigen Bor-Lewis-Säure, 

9,10-Dimethyl-9,10-dihydro-9,10-diboraanthracen, zeigte die Wegner Gruppe in 2011, 

dass die Bor-Stickstoff-Koordination zur Katalyse von Diels-Alder Reaktionen mit 

inversem Elektronenbedarf (IEDDA) von Phthalazinen genutzt werden kann. Durch die 

Integration der Bor-Lewis-Säuren katalysierten IEDDA Reaktion mit verschiedenen 

Dominoprozessen konnten hochkomplexe Strukturen und eine vielfältige 

Substratbibliothek synthetisiert werden. Ein bereits etablierter Dominoprozess ist die 

Kombination der IEDDA Reaktion mit einer photoinduzierten Ringöffnungsreaktion (PIRO) 

von Phthalazinen und offenkettigen Enaminen. Um mit dieser Methode mittelgroße 

carbozyklische Verbindungen synthetisieren zu können, die den strukturellen Kern vieler 

biologisch aktiver Verbindungen und funktioneller Materialien bilden, wurden zyklische 

Enamine in dieser Methode etabliert. Diese carbozyklischen Verbindungen konnten 

aufgrund entropischer und enthalpischer Effekte bisher nur durch 

Übergangsmetallkatalyse synthetisiert werden. Unter Verwendung von elektronenreichen 

und elektronenarmen Phthalazinen und zyklischen Enaminen führt die Boran-katalysierte 

IEDDA/PIRO Reaktion zu einer Vielzahl unterschiedlich substituierten 9- und 11-gliedriger 

carbozyklische Verbindungen (Abbildung 1). 

 

Abbildung 1: Die reversible Bor-Stickstoff Koordination in Lewis-Säuren-Katalyse und in der Synthese organischer 

Materialien. 

Auch für organische Materialien ist die Bor-Stickstoff Koordination von großer Wichtigkeit. 

Die Bor-Stickstoff dotierten polyzyklischen aromatischen Kohlenwasserstoffen (PAHs), 

werden z.B. in organischen Feldeffekttransistoren (OFETs), organischen Leuchtdioden 
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(OLEDs) oder in Solarzellen genutzt. Im Jahr 2017 veröffentlichte die Wegner Gruppe die 

Synthese eines stabilen Bor-Stickstoff dotierten Biradikals, welches ein Diazadiboraacen-

Grundgerüst besitzt. Um Zugang zu diesen neuartigen Diazadiborabenzo[b]triphenylenen 

zu erhalten und ihre photophysikalischen Eigenschaften zu untersuchen, wurde eine 

modulare Synthesestrategie entwickelt. Die Charakterisierung der photophysikalischen 

Eigenschaften zeigte, dass bereits kleine Änderungen der Substituenten am Bor-Atom zu 

signifikanten Änderungen in den Emissionsspektren führen. 
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1. Introduction 

1.1. Boron-Nitrogen Coordination 

Boron is part of the third main group of elements but its chemistry differs from the other 

elements in this group. Due to boron’s unique electron configuration, it is capable of 

forming covalent bonds with both carbon and nitrogen.[1,2] As a result, boron plays a 

central role in organic chemistry and boron-containing compounds act as powerful tools 

for synthetic chemists. The two most popular examples for this are the Suzuki-coupling 

(A. Suzuki, Nobel prize 2010) and the hydroboration (H. C. Brown, Nobel prize 1979).[3] 

In contrast to the B-C bond, the boron-nitrogen single bond occurs from a coordination 

from the lone-pair of a nitrogen atom into the free p-orbital of a boron atom (Figure 2). 

 

Figure 2: Isoelectronic relationship between C-C and B-N bonds.[1] 

The boron-nitrogen coordination enables the formation of bonds which are equal to 

different hybridized C-C bonds in their steric and electronic properties. This comparison 

shows that bonds are isosteric and isoelectronic to each other, due to their identical 

valence electron count (B-N bond: B 3e−, N 5e− and C=C bond: each C 4e−), but their 

chemical and physical properties are significantly different. One of the simplest examples 

to use to demonstrate this relationship is ethane and ammonia borane. Ethane is a gas 

under standard conditions with a boiling point of −89 °C.[4] It has no effective dipole 

moment and the bond dissociation energy (BDE) of the C-C bond is 90.1 kcal ∙ mol−1.[5] In 

contrast to that, ammonia borane is a solid under standard conditions with a melting point 

of 104 °C.[6] It has a strong dipole moment (5.2 Da) and the BDE is 27.1 kcal ∙ mol−1.[1,7] It 

is however important to note that the BN/CC isomerism could also be apply to arenes. 
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One of the most popular examples for BN/CC isosterism is borazine (1). It is the inorganic 

counterpart to the quintessential aromatic compound benzene. Additionally, borazine (1) 

was the first example of BN/CC isosterism of an arene when it was reported by Alfred 

Stock in 1926 (Figure 3).[8] 

 

Figure 3: Mesomeric structures of borazine (1). 

1.2. The Boron-Nitrogen Coordination in Lewis Acid Catalysis 

Apart from their extraordinary structural interactions, the coordination of the lone pair of a 

nitrogen atom into the free p-orbital of a boron atom has proven instrumental in Lewis acid 

catalysis, e.g. in Friedel-Crafts and aza-Diels-Alder reactions.[9,10] The first example, that 

was reported, was the Diels-Alder (DA) reaction, the parent carbon based equivalent to 

the aza-DA, in the addition of isoprene and 1,4-benzoquinone by H. v. Euler and K. O. 

Josephson in 1920.[11] Nevertheless, this reaction was ultimately named after O. Diels and 

K. Alder, who investigated the mechanism of the [4+2] cycloaddition with six π-electrons 

for the reaction between cyclopentadiene and 1,4-benzoquinone in 1928.[12] In 1950, O. 

