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Abstract 

Cyclic iminoboranes are a class of organic compounds which were studied in this thesis for 

isolation and reactivity through a combined computational and experimental approach. Matrix 

isolation experiments generated and isolated these reactive species, with computational 

methods supporting the experimental findings. 

The computational studies on the reactivity of 1,2-azaborinine, a cyclic iminoborane, 

focusing on (2 + 2) cycloaddition and (2 + 4) cycloaddition, with various organic π-substrates 

revealed the barrierless formation of Lewis acid-base complexes. The complexes are the central 

reactive intermediate in any further reaction. The symmetry allowed (2 + 4) cycloaddition of 

1,2-azaborinine with organic π-substrate is preferred over symmetry forbidden (2 + 2) 

cycloaddition reaction.  

Dibenzo derivatives of 1,2-azaborinine were investigated for spectroscopic evidence 

and reactivity insights. Dibenzo[c,e][1,2]azaborinine was generated through gas-phase 

thermolysis, under matrix isolation conditions, it resulted in the formation of a dinitrogen 

adduct. Steric hindrance from tert-butyl groups in 2,4,7,9-tetra-tert-

butyldibenzo[c,e][1,2]azaborinine prevented nitrogen fixation during generation and isolation 

under cryogenic matrix conditions.  

 The impact of ring size on cyclic iminoborane reactivity was investigated by isolating 

and characterizing 1-(tert-butyldimethylsilyl)-1,3,2-diazaborepine, a seven-membered cyclic 

iminoborane. Despite showing no interaction with dinitrogen, it unexpectedly underwent a 

(2 + 2) cycloaddition reaction with C2H4.  
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Zusammenfassung 

Cyclische Iminoborane sind eine Klasse von organischen Verbindungen, deren Isolierung und 

Reaktivität in dieser Arbeit durch einen kombinierten computerchemischen und 

experimentellen Ansatz untersucht wurde. Durch Matrixisolierungsexperimente wurden diese 

reaktiven Spezies erzeugt und isoliert, wobei die experimentellen Ergebnisse durch 

quantenchemische Berechnungen unterstützt wurden. 

Die computerchemischen Untersuchungen zur Reaktivität von 1,2-Azaborinin, einem 

cyclischen Iminoboran, mit Schwerpunkt auf der (2 + 2) -Cycloaddition und der (2 + 4) -

Cycloaddition, mit verschiedenen organischen π-Substraten ergaben die barrierefreie Bildung 

von Lewis-Säure-Base-Komplexen. Die Komplexe sind das zentrale reaktive Zwischenprodukt 

in jeder weiteren Reaktion. Die symmetrieerlaubte (2 + 4) -Cycloaddition von 1,2-Azaborinin 

mit einem organischen π-Substrat wird gegenüber der symmetrieverbotenen (2 + 2)-

Cycloaddition bevorzugt.  

Dibenzoderivate von 1,2-Azaborinin wurden auf spektroskopischen Nachweis und Reaktivität 

hin untersucht. Dibenzo[c,e][1,2]azaborinin wurde durch Gasphasenthermolyse erzeugt und 

führte unter Matrixisolierungsbedingungen zur Bildung eines Stickstoffaddukts. Die sterische 

Hinderung durch tert-Butylgruppen in 2,4,7,9-Tetra-tert-Butyldibenzo[c,e][1,2]azaborinin 

verhinderte die Stickstofffixierung während der Erzeugung und Isolierung unter kryogenen 

Matrixbedingungen.  

Der Einfluss der Ringgröße auf die Reaktivität zyklischer Iminoborane wurde durch 

Isolierung und Charakterisierung von 1-(tert-Butyldimethylsilyl) -1,3,2-diazaborepin, einem 

siebengliedrigen zyklischen Iminoboran, untersucht. Obwohl es keine Wechselwirkung mit 

Stickstoff zeigte, führte es unerwartet eine (2 + 2)-Cycloadditionsreaktion mit C2H4 durch. 
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1 Introduction 

1.1 Comparative Study of Isostructural CC and BN Compounds 

The distinctive behavior of compounds containing boron-nitrogen units that substitute carbon-

carbon units, motivated chemists to explore their properties.[1-6] This type of replacement in 

organic compounds, especially in polycyclic aromatic hydrocarbons (PAH) modifies their 

HOMO-LUMO gap.[7-10] This has been proven highly beneficial for modifying properties 

relevant to materials and biomedical applications.[11-13] The key aspect of this chemistry is the 

boron atom's vacant p orbital, which influences the characteristics of such systems by 

coordination with the lone pair of donor atoms and the isoelectronic link between B-N and C-C 

units. The dissimilarity in reactivity between BN and CC compounds arises from the polarity 

variance in the B-N bond as compared to the C-C bond.[14] The substitution of a C=C unit by 

an isoelectronic and isosteric B=N unit provides a strategy for the manipulation of the 

electronic structure of nanographene molecules.[13, 15-18]  

 

Scheme 1. Carbon compounds and their BN analogues.  
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            Four organic BN compound classes resemble isoelectronic carbon analogs as shown in 

Scheme 1.[19-20] These include amine boranes (R3B‒NR’3), which mirror alkanes; 

aminoboranes (R2B=NR’2), analogous to alkenes; iminoboranes (RB≡NR’), resembling 

alkynes; and borazines (‒RB‒NR’‒)3, akin to benzene. 

Among these organic BN compounds, iminoboranes (RB≡NR’) typically exhibit 

instability under normal conditions, necessitating the use of bulky substituents for isolation. 

Amine boranes, aminoboranes, and iminoboranes possess vacant pz orbitals on boron centers, 

making them prone to coordination with donor atoms and thus susceptible to interaction with 

water or oxygen. The synthesis and isolation of boron-nitrogen compounds present significant 

challenges due to this characteristic. Notably, borazines are the only ones that remain stable in 

the presence of moisture. Often referred to as “inorganic benzene”, borazine was first 

synthesized by Alfred Stock in 1926.[21] The first heteroaromatic compound with only one BN 

unit was reported by Dewar in 1958.[22] Subsequently in the 1960s, Dewar and White developed 

the synthesis of 1,2-dihydro-1,2-azaborine, consisting of only one six-membered ring 

(Scheme 2).[23-24] The first synthesis for the parent system of 1,2-dihydro-1,2-azaborine was 

developed by Liu et al.[25] In the last few decades, 1,2-dihydro-1,2-azaborine has gained 

interest, and major advances were made by several groups, such as Ashe,[26-27] Yamaguchi,[8] 

Liu,[25, 28-29] Braunschweig[30] and Bettinger.[31-36]  

 

Scheme 2. Various examples of BN substituted heteroaromatics. 
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1.2 BN Analogs of CC Reactive Intermediates 

The modification of the organic system by replacing the CC unit with a BN unit is not only 

limited to stable compounds, but can be transferred to reactive intermediates as well.[11-13, 17-18] 

Several reactive intermediates exemplify the isoelectronic and isosteric connection between 

CC and BN substitution. The formal substitution of the basic carbon-carbon double bond 

intermediate, vinylidene,[37-38] with a BN bond yields boryl nitrene[39-44] and aminoborylene[45-

48] (see Scheme 3), both possessing intriguing reactivity due to the incorporation of boron and 

nitrogen. The generation of borylnitrene is achievable through the photochemical and thermal 

decomposition of azidoboranes, involving the elimination of a nitrogen molecule. In 1981, 

Pieper et al. achieved a significant milestone by successfully trapping a donor-stabilized 

borylnitrene.[39]  

 

Scheme 3. Reactive intermediates and their BN analogues. 
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Borylenes, also known as boranediyls or borenes are analogs of carbenes and nitrenes. 