Diels and K. Alder received the Nobel prize in chemistry for their work on this topic and 

their contribution to the understanding of these kind of reactions.[13] Since then, the DA 

reaction has been established as one of the most utilized reaction types as it offers the 

great advantage of installing potentially four stereocenters in one step.[13] In the shadow 

of the DA reaction, the inverse electron-demand Diels-Alder (IEDDA) reaction has slowly 

gained interest over the past decades.[14] 

As mentioned above the DA reaction is a [4+2] cycloaddition. Four of six π-electrons must 

be located on the conjugated diene and two on the dienophile. The conjugated diene can 

be cyclic or non-cyclic. To simplify the mechanism of the DA reaction, it is often shown by 

the example reaction of butadiene (2) and ethene (3) as illustrated in Scheme 1. The 

butadiene (2) reacts with ethene (3) under the selective formation of two σ-bonds and one 

π-bond during a pericyclic, concerted transition state to form cyclohexene (4). Hence, the 
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DA reaction can be used as highly efficient construction reaction with perfect atom 

economy.[15]  

 

Scheme 1: Molecular orbital diagram of the Diels-Alder (DA) reaction (black - left) and the inverse electron demand Diels-Alder 

(IEDDA) reaction (green - right).  

In a DA reaction the highest occupied molecular orbital (HOMO) of the diene and the 

lowest unoccupied molecular orbital (LUMO) of the dienophile react with each other.[13] 

However, by altering the substituents on the diene and the dienophile it is also possible 

that the LUMO of the diene and the HOMO of the dienophile can react with each other. 

This reaction is known as the IEDDA reaction.[15,16] Whether the diene and the dienophile 

react in a DA or in an IEDDA reaction is dependent on the more favourable orbital 

interactions. It is known that, the DA reaction can be favoured by incorporating electron 

donating groups (EDG) on the diene and electron withdrawing groups (EWG) on the 

dienophile. The EDG on the diene lifts the HOMO of the diene energetically and the EWG 

on the dienophile lowers the LUMO of the dienophile in energy. As a result, the gap 

between the HOMO and LUMO becomes smaller. The same principle is valid in the 

opposite direction for the IEDDA reaction.[13,15]  

 

Scheme 2: IEDDA reaction in the total synthesis of strychnine (7).[14] 
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One example to show what a powerful tool the IEDDA reaction can be was reported by 

Graham J. Bodwell and Jiang Li in 2002 (Scheme 2).[14] In the total synthesis of strychnine 

(7), they used the IEDDA reaction as key step to form the pentacycle 6 in a stereospecific 

way. This example does, however, also demonstrated, that IEDDA reactions with 

compounds containing diazine-units, have to normally be performed under harsh 

conditions.[14,17] With increasing number of nitrogen-atoms in the diene cores, e.g., when 

using triazines or tetrazines, the electron-deficient character of the diene is increased. 

This leads to an energetically lowered LUMO of the diene which subsequently provides a 

higher reactivity.[18] Dale L. Boger and co-workers used these electron-deficient dienes in 

the aza-IEDDA reaction as key-steps in various total synthesis of natural products, e.g., 

streptonigrin (1983),[19] (-)-pyrimidoblamicc acid (1993),[20] (-)-vindoline (2006 and 

2015),[21] and methoxatin (2016).[22] Activation problems can occur in certain DA or IEDDA 

reactions, as in the total synthesis of strychnine (7), but this can be overcome by making 

use of Lewis acid (LA) catalysis. The coordinated LA, e.g. BF3, can lower the LUMO of 

the diene (IEDDA) or dienophile (DA) energetically thereby reducing the HOMO-LUMO 

gap making it possible to use more lenient conditions.[15] 

1.2.1.  Monodentate Boron-Based Lewis Acid Catalysis of IEDDA 
reactions 

One of the first examples of boron-based Lewis acid catalysis in IEDDA reactions with 

aza-dienes was shown by Povarov and Mikhailov in 1964.[23] They formed the Schiff base 

8 in situ by using aniline and an excess of the vinyl ethyl ether 9 (Scheme 3). Under LA 

catalysis with BF3 the dienophile 9 can react with the aza-diene 8 in the IEDDA reaction, 

and after re-aromatization, the tetrahydroquinoline 10 is obtained in a yield of 30%. 

 

Scheme 3: IEDDA reaction of the Schiff base 8 and vinyl ethyl ether 9 catalyzed with BF3 • Et2O.[23] 

In 1985 Cheng et al. showed that the IEDDA reaction of aza-dienes with electron-rich 

dienophiles is also possible in the present of the strong LA BF3 • Et2O as catalyst.[10] 

Beforehand, this kind of compounds could only react with electron-poor dienophiles, like 
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maleic anhydride, or at temperatures above 200 °C in a DA reaction.[24] Within this 

publication they showed the BF3 catalyzed IEDDA reaction of the aza-diene 11 with 1-

morpholinocyclopentene (12) as dienophile. The coordination of the nitrogen of the aza-

diene 11 to the boron of the BF3 leads to a lowering in energy of the LUMO of the aza-

diene 11 so that the IEDDA reaction can proceed at 25 °C. By reducing the BF3-

tetrahydropyridine complex 13 with sodium boron hydride the corresponding 1-phenyl-4-

methyl-9-morpholino-2-azaindans 14 and 15 were obtained in an overall yield of 39% 

(Scheme 4). 

 

Scheme 4: BF3 catalyzed IEDDA reaction of aza-diene 11 and 1-morpholinocyclopentene (12).[10] 

Nevertheless, when compounds with a larger number of nitrogen atoms, like 1,2-diazines 

or 1,2,3,4-tetrazines, are employed in the IEDDA reaction the monodentate Lewis acid 

catalysts can only coordinate to one site of the substrate. In these cases, a bidentate 

Lewis acid catalyst, which can coordinate to two conjugated nitrogen atoms, should lead 

to a more significant drop in energy of the LUMO of the electron-rich diene. With this in 

mind, several examples of bidentate Lewis acid catalysts, including aluminum and 

titanium based systems, were synthesized. Unfortunately, nearly all of them only form one 

bond/coordination with the substrate.[25] On the other hand, there has been several boron-

based Lewis acids reported, which are binding in the bidentate manner to 1,2-dinitrogen 

compounds, e.g. 1,2-diazines, but they were never used in this context.[26–28]  

1.2.2.  Bidentate Boron-Based Lewis Acid Catalysis of IEDDA reactions 
with Phthalazines (24) 

Based on the studies of boron-based anthracene structures[26,29,30] and the indium-based 

bidentate Lewis acid-phthalazine-complex 17,[28] which are selective to 1,2-diazines, the 

Wegner group designed 9,10-dimethyl-9,10-dihydro-9,10-diboraantharacene (21) as 

catalyst in the IEDDA reaction of 1,2-diazines.[31] In Figure 4 the similarities of the crystal 
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structure of the boron-based as well as the indium-based Lewis acid-phthalazine-

complexes 16 & 17 are depicted.[28,32] Both Lewis acids form a triptycene-like structure by 

coordination with the phthalazine (24). 

   

Figure 4: ORTEP drawing (50% probability) and skeletal formula of the boron-based bidentate Lewis acid/phthalazine 
complex 16 (left) and indium-based Lewis acid/phthalazine complex 17 (right).[28,32] 

The synthesis of 9,10-dimethyl-9,10-dihydro-9,10-diboraanthracene (21) was reported by 

Schulz et al. in 1991.[29] In their four-step procedure, they obtain 21 in an overall yield of 

less than 5%. To gain better access to the 9,10-dimethyl-9,10-dihydro-9,10-

diboraanthracene (21), the synthesis was significantly improved in the last decades. In 

2010 Bader et al. showed a new three-step synthesis of 21 with an overall yield of 27%  

(Scheme 5).[33]  

Scheme 5: Synthetic route for 9,10-dimethyl-9,10-dihydro-9,10-diboraanthracene (21).[33] 

The synthesis of the boron-based bidentate Lewis acid 21 started with an iron-catalyzed 

Grignard reaction of 1,2-dibromobenzene (18) to obtain 1,2-bis(TMS)aryl compound 19 in 

a moderate yield. This step can even be performed on a multigram scale and with different 

substituents.[32,33] An alternative route for this transformation by a magnesium Grignard 

reaction without iron catalyst was later published.[34] The dimer 20 is subsequently formed 

by stirring 19 and BCl3 in anhydrous DCE in a sealed pressure tube at high temperatures 

for three days. Upon cooling the air- and moisture-sensitive product crystallizes as white 

needles. The solvent was removed, and the needles were washed with hexanes. 
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Following this procedure, the dimer was obtained in good yields. In the final step, the 

chlorine on the boron was exchanged to a methyl group by AlMe3.[33]  

  

Scheme 6: Synthesis of the air-stable pyridazine/Lewis acid complex 23 (left). ORTEP drawing (50% probability) of 
complex 23 (right).[35] 

The preparation as well as the handling of 21 is only possible under Schlenk conditions. 

To overcome this disadvantage, Hong et al. showed the synthesis of an air and moisture 

stable catalyst variant 23 in 2018.[35] The Wegner group demonstrated that the catalyst 21 

can be synthesized in a one-pot reaction starting form 1,2-bis(TMS)aryl compound 19 with 

BBr3 and AlMe3 in a yield of 51%. Additionally, it was shown that the air and moisture 

sensitive Lewis acid 21 could be quantitatively converted with pyridazine (22) to the 

triptycen like air-stable complex 23 (Scheme 6).[35]  

 

Figure 5: FMO energies in eV of the HOMO and the LUMO of pyridazine (22), phthalazine (24), and their complexes 
with Lewis acid 21, [computed on B3LYP/6-31g(d,p) level of theory].[36] 

The pyridazine (22) leads to a tetra-coordination of the boron atoms. The free p-orbital of 

the boron is thereby blocked, and stabilizes the complex 23 towards oxidation and 

hydrolysis. In solution the coordination of the nitrogen to the boron is reversible, which 

makes complex 23 useful in a variety of IEDDA reactions and allows the coordination of 

other 1,2-diazine moieties to the BDLA 21.[36] Besides the stabilization effect, complex 23 

also has the benefit that the LUMO level of pyridazine (22) is significantly lowered by 

complexation. This is similar for phthalazine (24) which can also coordinate as 1,2-diazine 



  Introduction 

8 

to the boron-atoms in catalyst 21. This leads to smaller HOMO-LUMO gap between the 

diazines 22 & 24 and electron-rich dienophiles, and IEDDA reactions can proceed under 

milder conditions. DFT computations were carried out on B3LYP/6-31g(d,p) level of theory 

(Figure 5).[36,37] However, pyridazine (22) is not reacting in this BDLA-catalyzed IEDDA 

reaction with electron-rich dienophiles 25 due to a loss of aromaticity during the initial 

cycloaddition. In contrast to that, when using phthalazine (24) only the aromaticity of one 

ring is broken during the reaction (Scheme 7).[32] 

 

Scheme 7: Catalytic cycle of BDLA 21 participating in an IEDDA reaction of phthalazine (24) and a dienophile 25 to 
form the highly reactive intermediate 27.[38–41] 

The coordination of the 1,2-diazine moiety of the phthalazine (24) to the boron-based 

bidentate Lewis acid 21 (BDLA) and the resulting energetically lowered LUMO of the 

diazine, was intensively investigated in Lewis acid catalyzed IEDDA reactions with 

phthalazines (24) with electron-rich dienophiles 25 in the Wegner group.[39,40] In the first 

step of the catalytic cycle, the BDLA 21 coordinates to the phthalazine (24) to form the 

diazine/Lewis acid complex 16. As for the air-stable catalyst 23 the formation of this 

complex 16 is also a reversible process in solution. Then, the complex 16 reacts in an 