Borylenes are extremely rare as their unique structure makes them highly reactive.[45] 

Iminoboranes, double-bonded compounds of boron and nitrogen, and isoelectronic to ethyne 

are of particular interest as reactive intermediates, albeit their isolation is challenging.[19-20] 

Comparatively, benzyne, a reactive aromatic carbon species, has its BN analog, 1,2-

azaborinine, which was detected and isolated by Bettinger et al. under cryogenic conditions.[33-

34] These compounds display the synergy between carbon and boron-nitrogen chemistry by 

shedding light on their distinct properties and potential synthetic applications.  

 

1.3 Iminoborane 

Iminoboranes represent a significant class of BN-containing compounds. Due to their high 

reactivity, isolating and handling these compounds poses a significant challenge. However, 

lower temperatures, high dilutions, and sterically demanding substituents are proven to ease 

the isolation and handling of iminoboranes.[19] The parent iminoborane HBNH was first 

identified spectroscopically by Lory and Porter in 1973. They observed it through photolysis 

of amine-borane in an Ar matrix using a hydrogen discharge lamp.[49] Subsequently, 

Kawashima et al. reported the measurement of the BN stretching mode for HBNH in an NH3 

discharge using diode laser spectroscopy. They also determined the lifetime of HBNH to be a 

few hundred milliseconds.[50-52] In 1979, Paetzold et al. isolated and characterized the first 

iminoboranes with two coordinate boron, i.e.,  F5C6-BN-tBu, which can be stored and handled 

at -30 °C.[53] Numerous more examples followed,[20, 54-55] including (Me3Si)3C-BN-SiMe3 and 

(Me3Si)3Si-BN-SiMe3 from Haase and Klingebiel,[56] which are stable at room temperature. 

Apart from this, Paetzold et al. have produced and studied iminoboranes to a great extent.[53, 57-

66]  
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Scheme 4. Various approaches to synthesize iminoboranes. 
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There are several ways in which iminoboranes can be produced. One approach is to 

eliminate nitrogen photochemically or thermally from azidoboranes followed by a 1,2-shift 

from the boron atom to the nitrogen atom.[65, 67] Another way is the thermolysis of 

silyl(silyloxy)aminoboranes which would eliminate hexamethyldisiloxane followed by 

migration of substituent from boron to nitrogen atom.[65, 68] Iminoboranes can also be produced 

by thermal elimination of Me3SiX or HX (X= F, Cl) from R(X)B=N(SiMe3)R’ (Scheme 4a).[57-

58, 65, 69]  

In addition to the mentioned methods, another approach for producing iminoboranes is 

base-induced dehydrohalogenation reaction. Upon treatment with different bases, the bis-

(amino)(halo)boranes are able to produce iminoboranes (see Scheme 4b).[70-73] In 2000, Meller 

et al. presented the in-situ generation of organyloxyiminoboranes by treating  

amino(halo)(organyloxy)boranes with t-BuLi.[55] However, the iminoboranes proved to be 

unstable and formed cyclodimers; their presence was detected by 11B NMR studies 

(Scheme 4c).[55] 

 

 

Scheme 5. Self- oligomerization of iminoboranes due to different substituents. 
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Although iminoboranes are isoelectronic to alkynes, they are not kinetically inert due 

to dipole moment and prefer to undergo oligomerization in the absence of a trapping agent.[19] 

Moreover, they tend to form higher oligomers and the extent of oligomerization depends on 

the size of the substituents (Scheme 5).[74-76] This multifaceted result of the 

cyclooligomerization with different substituents creates difficulty in comprehending the factors 

that determine the products of such reactions.[76-80]  

 

Scheme 6. Typical (2 + 2), (2 + 3), and 1,2-addition reaction of iminoboranes. 

 

Other than self-oligomerization, iminoboranes undergo (2 + 2) and (2 + 3) 

cycloaddition reactions with several polar double bonds (e.g., RR’C=O) and dipolar reagents 

(Scheme 6).[66, 81-85] Gilbert conducted a series of ab initio computational studies that compared 

iminoboranes and alkynes concerning their electronic and geometric structures, along with 

their reactivity in (2 + 2) and (2 + 4) cycloadditions with alkenes and alkynes.[86-88] There are 

several cases where the BN bond reacts with polar molecules in 1,2-addition reactions (Scheme 6).[58, 

65, 68, 73, 84, 89]  
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Scheme 7. Examples of transition metal complexes with iminoboranes. 

 

Another form of addition to iminoborane occurs when neutral Lewis acids coordinate to the 

nitrogen atom.[90] The reaction between iminoborane and metal complexes has also been studied. 

Similar to alkynes, iminoboranes can coordinate to metal atoms in different ways (Scheme 7). They can 

undergo side-on coordination (η1) (i),[54, 91-92] bridge two metal atoms (η2) (ii),[93] and undergo 

cyclodimerization at a metal center (η4) (iii and iv).[77, 94-96]  

 

1.3.1 Cyclic Iminoboranes 

Cyclic iminoboranes are quite rare, being isosteric with cycloalkynes.[19, 65, 97]  Due to ring 

strain, they are more reactive than linear iminoboranes,[19] however coordination by N-

heterocyclic carbenes (NHC) provides a way of stabilization.[14, 29, 98] The existence of cyclic 

iminoboranes was first inferred by Paetzold et al. in 2004 [65] and by Braunschweig et al. in 

2020 (Scheme 8).[97] Bettinger et al. were the first to study unsaturated cyclic iminoboranes. 

They detected 1,2-azaborinine (1), six-membered cyclic iminoborane under cryogenic 

conditions.[33] 
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Scheme 8. Illustration of cyclic iminoboranes previously deduced by Paetzold et al,[65] 

Braunschweig et al.[97] and Bettinger et al. [33] 

 

1.4 1,2-Azaborinine and its Dibenzo Derivatives 

1.4.1 Aryne 

1,2-Azaborinine (BN-aryne or BN-benzyne) is the isoelectronic BN analogue of ortho-

benzyne. Arynes were proposed as reactive intermediates approximately 120 years ago and 

have since been recognized as valuable in organic synthesis.[99-109]  

 

Scheme 9. a) Isomers of ortho-benzyne. b) Generation of ortho-benzyne at 8 K by Chapman 

et al. using matrix isolation technique.[110] 
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The occurrence of arynes was first reported by Stoermer and Kahlert in 1902.[111] Later on, the 

evidence for their structure was provided by Wittig et al.[112-114] and Robert et al.[115-117] 

However, the first spectroscopic evidence of ortho-benzye was presented in 1973 by Chapman 

using the matrix isolation technique (Scheme 9).[110] Subsequently, Warmuth was able to 

produce and isolate ortho-benzyne in a molecular container and measure NMR spectra of 

ortho-benzyne in solution.[118-119] 

 

1.4.2 1,2-Azaborinine 

A distinct example of cyclic iminoboranes is the aromatic BN-aryne referred to as 