IEDDA reaction with the electron-rich dienophile 25 to the IEDDA product 26. Under the 

split-off of the BDLA 21 and N2 elimination a highly reactive o-quinodimethane 

intermediate 27 is formed. This intermediate 27 can then undergo a large variety of 
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subsequent reactions.[32] The type of product depends on the reaction conditions and the 

substitution of the chosen dienophile (Scheme 8).[31,32,38–46]  

Furthermore, also starting from the intermediate 27, naphthalene derivatives 28 can be 

formed by elimination reactions.[31] For example, if an enamine with a second double bond 

is used as dienophile for the IEDDA reaction, highly complex molecules like 31 and 32 

can be formed during a following DA reaction.[39] When using an excess of amines or 

thiophenols, an asymmetric rearrangement is observed, which leads to structures like 

33.[42,43] The main driving force for all these subsequent reactions is re-aromatisation of 

the o-quinodimethane intermediate 27.[31,32,38–46] Besides temperature and concentration 

of the reagents, an additional parameter, which is sometimes forgotten, but especially 

efficient in pericyclic reactions, is light. In this case, the irradiation of o-quinodimethane 

intermediate 27 with a blue LED enables a photoinduced ring-opening (PIRO) reaction. 

 

Scheme 8: Possible products of the BDLA catalyzed IEDDA reaction with phthalazine (24) depending on dienophiles 

and reaction conditions.[31,32,38–46]  

This pericyclic PIRO reaction of the o-quinodimethane intermediate 27 proceeds 

according to the Woodward-Hoffmann rules with its 10π-electron in conrotatory fashion to 

form product 34. For improved purification the enamine 34 was reduced with NaBH(OAc)3 
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and AcOH in DCM to its corresponding more stable phenethylamine 35 in a yield of 81%. 

Several other amines, phthalazines and aldehydes were used in the IEDDA/PIRO 

reaction. Depending on the irradiation wavelength, reaction temperature and substitution 

scaffold, the corresponding amines were obtained in moderate to good yields  

(Scheme 9).[41] 

 

Scheme 9: PIRO reaction of the o-quinodimethane intermediate 27 and following reduction with NaBH(OAc)3 and AcOH 
in DCM to the corresponding amine 35.[41] 

1.3. Boron-Nitrogen Doped Polycyclic Aromatic Compounds 

The usage of reversible boron-nitrogen coordination is not limited to Lewis acid catalysis. 

The coordination also has a huge impact in boron-nitrogen doped polycyclic aromatic 

hydrocarbons (PAHs). PAHs have received attention in materials research due to their 

application potential, e.g. in organic field-effect transistors (OFETs),[47] organic light 

emitting diodes (OLEDs),[48] as well as in solar cells.[49] This is related to their versatile 

structure dependent properties which is accessible through their modular synthesis.[50] 

Additionally, the implementation of boron atoms in PAHs was shown to lead to new 

exceptional optoelectronic materials.[1,51] As mentioned above the valence electron count 

of a B-N and of a C=C bond is the same (BN/CC isosterism). Therefore, C=C bonds can 

be replaced by B-N bonds.[1] Because of the difference in electronegativity of boron and 

nitrogen, a dipole moment is introduced in the PAH, which can significantly influence the 

solid-state structure as well as electronic and optoelectronic properties, while maintaining 

the existing molecular structural features. These changes are due to the modification of 

the HOMO-LUMO gap as well as the intermolecular interactions in the solid state.[1,2,52] 

1.3.1.  Separated B-N Bonds in PAHs 

Pioneers in the field of azaboraacences synthesis were Dewar and co-workers in the 

1950s and 1960s. One of their first publications on azaboraacences was the synthesis of 

azaboranaphthalene derivatives 37-42 in 1959 (Scheme 10).[53] They published a 

synthesis in which 2-aminostyrene (36) was reacted with boron trichloride to obtain 
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2-chloro-2,1-borazaronaphthalene (37). Starting from the 2-chloro-2,1-

borazaronaphthalene (37), the synthesis can be varied and multiple different derivatives 

can be prepared. After the reaction with lithium aluminium hydride, the 2,1-

borazaronaphthalene (38) is generated, with water bis-2,1-borazaro-2-naphthyl ether (41) 

is yielded. In Grignard reactions of 2-chloro-2,1-borazaronaphthalene (37), with methyl 

iodide 2-methyl-2,1-borazaronaphthalene (42) is obtained and with bromobenzene, 

2-phenyl-2,1-borazaronaphthalene (40) is formed. The latter can also be synthesized 

directly from 2-aminostyrene (36) with phenyl boron dichloride (39).[53–55]  

 

Scheme 10: Synthesis of azaboranaphthalenes 37-42 by Dewar in 1959.[53] 

Nonetheless, they did not only replace one C=C bond with a B-N bond in polyaromatic 

systems. Shortly afterwards they showed the synthesis of the azaboranaphthalenes 37-

42, they published the synthesis of diazadiborapyrene 44 and diazadiboraantharacene 

46.[56] The diazadiborapyrene 44 was formed by heating [1,1′-biphenyl]-2,6-diamine (43) 

with phenylboron dichloride and was obtained in a yield of 21%. In a similar fashion, the 

diazadiboraantharacene 46 was synthesized from the corresponding diamine 45 in an 

excellent yield of 94%. 

Additionally, they started to investigate the optoelectronic properties of their boron-

nitrogen doped PAHs.[57] After Dewar and co-workers pioneering work, new methods for 

the preparation of existing and new BN isosters of PAHs have been developed.[58,59] For 

example, regarding the tricyclic BN isosters of PAHs, following on Dewar’s work, Williams 
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and co-workers developed the oxidative photocyclization of aniline boranes to obtain 9,10-

azaboraphenanthrenes.[60]  

 

Scheme 11: Synthesis of the diazadiboraacences 44 and 46 from their corresponding starting materials with 

phenylboron dichloride.[56] 

More recently, in 2007 Piers and co-workers prepared “internal” azaboraphenanthrene 

isosteres 4a,4b-azaboraphenanthrene 50a-d.[61] They used 1-chloro-trimethylsilyl-

boracyclohexa-2,5-diene (47) and a variety of 2-ethynyl-pyridines 48a-d as starting 

materials. Under the elimination of TMSCl the borabenzene-pyridine adducts 49a-d were 

formed first. By stirring the reaction mixture for an additional 36 hours at room 

temperature, azaboraphenanthrenes 50a-c could be isolated in moderate to excellent 

yields after cycloisomerization. In the equivalent all-carbon system, this kind of reaction 

requires transition metal catalysis.[62] Due to slow cycloisomerization at 25 °C 49d could 

be isolated. This decrease in reactivity is likely an effect of the reduced electrophilicity of 

the terminal carbon atom of the alkyne moiety due to the electropositive nature of the 

connected silicon atom. The cycloisomerization of 49d proceeds by heating the reaction 

mixture at 80 °C for 24 h to afford 50d in a yield of 79% over two steps (Scheme 12).[61] 
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Scheme 12: Synthesis of “internal” azaboraphenanthrene isosterse 4a,4b-azaboraphenanthrene 50a-d.[61] 

In this study, they also synthesized, in a modified approach to Dewar’s work,[54] 

azaboraphenanthrene derivatives with an “external” B-N bond, e.g. 51. With this, they had 

the possibility to directly compare the photophysical properties of the “internal” and 

“external” B-N bond in a phenanthrene scaffold, and the all-carbon phenanthrene (52) with 

each other (Figure 6).  

    

Figure 6: Fluorescence spectra of phenanthrene (52 - black line, λex. = 260 nm), 9,10-BN phenanthrene 51 (blue line, 
λex. = 330 nm), and 4a,4b-azaboraphenanthrene 50a (red line, λex. = 330 nm) in cyclohexane.[61] 

In this case, phenanthrene (52) (λex. = 260 nm) which is a well-known fluorophore with an 

emission wavelength of λem. = 347 nm and a quantum yield of ՓF = 0.09 was used as 

reference.[63] In comparison with phenathrene (52) the emission of the 4a,4b-

azaboraphenanthrene 50a (λex. = 330 nm) is red-shifted and has an emission maximum 

at 450 nm and a quantum yield of ՓF = 0.58, observable as a bright blue light emission. 

The Stokes shift of 50a (λex. = 330 nm) which is 4 nm (λabs.. = 446 nm) is relatively small in 

comparison to phenanthrene (52), which has a Stokes shift of 54 nm (λabs.. = 293 nm). 

With an absorption maximum of 326 nm and an emission maximum of 327 nm, the 9,10-

azaboraphenanthrene 51 shows an even smaller Stokes shift (1 nm) than 50a. 
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Additionally, the emission of 51 is more similar to the phenanthrene (52) with only a 

marginal blue shift. Due to the central position of the B-N moiety in 4a,4b-

azaboraphenanthrene 50a, a local dipole moment is introduced into the core structure, 

and with this into the fluorogenic unit. This is influencing the molecular properties 

drastically. In contrast to this, in the 9,10-azaboraphenanthrene 51 the B-N moiety has an 

external position and acts more as a bridge and is not polarizing the fluorophore.[61] This 

shows how important the position of the B-N moiety in PAHs is to influence the electronical 

properties. 

In the same year, Piers and co-workers published the synthesis of central substituted B,N 

pyrenes 56a-c.[58] They used a similar synthetic route as for 4a,4b-azaboraphenanthrenes 

50a-c. In the first step, the pyridines 53a-c coordinate to 1-chloro-trimethylsilyl-

boracyclohexa-2,5-diene (47) and under elimination of TMSCl, borabenzene-pyridine 

adducts 54a-c are formed. The azaboraphenanthrenes 55a-c are obtained by a 

cycloisomerization reaction of one of the alkyne groups. For the second cyclization, the 

distance between the terminal carbon atom of the remaining alkyne group and the carbon 

in α-position to the boron in the more rigid azaboraphenanthrenes 55a-c (3.5 Å) is larger 

than in adducts 54a-c (2.9 Å). Consequently, the cyclization has to be catalyzed with 

5 mol% of PtCl2 at 90-95 °C (Scheme 13). Because of their π-stabilized structure, the BN 

pyrenes 56a-c are air- and moisture-stable and can be obtained in moderate to very good 

yields after column chromatography. In general, there are two possible strategies to 

stabilize a trivalent boron in PAHs. One is stabilization by embedding it into the inner part 

of PAHs, like in this case. This is called “principle of structure constraint”. Herein, the tetra 

coordinated adducts of the boron become unfavourable and C−B bond cleavage is 

prevented by the chelating effect.[64] The second possibility is the use of bulky substituents 

(e.g. mesityl-groups) on the boron, which blocks the free p-orbital of the boron and leads 

to kinetic protection. This is called “principle of steric shielding”.[65] 

Additionally, Piers and co-workers investigated the photophysical properties of the BN 

pyrenes 56a-c in comparison to the all-carbon pyrene. Herein, it was shown that the 

polarization of the pyrene moiety leads to a red-shift in the emission spectra (λex.,56a-c = 

330 nm; λex.,pyrene = 337 nm; λem,56a-c = 488 – 489 nm, λem,pyrene = 383 nm; both in 

cyclohexane)[66] to a visible green fluorescence of 56a-c, but the quantum yields are much 
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lower than for the pyrene (ՓF,pyrene = 0.60, ՓF,56a-c = 0.11 – 0.16; both in cyclohexane). 