1,2-azaborinine 1, which is analogous to ortho-benzyne.[33-34, 36] It has been detected and 

studied using matrix isolation spectroscopy in the Bettinger research group (Scheme 10). This 

compound exhibits exceptionally high reactivity towards inert molecules.[33-34, 36]  

 

Scheme 10. a) Isoelectronic relationship between ortho-benzyne and 1,2-azaborinine 

demonstrated by its resonance forms. b) Natural bond orbitals (NBOs) and their occupation 

numbers as computed at the B3LYP/6-311+G(d,p) level of theory.[33] 

n(N)
(1.80 e)

n*(B)
(0.22 e)

a)

b)
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The high reactivity of 1 is attributed to the polar nature of the BN link that results in a distinct 

bonding scenario as compared to the strained triple bond in arynes and BN unit in linear 

iminoboranes.[33-34]  In contrast to ortho-benzyne, 1,2-azaborinine 1 shows a distorted 

geometrical structure.[32, 120] The singlet state is preferred over the triplet state with 53.0 

kcal/mol at the CCSD(T)/6-311+G(d,p) level of theory.[120]  

1,2-Azaborinine (1) was first synthesized and isolated by Bettinger et al. in 2015 under 

argon matrix isolation conditions. It was generated by flash vacuum pyrolysis at temperature 

ranging from 800 °C to 850 °C of the precursor, 1,2-dihydro-1-tert-butyldimethylsilyl-2-

chloro-1,2-azaborine 2 (Scheme 11) and subsequent trapping in an argon matrix doped with 

30 % nitrogen.[33] 1,2-Azaborinine, generated after the elimination of tert-butyldimethylsilyl 

chloride, spontaneously binds with N2 to form acid/base adduct 3 in a photochemically 

reversible reaction (Scheme 11). The band at 2266 cm-1 is the most prominent signal observed 

and is reminiscent of the dinitrogen stretching vibration ν(NN), observed previously by Maier 

et al. for the borabenzene-dinitrogen adduct.[121] Bettinger et al. also verified the formation of 

adduct by employing 15N2, and observed the isotopic shift of the compound.[33] The adduct was 

found to be photolabile, as the irradiation with λ > 395 nm results in the decrease in the signals 

of 3, accompanied by the consequent growth of signals assigned to the 1,2-azaborinine 1. 

Furthermore, 1 can be transformed to 3, by carefully annealing the matrix from 4 K to 12 K 

indicating that the reaction of 1 and nitrogen is barrierless.  

In addition to the reaction of 1 with N2, Bettinger et al. were able to trap 1 with CO2 

(Scheme 11). After the pyrolysis of the precursor 2, new signals emerged in the reaction with 

CO2, which were assigned to compound 4 through comparison with the computational 

spectrum. The distinguished peak at 1874/1879 cm-1 is associated with the carbonyl stretching 

vibration ν(CO) of cyclic carbamate. The formation of 4 is confirmed by using isotopically 

labeled carbon dioxide C(18O)2 and 13CO2, respectively. The isotopic shifts observed were in 
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good agreement with computational results. Unlike ortho-benzyne, further irradiation of 4 with 

λ > 305 nm did not lead to the loss of CO2.[110] Rather, 4 undergoes ring opening via retro 

[2 + 2] cycloaddition to give compound 5 with isocyanate and BO unit which have 

characteristic stretching vibrations in the range 2303 - 2236 cm-1 and 1900 - 2200 cm-1, 

respectively (Scheme 11). The occurrence of 5 was also supported by measured and computed 

isotopic shifts. 

 

Scheme 11. Generation of 1,2-azaborinine 1 by flash vacuum pyrolysis (FVP) of 2 and trapping 

with N2 and CO2. 

After the reaction with N2 and CO2, Bettinger et al. studied the reactivity of 1 with 

Lewis bases. CO and Xe were chosen due to differences in the Lewis basicity. CO is a stronger 

Lewis base compared to N2 and can undergo cycloaddition reaction while Xe is a very weak 

Lewis base that reacts only with very strong electrophiles. The FVP of 2 in CO-doped argon 

matrix results in the formation of Lewis acid-base complex 6 (Scheme 12). The most intense 

and prominent peak was observed at 2134 cm-1. The formation of 6 was verified by employing 

isotopologues 13CO and C18O to obtain isotopic shifts of bands in comparison with 

computations. Further irradiation of 6 with λ > 395 nm resulted in the formation of 1 and CO. 
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Interestingly, these could react again to form 6 by annealing the matrix to 12 K. The trapping 

with CO exhibits that the formation of Lewis acid-base complex is favored over [2 + 1] and 

[2 + 2] cycloaddition reactions. In addition, 1 was trapped with a mixture of argon and xenon 

(see Scheme 12). The FVP of 2 with a mixture of argon and xenon produces compound 7, 

which under irradiation with λ > 320 nm forms 1. Notably, this reaction is reversible through 

subsequent annealing of the matrix to 12 K (Scheme 12). The compound formed after FVP of 2 

was assigned to the Lewis acid-base complex between 1 and Xe which is verified by 

comparison with computational spectra. This shows that 1 not only reacts with CO, N2, and 

CO2 but also with the weaker Lewis base Xe, which reveals the super electrophilicity of 

1,2-azaborinine 1. 

 

 

Scheme 12. Generation of 1,2-azaborinine 1 by flash vacuum pyrolysis (FVP) of 2 and trapping 

with CO and Xe. 
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1.4.3 Dibenzo Derivative of 1,2-Azaborinine 

The observation of the formation of 1,2-azaborinines as a reactive intermediate was first done 

by Bettinger et al., during investigating the trapping reactions of the dibenzo derivative of 1, 

dibenzo[c,e][1,2]azaborinine.[32, 122] In 2012, Bettinger et al. examined the reaction of the 

precursor, 10-chloro-9-aza-10-boraphenanthrene 8, with a bulky base such as potassium 

hexamethyldisilazide. This led to cyclotrimerization following HCl elimination, resulting in 

the borazine analogue of hexabenzotriphenylene 9, which is a trimer of 

dibenzo[c,e][1,2]azaborinine 10 (see Scheme 13a). This study marked the first inference of 

dibenzo[c,e][1,2]azaborinine as an intermediate.[122] Bettinger et al. also reported the formation 

of compound 12, which is the tetramer of 10, in addition to the synthesis of 9 as described by 

Köster[123] in 1965 by thermal dehydrogenation of 11 (see Scheme 13b). 