Nevertheless, in photophysical studies with 56a-c, they showed that excimer behaviour of 

the pyrene is also observed in azaborapyrene 56a-c and the fluorescence can even be 

shifted to 510 – 550 nm (λem.,excimer pyrene = 470 nm).[58] 

 

Scheme 13: Synthesis of 10a,10b-azaborapyrenes 56a-c.[58] 

This selection of B,N-PAHs with separated B-N bonds was specifically chosen to show 

the development of this field, starting from the B,N-PAHs by Dewar and co-workers up 

until the investigations done by Piers and co-workers, which proved how important the 

position of the B-N bonds are. Piers and co-workers could specifically show that the 

implementation of B-N bonds into the core structure has a significant impact on the 

molecule properties. To increase this effect even further, the dipole moment in the core 

structure would have to be enhanced. This could be achieved by introducing connected 

B-N-N-B bonds in a core position of PAHs. 

1.3.2.  Connected B-N Bonds in PAHs 

The first example of diazadiboraacene, in which the two B-N bonds are connected via an 

N-N bond, was shown by Siebert and co-workers in 1974.[67] Starting from 1,3-dimethyl-

2,1,3-benzothiadiborolane (57), they showed the conversion with aniline and methylamine 

under the elimination of H2S to the corresponding azadiboraacences (B-N-B connected). 

Additionally, in the same reaction set-up with hydrazine they were able to form the 

diazadiboranaphthalene (58). After distillation, 58 was obtained in a good yield of 70% 
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(Scheme 14).[67,68] Later on, they were able to show that this reaction could be performed 

with methylhydrazine and N,N’-dimethylhydrazine to afford the corresponding 

diazadiboranaphthalenes.[69,70] 

 

Scheme 14: Synthesis of diazadibornaphthalenes 58 from thiaborolene 57 with hydrazine by Siebert and co-workers 

in 1974.[67–70] 

It took nearly 30 years until the synthesis of new diazadiboraacence derivatives was 

published. Finally in 2003, Piers and co-workers showed the synthesis of 

diazadiboratriphenylene 64a.[71]  

 

Scheme 15: Synthesis of the diazadiboratriphenylene 64a starting from stannacyclohexadiene 59.[71] 
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To receive the boron dimer 63a starting from stannacyclohexadiene 59, the crucial C-C 

bond-forming step has to proceed selectively in ortho-position to the boron atom. 

Therefore, it was necessary to first block the para-position. Firstly, the 

stannacyclohexadiene 59 was deprotonated with LDA followed by quenching of the lithium 

salt with isopropyl iodide. Due to the high regioselectivity they obtained 60a in a very good 

yield of 81%. After transmetalation with an excess of BCl3, they isolated the para-isopropyl 

chloroboracyclohexadiene 61a in an excellent yield of 98%. Then, the 

chloroboracyclohexadiene 61a was treated with two equivalents of LiNMe2. With the first 

equivalent, the nucleophilic chlorine on the boron is exchanged and the second equivalent 

deprotonates in ortho-position to the boron. Treatment of intermediate 62a with CuIBr led 

then to a coupling in ortho-position and offered the corresponding boron dimer. By making 

use of BCl3-gas, 62a was converted into the corresponding boron chloride dimer 63a. In 

the last step, pyridazine (22) was added dropwise to the boron dimer 63a and after a 

thermally allowed suprafacial 1,5-hydrogen shift and the following elimination of TMSCl, 

the diazadiboratriphenylene 64a was formed in a yield of 41% (Scheme 15).[71] Later, they 

also showed that this reaction can be performed with a methyl group in para-position to 

the boron in the cyclohexadiene as well as with other Lewis bases, like phthalazine (24), 

benzo[c]cinnoline (76) and diphenylpyridazine (Figure 7).[27,71,72] 

 

Figure 7: Summarized diazadiboraacences by Piers and co-workers.[27,71,72] 

In the case of the unsubstituted diazadiboratriphenylenes 64c the deprotonation in the 

para-position cannot be avoided. Therefore, they first coupled the cyclohexadiene rings 

before the transmetalation. This was achieved by treatment of stannacyclohexadiene 59 

with LDA for deprotonation (Scheme 16).[27] Afterwards, this intermediate was homo 

coupled, mediated by iodine, to obtain the dimers 68 and 69 in a ratio of 60:40. In the 

second step, the dimers 68 and 69 were transmetalated with BCl3 and afforded the 
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corresponding boron dimers 63c and 70 in an overall yield of 60% with 63c as the major 

product. In the last step, the mixture of 63c and 70 was treated with pyridazine (22) as 

Lewis base. A suprafacial 1,5-hydrogen shift led to the elimination of TMSCl and 

generated the diazadiboratriphenylene 64c in a yield of 41%.  

 

Scheme 16: Synthesis of the unsubstituted diazadiboratriphenylene 64c starting from stannacyclohexadiene 59 by 

Piers and co-workers in 2006.[27] 

Additionally, they studied the optoelectronic properties of the diazadiboraacences 64a-c 

and 65-67. Compounds 64a-c all exhibited a strong charge-transfer absorption in the 

visible region of their UV-Vis spectra, which is also apparent in their highly coloured 

solutions (Figure 8 – right).[27,71] All UV-Vis spectra of the diazadiboratriphenylenes 64a-c 

and 65-67 are red shifted compared to the colorless solution of the all carbon triphenylene 

(λmax = 258, 275, and 386 nm).[73] In Figure 8, the UV-Vis spectrum of 64c in cyclohexane 

is shown in black. The main absorption maximum for 64c is at 546 nm in a solution of 

cyclohexane. This absorption is attributed to a charge transfer of an electron from the 

HOMO, which is primarily located on the B2N2C2 ring, to the LUMO, which is located on 

the two C5B borabenzene rings. The same transition was observed for the 

diazadibortriyphenylenes 64a (545 nm) and 64b (546 nm). In contrast to 64a-c, the 

HOMOs of the compounds 65 and 66 were found to be mainly located on the phthalazine 

and benzo[c]cinnoline parts, while the LUMOs persisted and were largely not effected. 

Respectively, 65 and 66 are blue-shifted to 64a, by 43 nm (65, λmax = 493 nm) and 70 nm 

(66, λmax = 466 nm). In contrast, 67 is with an absorption maximum of 605 nm red shifted 
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compared to 64a by 69 nm, due to exocyclic conjugation effects from the two substituted 

phenyl groups.[27,74] 

   

Figure 8: Left: UV-Vis spectrum (black) and the fluorescence spectrum (green) of compound 64c in n-hexane and the 
fluorescence spectrum of triphenylene in n-hexane (blue) all solutions were excited at 260 nm. Right: Picture of 
diazadiborines triphenylene derivatives solutions in cyclohexane (1 = 64c; 2 = 64b; 3 = 64a, 4 = 66; 5 = 65; 6 = 67) and 

their visible fluorescence during irradiation at 365 nm.[27] 

The excitation of diazadiboratriphenylenes 64a-c at 260 nm led to red-shifted 

fluorescence related to all carbon triphenylene (λmax = 355, 363, 372 nm – blue). In the 

same fashion, all of them exhibited a yellow-orange fluorescence with the main maximum 

between 551 and 558 nm. The comparison of the fluorescence of 64c and the all carbon 

triphenylene is shown in Figure 8. Consequently, small Stokes shift were observed for 

64a-c 12 nm (64c), 14 nm (64b), and 18 nm (64a). This indicates that only a marginal 

geometric bend occurs in the rigid planar core in the excited state. The excitation of 66 at 

260 nm led to a green fluorescence. This blue-shifted emission, relatively to 64a-c, is in 

accordance to the blue-shifted UV-Vis spectrum. Nonetheless, 66 has a larger Stokes 

shift than 64a-c, which is indicating a larger torsion in the excited state, due to the larger 

and more flexible core. In the case of 65 and 67 no fluorescence was observed. The 

aromaticity is reduced, due to the nonplanar twisted geometry, which results from steric 

repulsion of the 3,3’-hydrogen atoms of the diboraphenyl moiety, either with the 3,3’-H of 

the benzo[c]cinnoline in 65 or 3,3’-H of the hydrogen in ortho-position of the phenyl groups 

on 67.[27] Nevertheless, all of these compounds could show what a significant influence 

the B-N-N-B moiety could have on the properties of the carbon backbone.  

More recently, the Wegner group published the synthesis of diazadiboranaphthalenes 

74a-h.[75] Starting from 1,2-dibromobenzene (18) the bis-pinacolboranebenzene 71 was 
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synthesized via a Grignard reaction with magnesium and isopropoxy pinacolborane. 

Afterwards, the borane 71 was reduced with LiAlH4 to obtain the lithium ortho-

phenylborate 73 in an excellent yield of 91%.[76] The diazadiboranaphthalenes 74a-h were 

finally obtained when the lithium ortho-phenylborate 73 was reacted with azobenzenes 

72a-h under the elimination of hydrogen, after the in situ formation of the corresponding 

borane with TMSCl. Symmetric electron-rich as well as electron-deficient azobenzenes 

74a-e were used, which led to the corresponding diazadiboranaphthalenes 74a-e in 

moderate to good yields (30-63%). Additionally, unsymmetric azobenzenes 74f-h were 

used. Here, the yields (15-31%) were lower compared to the symmetrical products 74a-e 

(Scheme 17).[75] 

 

Scheme 17: Synthesis of the diazadiboranaphthalenes 74a-h.[75] 

Additionally, the UV-Vis and fluorescence spectra of the diazadiboranathphtalenes 74a-h 

were measured. For comparison, the absorption and fluorescence spectra of 74d were 

plotted together with the absorption and fluorescence spectra of the all carbon analogue 

2,3-diphenylnaphthalene (75) (Figure 9). All spectra were measured as 10-5 mol/L 

solutions in cyclohexane. By comparing the UV-Vis spectra, for 74d a red-shift of the 

absorption is observed relative to 75.[75] But the absorption is similar to the already known 
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1,2-boraazanaphthalenes 37-42. Independent of the substitution pattern on the aryl 

groups, they exhibited roughly the same absorption maximum around 310 nm.[53,55,77] This 

shows that the local dipole moment of one B-N bond in a smaller aromatic system, like 

naphthalenes, already has a strong influence on the properties. 

  

Figure 9: The absorption and emission spectra of the diazadiboranaphthalene 74d (black lines) and of the all carbon 
analogue 2,3-diphenylnaphthalene (75 – red lines). All spectra were measured as solutions in cyclohexane of a 
concentration of 10-5 mol/L. All emission spectra of 74d were excited at 310 nm and 75 at 354 nm. Additionally, the 
computed absorption and fluorescence spectra of 74d are shown (blue lines). The absorption spectra are shown as 

solid lines and the fluorescence spectra as dotted lines.[75] 

For the fluorescence spectrum of 74d in cyclohexane (λex. = 310 nm) two emission bands, 

at 340 and 545 nm, were observed (dotted black line - Figure 9). The large Stokes shift 

(235 nm) indicates a strong structural torsion in the excited state. Computations showed 

that (BN)2-naphthlenes 74d can undergo a twisted intramolecular charge transfer (TICT). 

In this, the (C2B2N2)-unit is twisting and an aryl-ring is flipping into an orthogonal position 

to the core. This was supported by matrix isolation experiments.[75] 

 

Scheme 18: Synthetic strategy and solid state structure of biradical 77.[78] 
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Additionally, the Wegner group showed that treatment of lithium o-phenylborate 73 with 

benzo[c]cinnoline (76), instead of azobenzenes 72a-h, leads to a new stable biradical 77. 