 

Scheme 13. a) Dehydrohalogenation reaction of 10-Chloro-9-aza-10-boraphenanthrene 8 

according to Bettinger et al.[122] b) Thermolysis of N,N',N''-tris-(2-biphenyl)borazine 11 

according to Köster et al.[123] and Bettinger et al.[122] 
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Bettinger et al. reported the thermal decomposition of 9-azido-9-borafluorene 13 [32] by 

building on the chemistry of the cyclic and acyclic azidoorganylboranes R2BN3 reported by 

Paetzold et al.[19, 65] Bettinger et al. subjected compound 13 to heating in a n-heptane solution, 

yielding to produce the tetramer 12 in 8 - 10% yield (Scheme 14). The subsequent aqueous 

workup of the reaction mixture enabled the detection of compounds 15 and 16 by GC-MS 

analysis. These findings suggest that compounds 15 and 16 can interpreted as interception 

products of 10 (see Scheme 14).[32] 

 

Scheme 14. Trapping of 12 via thermal decomposition reaction of azidoborole 13 by Bettinger 

et al.[32] 
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Subsequent to these investigations, Bettinger et al. reported that the dibenzo derivative 

of 1, dibenzo[c,e][1,2]azaborinine 10, was inferred as a reactive intermediate in solution during 

photolysis of azide 13.[31-32] Compound 10 is capable of even activating the strong Si−F bond 

for subsequent insertion reaction.[35] In this context, they demonstrated that the Lewis acidity 

of boron allows coordinative interaction with Si-E bonds (E = F, Cl, OR, H) followed by 

subsequent insertion reaction to produce compounds 17-20, respectively (Scheme 15).[35]  

 

Scheme 15. Self-trapping reactions of dibenzo[c,e][1,2]azaborinine 2 generated by 

photolysis of 9-azido-9-borafluorene 7. 
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2 Objective 

My thesis focuses on investigating the reactivity of 1,2-azaborinine 1, a cyclic iminoborane, 

with various organic substrates. The research encompasses both computational and 

experimental approaches, utilizing matrix isolation spectroscopy.  

 

Additionally, the objective was to obtain direct spectroscopic evidence of 10 and 33, the 

dibenzo derivative of 1,2-azaborinine. Subsequently, the introduction of tert-butyl groups has 

been pursued to delve into the effects of steric hindrance. 

 

In addition to 1,2-azaborinine 1, a novel category of cyclic iminoboranes, specifically 1-(tert-

butyldimethylsilyl)-1,3,2-diazaborepine 22, has been isolated and investigated under matrix 

isolation conditions. 
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3 Methodology 

3.1 Matrix Setup 

The challenges associated with isolating and characterizing reactive intermediates are 

substantial for chemists, mainly due to the brief lifespan of these highly reactive species. To 

overcome this hurdle, techniques like matrix isolation spectroscopy have been developed. 

George C. Pimentel pioneered the matrix isolation technique, which involves trapping reactive 

species in an abundant inert gas matrix (typically in a 1:1000 ratio) at extremely low 

temperatures and pressures.[124-126] The elevated concentration of inert gases serves to suppress 

diffusion and intermolecular interactions, enabling scientists to analyze and characterize these 

species using various spectroscopic methods such as UV-Vis, IR, and electron paramagnetic 

resonance spectroscopy. Depending on the chosen spectroscopic method, different window 

materials, such as CsI for IR and sapphire for UV-Vis, are used.  

 

Figure 1. Molecules trapped within inert gases on the cold matrix window. 

 

The selection of precursor molecules is very important, as they must have the ability to 

sublime onto the matrix window. The matrix isolation technique employs two main methods to 

generate reactive intermediates from their precursors: photolysis, and flash vacuum pyrolysis 

(FVP) (Figure 2). In photolysis, the intermediate is generated photochemically using a UV-Vis 

Host (Inert gas)
Doping (Depending on type of experiment)
Guest (Precursor)

• Trapped molecules and 
intermediates can be 
studied using various 
Spectroscopic 
techniques such as IR, 
UV-Vis, ESR.

• Photochemistry can also 
be studied.

CsI
Window
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light source whereas, in the case of flash vacuum pyrolysis, the intermediate is produced by 

passing the precursor through an oven at a certain temperature and then deposited on the cold 

spectroscopic window. Apart from the method used for generating the intermediate, the inert 

gas chosen for the matrix must not react with the intermediate, alongside being transparent for 

the spectroscopic method. The inert nature of matrix gases contributes to high spectral 

resolution facilitating easier structural analysis.  

 

Figure 2. Two different ways to generate reactive intermediates. 

 

Matrix isolation is also used in studying the reactivity of intermediates by doping the 

host matrix with typically 2-5% of the reactant. The mixture is deposited with the precursor to 

induce reactivity between molecules present in close vicinity. This reaction is induced either 

thermally or photochemically. In the thermal reaction, the matrix window is heated slightly to 

a specific temperature depending on the host gas while in the case of photochemical reaction, 

the matrix window is irradiated with UV-Vis light which is absorbed by the reacting molecules. 
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Figure 3. Schematic representation of the matrix isolation experiment setup for IR 

spectroscopy. 

After the generation of the experimental results, the spectra are compared with the 

computed spectra of potential products for the verification of the product assignments. The 

assigned product could further be validated by employing different isotopes of the reactant and 

comparing the isotopic shifts obtained from the experiments with computational data. 

In matrix isolation experiments described in this thesis, a Sumitomo SH-1 closed-cycle 

helium cryostat was used to obtain a temperature as low as 4 K. For IR spectroscopy, a Bruker 

Vertex 70 FTIR spectrometer with 0.5 cm-1 resolution in the range of 400 – 4000 cm-1 was 

utilized. A Perkin Elmer Lambda 1050 spectrometer was used to obtain the absorption spectra. 

Photochemistry within the matrix was induced by using a low-pressure PenRay mercury lamp 

(λ = 254 nm) and high-pressure mercury lamps (USHIO, USH-508S) in combination with 

various dichroic mirrors and Schott cut-off glass filters. The host gases or reactants used for 
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the matrix experiments were as follows: Argon 6.0 (Westfalen AG, 99.9999 %), N2 6.0 

(Messer-Griesheim, 99.9999%) carbon monoxide 3.7 (Westfalen AG), C18O 2.0 (95 % 18O) 

(Sigma Aldrich) or 13CO 2.3 (99.1 % 13C) (Westfalen AG) and 5 % of C2H4 (Sigma-Aldrich, 

99.95 %) or C2D4 (Sigma-Aldrich, 99 %). 

3.2 Computational Details 

Computational chemistry serves as a valuable and essential tool in understanding numerous 

concepts and mechanisms across diverse areas of chemistry, enhancing insights into 

experimental results. Various quantum chemistry packages including Gaussian 16,[127] ORCA 

5.0[128-130], and Q-Chem[131], were employed for computational tools, with graphical user 

interfaces (GUIs) like GaussView[132] and Chemcraft to visualize the results.  

Two distinct methodologies were utilized to compute various molecular properties. The 

first, known as the ab-initio method is a wavefunction based theory where the Schrödinger 

equation is solved with a molecular Hamiltonian operator to calculate energy. This method 

depends solely on fundamental physical constants without incorporating any experimental 

parameters. Complete active space self-consistent field (CASSCF) method and coupled cluster 

methods are examples of the ab-initio methods.[133-139] Another widely used computational 

method is density functional theory (DFT), which expresses the total energy of the system in 

terms of electron density.[140-142] When considering electron-electron interaction in DFT, ρ(r) is 

defined as a collection of electrons within a radius r, with the assumption that each electron 

interacts with the total electron density in that spatial region. The comprehensive electron-

electron interaction energy is effectively described through Coulomb energy, and the external 

potential can be represented as the product of nuclear position and electron density across 

space. The kinetic energy term is articulated as a function of electron density using a formula 

derived by Thomas Fermi. Thus, DFT establishes that each energy component can be expressed 
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in relation to electron density, reinforcing the Hohenberg-Kohn theorem, which posits that the 

ground state energy can be derived from electron density. 

In this thesis, all structures were optimized using various functionals, including the 

B3LYP[143-144] hybrid exchange-correlation energy functional, along with Grimme’s[145] 

London dispersion correction B3LYP-D3,[143-144] M06-2X[146] global hybrid functional as well 

as second-order Møller–Plesset perturbation theory[147] (MP2) and its spin-component 

scaled[148]  variant (SCS-MP2). For all geometry optimizations, split-valence triple- ζ basis set 

6-311+G(d,p) was used.[149] The nature of the stationary points (minimum or saddle point) was 

confirmed by harmonic vibrational frequency calculations, to get ZPVE corrected and Gibbs 

free energies. For the verifications of TS, intrinsic reaction coordinate (IRC)[150-151] paths were 

computed for each reaction.  To improve the energies in section 4.1, coupled cluster theory 

with single, double, and a perturbative estimate of triple excitations (CCSD(T))[152] was 

performed. Single point calculations using domain-based local pair natural orbital (DLPNO) 

coupled cluster theory with single, double, and a perturbative estimate of triple excitation 

(DLPNO-CCSD(T))[153-156] in conjunction with Dunning’s[157] triple-ζ (cc-pVTZ) basis set 

were performed for all the structures, in sections 4.2 and 4.3. The DLPNO-CCSD(T) 

computations used the TightPNO cutoff for increased accuracy and the frozen core 

approximation. Natural bond orbital (NBO) analysis was carried out using the B3LYP-D3/6-

311+G(d,p) geometries to understand the nature of bonding.[158-161]  Excited state computations 

were run using time-dependent DFT (TD-DFT) at CAM-B3LYP/6-311+G(d,p) level of 

theory.[127, 162] Magnetic shielding values were computed by employing the GIAO method.[163-

164] Lewis acidity of the compounds was determined through isodesmic reactions computed at 

the SMD(DCM)[165]/MN15[166]/def2-TZVP[167] level of theory. Additional computational 

details used for the studies can be found in the published articles.[35, 168-171] 
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4 Results and Discussion 

4.1 Computational Studies on the Reactivity of 1,2-Azaborinine  

The reactivity of 1,2-azaborinine, a compound isosteric and isoelectronic to ortho-benzyne, 

was investigated by quantum chemical methods in order to shed light on its interaction with 

different organic π systems. Various computational methods, including density functional, 

second-order perturbation, and coupled-cluster theories were employed. We explored the 

(2 + 2) and (2 + 4) cycloaddition reactions between 1,2-azaborinine and the substrates, ethene, 

ethyne, 1,3-butadiene, cyclopentadiene, furan, and benzene (Scheme 16).  

 

Scheme 16. The reaction of 1,2-azaborinine with different organic substrates. 
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These reactions exhibited high exothermicity and were characterized by the formation 

of complexes between 1,2-azaborinine and the π substrates. These complexes showcased a 

strong binding interaction between the π bonds of the substrates and the vacant p-orbital of the 

boron atom, leading to a two-step mechanism in the (2 + 2) and (2 + 4) cycloaddition reactions. 

All data presented in this section and subsection were calculated at CCSD(T)/cc-pVTZ//SCS-

MP2/6-311+G(d,p) level of theory unless stated otherwise. 

 

4.1.1 Cycloaddition Reaction to Organic π Substrates 

The (2 + 2) cycloaddition reaction of 1,2-azaborinine with π bonds of different organic 

substrates initiate from the formation of Lewis acid-base complexes (discussed in detail below). 

These reactions are highly exothermic as compared to separated reactants. Even though the 

(2 + 2) cycloaddition reactions are symmetry forbidden according to Woodward-Hoffmann 

rules, they exhibit relatively low activation barriers compared to ortho-benzyne in (2 + 2) 

cycloaddition reactions. The smallest barrier was computed for ethyne (10.2 kcal/mol) while 

the largest barrier was found to be 17.9 kcal/mol for benzene. The transition state for all the 

(2 + 2) cycloaddition reactions was below the energy of separated reactants, except for 

benzene, which was 9.0 kcal/mol above the energy of separated reactants. All transition states 

were asymmetric in nature. The highest exothermicity was found for s-trans-1,3-butadiene 

(-48.1 kcal/mol), while the lowest was for benzene (-15.0 kcal/mol) (see Table 1). In the case 

of furan, two (2 + 2) cycloaddition products 27f and 27g, were observed to form with a barrier 

of 11.9 kcal/mol and 11.2 kcal/mol, respectively, from the complex.  
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Table 1. Reaction barriers and energies (in kcal/mol) computed (CCSD(T)/cc-pVTZ//SCS-

MP2/6-311+G(d,p)) for the (2 + 2) cycloaddition of 1,2-azaborinine 1 with various organic π 

substrates. All energies are ZPVE corrected energies.  

Organic π substrates Reaction Barrier (kcal/mol) Reaction Energy (kcal/mol) 

ethene (C2H4) 14.6 -46.8 

ethyne (C2H2) 10.2 -40.7 

s-cis-1,3-butadiene 12.6 -46.1 

s-trans-1,3-butadiene 13.6 -48.1 

cyclopentadiene 13.5 -43.4 

furan 11.9, 11.2 -28.6, -34.3 

benzene 17.9 -15.0 

 

1,2-Azaborinine could also undergo (2 + 4) cycloaddition reactions, which are 

symmetry allowed reactions according to Woodward-Hoffmann rules with s-cis-1,3-butadiene, 

s-trans-1,3-butadiene, cyclopentadiene, furan, and benzene. The reactions proceed from the 

Lewis acid-base complexes and the activation barriers for (2 + 4) cycloaddition barriers are 

relatively lower as compared to the (2 + 2) cycloaddition. All transition states are asymmetric 

in nature and are below the energy of the separated reactants, except for benzene, where the TS 

lies 2.1 kcal/mol above the separated reactants. The activation barriers, with respect to the 

corresponding Lewis acid-base complexes, increase from furan to benzene (see Table 2). The 

highest exothermicity for the formation of (2 + 4) cycloaddition product was found for s-cis-

butadiene (-74.1 kcal/mol) while the lowest exothermicity is for benzene (-26.9 kcal/mol). All 

these reactions proceed in a concerted way from the complex except for s-trans-1,3-butadiene, 

which undergoes a stepwise reaction. The reaction proceeds initially from the complex 

25a(trans) to form an intermediate 25d with a barrier of 18.9 kcal/mol, and from 25d, it further 

proceeds with a high barrier of 44.8 kcal/mol to yield product 25c. 
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Table 2. Reaction barriers and energies (in kcal/mol) computed (CCSD(T)/cc-pVTZ//SCS-

MP2/6-311+G(d,p))  for the (2 + 4) cycloaddition of 1.2-azaborinine 1 with various organic π 

substrates. All energies are ZPVE corrected energies.  

Organic π substrates Reaction Barrier (kcal/mol) Reaction Energy (kcal/mol) 

s-cis-1,3-butadiene 6.4 -74.1 

cyclopentadiene 4.7 -52.4 

furan 3.8 -34.0 

benzene 11.0 -26.9 

 

4.1.2 CH Insertion Reaction  

The CH insertion reactions with ethene (C2H4) and ethyne (C2H2) in the case of 1,2-azaborinine 

involved the possibility of CH insertion at the boron or nitrogen center. In the case of C2H4, the 

C-H insertion reaction proceeded in a concerted manner from the complex, yielding a higher 

exothermic product as compared to the (2 + 2) cycloaddition reaction. However, these reactions 

had high activation barrier due to direct transfer of a hydrogen atom to the azaborinine ring. 