As discussed earlier, the lithium o-phenylborate 73 is converted with TMSCl in situ to the 

corresponding borane. Under the elimination of hydrogen the benzo[c]cinnoline (76) can 

react with the borane to the thermally stable biradical 77 (Scheme 18).[78] 

In 1H NMR studies of the biradical 77 in a CDCl3 solution, a clear difference could be seen 

of 77 under the treatment of pyridine (78) compare to the initial spectrum of biradical 77. 

Within this spectrum signals of the benzo[c]cinnoline (76) as well as signals related to the 

pyridine (78) stabilized diazaboraacence 79 were also observed. Additionally, the EPR 

response was weaker than without the addition of pyridine (78). Removal of the pyridine 

(78) again provided to the initial 1H NMR and EPR spectra of the biradical 77. In summary, 

it could be shown that the dissociation of the second benzo[c]cinnoline (76) is reversible 

in solution (Scheme 19).[78]  

 

Scheme 19: Reversible formation of biradical 77 under coordination with pyridine (78) in solution.[78] 

These B-N doped PAHs and the BDLA catalyzed IEDDA reactions, which involves various 

aspects of boron-nitrogen coordination chemistry, makes it possible to synthesize novel 

challenging boron-nitrogen materials and access structures which normally couldn’t be 

achieved without transition-metal catalysis. 
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2. Contribution to Literature 
 

2.1. Synthesis of Medium-Sized Carbocycles via a Bidentate 

Lewis Acid-Catalyzed Inverse Electron-Demand Diels–

Alder Reaction Followed by Photoinduced Ring-Opening 
 

 

 

“The combination of a Lewis acid-catalyzed inverse electron-demand Diels–Alder 

(IEDDA) reaction with a photoinduced ring-opening (PIRO) reaction in a domino process 

has been established as an efficient synthetic method to access medium-sized 

carbocycles. From readily available electron-rich and electron-poor phthalazines and 

enamines, respectively, as starting materials, various 9- and 11-membered carbocycles 

were prepared. This versatile transition-metal-free tool will be valuable for broadening the 

structural space in biologically active compounds and functional materials.” 

 

 

Reprinted with permission from 

Julia Ruhl, Sebastian Ahles, Marcel A. Strauss, Christopher M. Leonhardt and Hermann 

A. Wegner 

Org. Lett. 2021, 23, 2089–2093. 

DOI: 10.1021/acs.orglett.1c00249 

Publication Date (Web): February 25, 2021 

Copyright © 2021 American Chemical Society  
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2.2. Diazadiboraacenes: Synthesis, Spectroscopy and 

Computations 
 

 

 

“The incorporation of heteroatoms into hydrocarbon compounds greatly expands the 

chemical space of molecular materials. In this context, B-N doping takes a center stage 

due to its isosterism with a C=C-bond. Herein, we present a new and modular synthetic 

concept to access novel diazadiborabenzo[b]triphenylenes 7a-h using the B-N doped 

biradical 16 as intermediate. Characterization of the photophysical properties revealed the 

emission spectra of the diazadibora benzo[b]triohenylenes 7a-h can conveniently be 

tuned by small changes of the substitution on the boron-atom. All of the diazadibora 

compounds show a short life-time phosphorescence. Additionally, we were able to 

rationalize the excited-state relaxation of the diazadiboraacene 7a via intersystem 

crossing by quantum chemical calculations. The new synthetic strategy provides an 

elegant route to various novel B-N doped acenes with great potential for applications in 

molecular materials.” 

 

 

Reprinted with permission from 

Julia Ruhl, Nils Oberhof, Andreas Dreuw and Hermann A. Wegner 

Angew. Chem. Int. Ed. 2023, e202300785. 

DOI: 10.1002/anie.202300785 

Publication Date (Web): February 13, 2023 

Copyright © 2023 Wiley-VCH GmbH  
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3. Additional Contribution to Literature 
 

Mechanistic Study of Domino Processes Involving the Bidentate Lewis 

Acid Catalyzed Inverse Electron-Demand Diels−Alder Reaction 

 

“The detailed understanding of mechanisms is the basis to design new reactions. Herein, 

we studied the domino bidentate Lewis acid catalyzed inverse electron-demand 

Diels−Alder (IEDDA) reaction developed in our laboratory computationally as well as by 

synthetic experiments, to characterize different pathways. A quinodimethane intermediate 

was identified as key structure, which is the basis for all subsequent transformations: 

Elimination to an aromatic naphthalene, rearrangement to a dihydroaminonaphthalene 

and a photo-induced ring opening. These insights allow to optimize the reaction 

conditions, such as catalytic utilization of amine, as well as to advance new reactions in 

the future.” 

 

 

Reference: 

Marcel A. Strauss, Daniel Kohrs, Julia Ruhl, Hermann A. Wegner, Eur. J. Org. Chem. 

2021, 28, 3866-3873. DOI: 10.1002/ejoc.202100486 
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5. Abbreviations 
Abs.   Absorption 

BDE   Bond dissociation energy  

BDLA   Bidentate Lewis acid 

DA   Diels-Alder 

DCM   Dichloromethane 

EDG   Electron donating group 

Em.   Emission 

EWG   Electron withdrawing group 

h   Hours 

HOMO  Highest occupied molecular orbital 

IEDDA  Inverse electron demand Diels-Alder 

LA   Lewis acid 

LDA   Lithium diisopropylamide 

LED   Light emitting diode 

LUMO   Lowest unoccupied molecular orbital 

min   Minutes 

OFETs  Organic field-effect transistors 

OLEDs  Organic light-emitting diodes 

PAHs   Polycyclic aromatic hydrocarbons 

PIRO   Photoinduced ring-opening 

rt   Room temperature 

THF   Tetrahydrofuran 

TICT   Twisted intramolecular charge transfer 
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