The formation of 23d (N-substituted vinyl-azaborinine) was associated with a barrier of 

83.5 kcal/mol, higher than the barrier of 33.9 kcal/mol associated with 23c (B-substituted 

vinyl-azaborinine).  

In the case of ethyne (C2H2), the C-H insertion yielded three products: B-substituted 

ethynylazaborinine (24c), N-substituted ethynylazaborinine (24d) and 2-ethynyl-3-dihydro-

1,2-azaborinine (24e). The formation of 24c involved direct transfer of a hydrogen atom to the 

azaborinine ring, resulting in a strained four-membered TS with a barrier of 23.8 kcal/mol, with 

respect to the complex. There was no direct pathway observed from 24a to 24d. However, 

starting from the complex 24a, a high energy barrier for the transfer of hydrogen 

(25.9 kcal/mol) was involved to yield 24e. In the subsequent step, the reaction faced an even 



Results and Discussion 

27 
 

higher energy barrier (59.4 kcal/mol), leading to the generation of 24d, wherein the ethynyl 

group transitioned from boron to nitrogen, while simultaneously, the hydrogen atom shifted 

from carbon to boron.  

4.1.3 Lewis Acid-Base Complexes between 1,2-Azaborinine and Organic π Substrates 

In addition to the transition states and products, Lewis acid-base complexes corresponding to 

minima on the potential energy surfaces were found. These complexes were identified in the 

IRC profiles and their geometries were effectively optimized for the aforementioned reactions. 

These Lewis acid-base complexes arose from the interaction between the π bonds of organic 

substrates and the vacant p-orbital of the boron atom. 

 

Figure 4. Computed (SCS-MP2/6-311+G(d,p)) geometrical parameters of complexes 

between 1 and organic p substrates. ΔE and ΔG (298.15 K) correspond to the relative ZPVE-

corrected binding energy and free energies, respectively, in relation to the separated reactants. 

Bond lengths and bond angles are given in [Å] and [°] respectively. 

The distinguishing feature of these reactions was the high exothermicity of the 

complexes formed between 1 and the π substrates. All complexes exhibited carbon–boron 

distances that fall below the sum of van der Waals radii (3.62 Å) (Figure 4). For instance, in 

23a, these distances were 1.784 Å, and subtle digression from planarity around carbon atoms 

25a(trans)23a 24a 25a(cis)

DE = -22.5 kcal/mol
DG = -11.5 kcal/mol

DE = -16.3 kcal/mol
DG = -6.5 kcal/mol

DE = -22.7 kcal/mol
DG = -10.4 kcal/mol

DE = -25.1 kcal/mol
DG = -12.7 kcal/mol

27b 27c

DE = -16.8 kcal/mol
DG = -4.6 kcal/mol

DE = -15.9 kcal/mol
DG = -3.8 kcal/mol

DE = -9.8 kcal/mol
DG = 1.8 kcal/mol

DE = -8.9 kcal/mol
DG = 2.7 kcal/mol

28a 28b

DE = -22.2 kcal/mol
DG = -9.8 kcal/mol

DE = -22.7 kcal/mol
DG = -10.2 kcal/mol

26b

26a

https://pubs.acs.org/doi/full/10.1021/acs.joc.3c00401#fig7
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in C2H4 was observed - the H–C–H and H–C–C angles had undergone a slight alteration, 

resulting in a total bond angle around carbon of 358.3°. Similarly, in 24a, the angle H–C–C 

was found to be 165.5°, again signifying subtle variance from linearity around carbon. Upon 

scrutinizing all complexes, the longest B–C distance was identified as 2.035 Å for 28b, while 

the shortest distance was observed for 25a(trans) (1.753 Å and 1.847 Å), as illustrated in 

Figure 4. The planarity around the carbon atom showed the largest deviation in 26b, and the 

smallest deviation in complexes 28a and 28b. 

To get a deeper insight into the bonding nature between 1,2-azaborinine and the organic 

substrates, we performed a natural bond orbital analysis. The analyses revealed a significant 

stabilization due to the delocalization from π(substrate) → n*(B) (vacant orbital on boron). 

This effect was evaluated via second-order perturbation theory in the NBO basis for the 

complexes 23a, 24a, 25a-cis, 25a-trans, 26a, 26b, 27b, 27c, 28a, and 28b (Table 3). 

Table 3. NBO analysis of the R→B (R is π substrate in C2H2, C2H4, 1,3-butadiene, 

cyclopentadiene, furan and benzene respectively) interaction for complexes 23a, 24a, 25a-

cis, 25a-trans, 26a, 26b, 27b, 27c, 28a, and 28b formed at the B3LYP-D3/6-311+G(d,p) level 

of theory. 

 ΔE(a) %R(b) %B(b) Occ. R(c) Occ.B(c) 

23a 319.7 77.1 22.4 1.557 0.502 

24a 313.7 77.7 21.9 1.574 0.505 

25a-cis 290.5 77.1 21.4 1.559 0.490 

25a-trans 291.7 76.9 21.3 1.555 0.488 

26a 244.6 77.6 19.9 1.572 0.462 

26b 244.9 77.9 19.5 1.576 0.475 

27b 192.7 79.1 17.8 1.598 0.437 

27c 208.1 78.2 18.5 1.586 0.477 

28a 65.5 79.1 9.8 1.591 0.319 

28b 71.4 79.1 10.5 1.593 0.337 
(a) NBO second-order perturbation interaction energy associated with the R→B interaction, in kcal mol−1. (b) Percentage of 

the donor and acceptor NBO in the corresponding NLMO. (c) Occupancy of the donor and acceptor NBO orbitals. 
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The corresponding natural localized molecular orbitals (NLMO) exhibited significant 

contributions from the π(C≡C) and π(C═C) bond orbitals, accompanied by “delocalization 

tails” ranging from 17.8% to 22.4%, from a slightly hybridized empty orbital at boron (Figure 

5 and Table 3). However, in the reaction with benzene, the NLMO exhibits reduced 

“delocalization tails”, of only 9.8% and 10.5% for complexes 28a and 28b, respectively. This 

observation aligns with the lower binding energy obtained for complexes 28a and 28b. 

 

Figure 5. (a) donor NBO, (b) acceptor NBO, and (c) corresponding NLMO associated with the 

C=C → B interaction for complex 23a at the B3LYP-D3/6-311+G(d,p) level of theory. 

 

 Summing it up,  the computational examination of (2 + 2) and (2 + 4) cycloaddition as 

well as CH insertion reactions of 1,2-azaborinine with various organic π systems reveals strong 

exothermicity. The boron–nitrogen bonding in 1,2-azaborinine mimics a frustrated Lewis pair, 

leading to barrierless formation of complexes with organic π systems, acting as key 

intermediates. (2 + 4) cycloaddition reaction are favored over symmetry-forbidden (2 + 2) 

cycloaddition reaction. C–H insertion reactions into ethyne and ethene exhibit higher 

exothermicity but also higher barriers compared to cycloaddition reactions. Though reactions 

with unsaturated organic substrates are theoretically feasible, in solution phase, 

cyclooligomerizations may compete due to lack of barriers. However, in noble gas matrix 

isolation conditions, the formation of strongly bound Lewis acid–base complexes may act as a 

thermodynamic trap, hindering reaction towards cycloaddition products at low temperatures. 

(a) (b) (c)
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4.2 Dibenzo Derivatives of 1,2-Azaborinine 

4.2.1 Dibenzo[c,e][1,2]azaborinine 

As detailed in section 1.4.3, the observations of trapping experiments suggested the 

involvement of the dibenzo[c,e][1,2]azaborinine 10. However, direct spectroscopic 

evidence for it was not reported due to sensitivity of azidoborole 13, a precursor to 10. 

It is monomeric in solution, but in solid state, it oligomerizes to cyclic trimer which 

decomposes rather quickly.[172] Conversely, the Lewis adduct with pyridine, 13•py, 

exhibits substantial stability.[172] This rationale led Dr. Christina Tönshoff to consider 

13•py as a promising precursor for conducting matrix isolation and gas phase studies of 

10 as heating of 13•py under high vacuum conditions leads to the sublimation of 13 and 

pyridine (Scheme 17).  

 

Scheme 17. Generation of dibenzo[c,e][1,2]azaborinine 10 from the precursor 13•py. 

  

 Dr. Tönshoff sublimed the precursor 13•py at 110-120 °C under cryogenic 

conditions and froze it in excess argon or nitrogen at 30 K and 28 K, respectively. After 

successful sublimation, signals corresponding to free pyridine and azide 13 were 

observed, along with small amounts of HN3, which was due to hydrolysis of azide.[173-
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176] Further irradiation of 13 with λ > 280 nm, revealed a distinctive band at 2259 cm-1, 

corresponding to the ν(NN) stretching mode, while the peaks corresponding to free 

pyridine remained unchanged in intensity. This suggests the formation of Lewis acid-

base adduct 13•N2 similar to 1,2-azaborinine adduct 3.[33] However, subsequent 

irradiation of the N2 adduct at different wavelengths did not facilitate the removal of the 

N2 molecule, contrary to the behavior observed for parent 1,2-azaborinine 1.[33]  

 

4.2.2 2,4,7,9-Tetra-tert-butyldibenzo[c,e][1,2]azaborinine 

To investigate the photochemical N2 extrusion and the impact of steric hindrance on N2 

fixation, we investigated the compound 32 (5-azido-2,4,6,8-tetra-tert-butyl-5H-

dibenzo[b,d]borole) (Scheme 18) that was synthesized by Dr. Constanze Keck.[177] The 

compound 32 was sublimed at 150 °C under cryogenic conditions and trapped with 

excess argon at 30 K. The IR spectrum recorded after the deposition of 32 revealed 

presence of photostable contaminations. The most prominent peak was observed at 

2155 cm-1, representing the ν(N3) stretching mode of 32 (Figure 6). The shift of this peak, 

compared to ν(N3) stretching of 13, is 19 cm-1 higher, implying a reduction in the electron 

density donation from the azide group to vacant boron orbital in comparison to 13. 
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Scheme 18. Generation of 33 from the precursor 32. 

 After the deposition of azide 32, the matrix window was irradiated with 

260 nm < λ < 320 nm at 4 K. This resulted in the decreased intensity of peaks corresponding 

to 32, accompanied by emergence of new signals. The prominent feature observed was a broad 

peak at 1751 cm-1, associated with the ν(BN) stretching mode of the ring (Figure 6), that were 

assigned to BN-aryne 33 based on the comparison with computational data. However, the 

presence of tert-butyl groups at the 2,4,7,9 positions hindered the formation of the N2 adduct, 

impacting the boron center's ability to bind with N2 by reducing its Lewis acidity. Additionally, 

no changes were observed when the matrix was annealed to 35 K, implying involvement of an 

activation barrier on the PES. 
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Figure 6. Comparison of experimental (Ar matrix at 10 K) and harmonic computed 

(B3LYP-D3(BJ)/6-311+G(d,p)) IR spectra 32 and 33. a) Harmonic IR spectrum of 32; 

c) Harmonic IR spectrum of 33; b) Experimental IR difference spectrum obtained after 

photolysis of 32 (260 nm < λ < 320 nm) in Ar at 10 K. 

  

All in all, matrix isolation of azaidoborle 13 was successful despite its instability via 

sublimation of pyridine adduct 13•py. Under investigation, it undergoes a novel photoinduced 

isomerization to form the dibenzo[c,e][1,2]azaborinine-N2 Lewis acid-base adduct 10•N2. 

Introducing tert-Bu groups at 2,4,7,9 positions reduce the Lewis acidity of BN-aryne 33, 

hindering N2 fixation and highlighting the potential of kinetically protective groups in 

attenuating BN-aryne reactivity. 
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4.3 1H-1,3,2-Diazaborepine 

To understand more about the reactivity of cyclic iminoboranes, we successfully isolated, for 

the first time, the cyclic seven-membered iminoborane 22, 1-(tert-butyldimethylsilyl)-1H-

1,3,2-diazaborepine in inert matrices under cryogenic conditions. The iminoborane 22 was 

generated from 2-azido-1-(tert-butyldimethylsilyl)-1,2-dihydro-1,2-azaborinine 21 

(Scheme 19) that was synthesized by Dr. Ralf Einholz. Azide 21 could be successfully isolated 

in an argon matrix.  

 

Scheme 19. Photogeneration of 1-(tert-butyldimethylsilyl)-1,3,2-diazaborepine 22 under 

matrix isolation conditions. 

 

The most prominent peak was found at 2141 cm-1 attributing to the ν(N3) stretching 

vibration. Upon further irradiation of 21 with λ = 254 nm, iminoborane 22 was formed, as 

confirmed by comparing the measured IR spectrum to the one computed. The anticipated 

product, nitrene, was excluded based on comparison with computational data, indicating that 

after the photochemical extrusion of N2 from compound 21, it undergoes ring enlargement 

isomerization to produce 22. This is in agreement with the behavior of diorganyl 

azidoboranes.[19] The most distinguished peak observed after irradiation was at 1751 cm-1 

belonging to the ν(BN) stretching vibration of 22, while the peak at 1809 cm-1 was attributed 

to the ν(BN) stretching vibration of 10B isotopologues (see Figure 7). However, even after 

annealing the matrix up to 35 K, 22 did not form Lewis acid-base adduct with N2, 22●N2. This 

is in contrast to the case of 1,2-azaborinine 1 (Scheme 16) that readily binds N2 upon slight 
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annealing of the matrix.[33] The observation for 22●N2 can be rationalized by computing the 

potential energy scan with the B-N2 distance. This indicates that the formation of the N2 adduct 

is energetically unfavorable and involves a barrier.    

 

Figure 7. Comparison of experimental and computed (B3LYP-D3(BJ)/6-311+G(d,p)) IR 

spectra 21 and 22. a) Harmonic IR spectrum of 21; b) Experimental difference IR spectrum 

obtained after photolysis of 21 (λ = 254 nm) at 4 K. c)  Harmonic IR spectrum of 22. (● 

attributed to the overtones and combination bands based on computed anharmonic vibrational 

frequency analysis). 

 

The quantum chemical analysis of the structure of 22 shows that the compound is not 

planar, with a distortion of the heptagon. In the singlet ground state, the compound has an angle 

of 104.9° at nitrogen and a wide angle of 161.4° at boron, as shown in Figure 8a. This is due 

to the electronegativity difference between nitrogen and boron center. The natural bond orbital 

(NBO) analysis reveals occupancies of 1.82 e- and 0.34 e- for the nitrogen lone pair orbital 

(HOMO-1) and vacant boron orbital (LUMO), respectively. These values are slightly higher 
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compared to the NBO occupancies of 1 at the M06-2X/6-311+G(d,p) level of theory 

(Figure 8b). As per the second-order perturbation assessment of the donor-acceptor interaction, 

the n(N) → n*(B) interaction was estimated to have an E(2) value of 34.5 kcal/mol. The natural 

charges obtained on N (-0.91) and B (+1.16) are large, while the Wiberg bond index was only 

1.55 between B and N. We also analyzed Lewis acidity of 1 and 22 by employing the method 

by Ofial et al. from known Lewis basicities LBB and Lewis acidities LAB, computed 

equilibrium constants (ΔGiso° = -RT lnKB), and the equation log KB = LAB + LBB.[178] The LAB 

value obtained from ΔGiso is LAB = 21.5 ± 2.6 for 1 and LAB = 9.1 ± 2.6 for 22. This indicates 

that Lewis’s acidity of 22 is 12 magnitudes smaller than that of 1,2-azaborinine 1. 

 

Figure 8. a) Computed (M06-2X/6-311+G(d,p)) optimized geometry of 22. b)  Natural bond 

orbitals (NBOs) and their occupation numbers. Important bond lengths [Å] and bond angles [°] 

are given. 

 

Following the successful generation and isolation of 1-(tert-butyldimethylsilyl)-1,3,2-

diazaborepine 22, and considering its non-reactivity with nitrogen, we opted to investigate its 

reactivity with a stronger Lewis base, CO (Scheme 20). In the reaction with CO, after 

deposition of precursor 21, the matrix window was irradiated with λ = 254 nm to generate 22. 

After the successful generation of 22, the matrix was annealed to 30 K, wherein peaks 

n(N)
(1.82 e)

n*(B)
(0.34 e)

a) b)
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corresponding to 22 decreased in intensity while concomitantly new peaks were observed. The 

new peaks observed were attributed to Lewis acid-base adduct 34 (Figure 9), supported by 

computational data. The isotopic shifts of CO stretching were obtained through separate 

experiments using isotopologues 13CO and C18O and are in good agreement with 

computationally predicted shifts. 

 

Scheme 20. Photochemical generation of 22 from its precursor 21 and its reaction with CO and 

C2H4. 

Subsequent irradiation of the matrix with 435 nm > λ > 620 nm, following the 

annealing step, led to the regeneration of 22, implying that the reaction of 1-(tert-

butyldimethylsilyl)-1,3,2-diazaborepine 22 with CO was a photochemically reversible reaction 

(Figure 10). The most intense peak observed for Lewis acid-base adduct 34 was at 2112 cm-1, 

corresponding to ν(CO) stretching vibration, while for C18O and 13CO isotopologues, the peak 

was observed at 2065 cm-1 and 2064 cm-1, respectively.[169] This observation suggested a 

notable preference for the formation of Lewis acid-base adduct over (2 + 1) and (2 + 2) 

cycloaddition reactions, as observed in the reaction of 1,2-azaborinine 1 with CO.[34]   
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Figure 9.  Infrared spectra obtained after irradiation of 3 in CO (2–3%) doped argon matrix. a) 

After 60 min irradiation with λ = 254 nm at T = 4 K. b) Experimental difference spectrum after 

annealing for 30 min at 30 K (following the irradiation with λ = 254 nm). c) Experimental 

difference spectrum obtained after irradiation with 435 nm > λ > 620 nm for 30 min (following 

the annealing at 30 K). 

 

After successfully trapping 22 with CO, we studied the reactivity of 22 with olefin, 

using ethene for the study of (2 + 2) cycloaddition reaction with 22 (Scheme 20). To examine 

the reactivity of 22 with ethene (C2H4), precursor 21 was irradiated with λ = 254 nm which 

resulted in the formation of 1,3,2-diazaborepine 22. However, in addition to 22, various new 

peaks were observed, attributed to 35 based on computational analyses. Following this, we 

annealed the matrix up to 30 K, which resulted in the decrease of the signals corresponding to 

22 and increase in the intensity of the signals attributing to 35. This indicated that the formation 

of (2 + 2) cycloaddition product 35 from 22 proceeds thermally via a low activation barrier of 

1.0 kcal/mol at DLPNO-CCSD(T)/cc-pVTZ//M06-2X/6-311+G(d,p) level of theory. The most 
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intense peaks of 35, at 1637 cm-1, and 1615 cm-1, were assigned to the π(C=C) stretching 

vibration of the ring (Figure 10). For further verification of the formation of 35, C2D4 was 

employed in Ar matrix to observe the isotopic shift of the compound. The experimental isotopic 

shifts aligned well with the isotopic shifts obtained computationally (as shown in Publication 

III). 

 

Figure 1. Infrared spectra obtained after a) deposition of 3 in C2H4 (5%) doped argon 

matrix. b) Experimental difference spectrum after 60 min irradiation with λ = 254 nm at 

T = 4 K. c) Experimental difference spectrum after annealing for 30 min at 30 K 

(following the irradiation with λ = 254 nm). d) Computed (B3LYP-D3(BJ)/6-

311+G(d,p)) harmonic IR spectrum of 35. ( = C2H4) 

 

An informative analysis can be obtained from comparing the reaction mechanism 

involving ethene with 1,2-azaborinine 1 and 1-(tert-butyldimethylsilyl)-1,3,2-diazaborepine 

22. The formation of (2 + 2) cycloaddition product 23b in the reaction of 1 with C2H4  was 

associated with a barrier of 14.6 kcal/mol at CCSD(T)/cc-pVTZ//M06-2X/6-311+G(d,p) from 

60080010001200140016001800
Wavenumber (cm-1)

190021002300

b)

a)

c)

DA

A↑

DA

d)A↓

l = 254 nm

30 K

4 K



Results and Discussion 

40 
 

the Lewis acid-base complex.[168] This is significantly higher than the barrier for the (2 + 2) 

cycloaddition product 35 (1.0 kcal/mol from Lewis acid-base complex).[168] The observation 

of (2 + 2) cycloaddition of ethene and less Lewis acidic 22 is both intriguing and unexpected. 

Despite having high Lewis acidity, 1 forms a stable Lewis acid-base complex with ethene, and 

the (2 + 2) cycloaddition reaction was unexpected to be observed at 30 K under matrix isolation 

conditions. 

In conclusion, detailed investigations, blending experimental and computational 

approaches, have unveiled the pronounced reactivity of 1-(tert-butyldimethylsilyl)-1,3,2-

diazaborepine 22 towards CO and C2H4. When interacting with CO, 22 forms the Lewis acid–

base adduct 34, with no observed (2 + 1) or (2 + 2) cycloaddition reactions due to formidable 

energy barriers. On the other hand, when encountering C2H4, 22 participates in a (2 + 2) 

cycloaddition reaction, generating product 35. This newly discovered (2 + 2) cycloaddition 

with ethene underlines the potential of 22 to introduce innovative reactivity pathways for 

constructing BN-containing heterocycles. 
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