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ABSTRACT 

Synthesis, Structure, and Reactivity of N-O and 

N-N Donor-based Complexes of Boron  

by 

Rahul Kumar Yadav  

Main Group and Organometallics (MGOM) Laboratory 

Department of Chemistry 

Indian Institute of Technology Indore, India. 

Thesis supervisor: Dr. Dipak Kumar Roy 

 

This thesis explores the diverse applications of bidentate ligands like N-

O (salicylaldimine)and N-N (aminotroponiminates, ATIs) donors, along 

with the N-heterocyclic olefines. These ligands play a vital role in 

stabilizing boron complexes in both neutral and cationic states. This 

thesis delves into the versatile chemistry of N, N′-based mono ATIs, 

bis(ATIs), along with NHOs and N, O donor ligands, focusing on their 

role in the synthesis of fluorescent boron complexes and their 

subsequent use in the isolation of reactive borenium cations. ATIs 

ligands, with their strong electron-donating properties and steric 

tunability, serve as ideal scaffolds for stabilizing reactive species, 

enabling the isolation of both low valent as well as cationic complexes 

of semi(metals) across the periodic table. The synthesis of these 

complexes, however, presents significant challenges, including the 

precise control of reaction conditions to prevent unwanted side reactions 

such as disproportionation. Overcoming these challenges has enabled 

the successful synthesis of boron complexes and their corresponding 

boron cationic species.  

Furthermore, we treated the NHO-Borane adduct with the various 

diacids like ( manolinic, glutaric, pthalic, etc), leading to the formation 

of boroxilates through the condensation reactions. Parrally NHO-

boranes on treatment with   N-basesd triflates to facilitate the substituted 

NHO-boranes, signifying the nucleophilic reactivity of NHO-boranes, 

along with their potential in structural diversification of the boron center 
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NHO scaffold. Overall, this report demonstrates a wide range of 

functional group compatibility and modularity of the NHO-borane 

system in the construction of complex boron-based structures.  

Looking ahead, the development of N-N and N-O-based boron 

complexes holds promise for applications in materials science and 

provides alternatives to metal-free catalytic systems.  

Objectives and Scope of the Thesis 

Boron (Z = 5), with its unique electronic properties, forms diverse and 

functional complexes with broad applications in catalysis, 

pharmaceuticals, biological imaging, and sensors. Organic dyes offer 

unique optical properties and numerous applications; however, current 

research aims to improve availability, colorfastness, and in-cast 

efficiency. The incorporation of the BF2 moiety into π-conjugated 

systems significantly enhances the photostability and lifetime of the 

resulting dyes compared to their parent π-conjugated counterparts. Due 

to their high photostability, boron-based organic dyes have diverse 

applications in medical science, especially in diagnostics and 

therapeutics. Dipyrromethene BF2 complexes (BODIPY) dyes are very 

famous boron complexes utilized in various fields such as fluorescent 

sensors, photodynamic therapy, artificial light harvesting materials, 

molecular photonic wires, and sensitizers for solar cells. BODIPY dyes, 

despite their favorable photophysical properties, exhibit certain 

limitations arising from strong π–π stacking interactions. These 

interactions often lead to small Stokes shifts and diminished 

fluorescence emission in both solid and solution phases. To overcome 

these problems, other alternatives have been tested. Among them, N, N, 

and N, O bidentate ligands play a crucial role in enhancing the 

spectroscopic properties can be tuned easily. N, N and N, O chelated 

boron complexes bearing halides serve as excellent precursors for the 

synthesis of boron cations and stabilize them with their tailored 

electronic and steric properties.  ATI ligands have enabled them to 

function as competent catalysts of transition metal-based catalysts for 

various organic transformations involving the activation of strong 



 

xxvii 

 

covalent bonds, such as H–H, Si–H, B–H, C–H, and C–C bonds. Boron 

(Z=5) is an easily available element with the naturally abundant element 

(about 0.001wt%) on  Earth's crust, is inexpensive, and exhibits low 

toxicity, making it highly accessible and environmentally friendly. Their 

chemical versatility and ability to participate in a wide range of reactions 

further enhance their suitability for catalytic applications. These 

attributes place the main group elements as ideal candidates for 

advancing green and sustainable chemistry, offering an eco-friendly 

approach to modern chemical transformations. 

ATIs ligand-based complexes of main group elements have emerged as 

versatile systems in both fundamental and applied chemistry. The N-N 

ligand framework, with its strong electron-donating ability and steric 

tunability, stabilizes reactive main group species in unusual oxidation 

states, allowing for the exploration of novel bonding and reactivity 

patterns. These ligands provide precise control over the electronic 

environment of the central element, mitigating the tendency for 

oxidation, disproportionation, or aggregation, and enabling the isolation 

of otherwise elusive species.  Collectively, ATI-based main group 

cations represent a significant step forward in leveraging main group 

elements for the innovation of next-generation photoactive materials and 

catalysts.  

The key findings and a summary of the thesis chapters are outlined as 

follows: 

Chapter 1 This chapter gives an overview of the foundation principles 

underlying main group cations and low oxidation state chemistry, with 

an extensive focus on the pivotal role of N-O and N, N-based ligands, 

along with the role of NHC and NHO for the stabilization of unusual 

oxidation states of main group (non) metals.  Aminotroponiminate 

(ATIs) are a class of N, N donor, monoanionic chelating ligands. Over 

the years, ligand chemistry has evolved and plays a significant role in 

the formation of multiple bond complexes rather than carbon. N-

heterocyclic carbene and N-heterocyclic olefins play vital roles in 
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multiple-bonded chemistry of the main group elements because they 

have strong sigma-donating and π-accepting ability. Interestingly, the π-

acceptor ability further boosts the stability of these complexes and is 

used in various chemical processes. 

Chapter 2 The development of low molecular (small organic 

fluorophores) weight dyes has attracted great attention due to their 

remarkable optical properties, mainly in terms of photostability, 

thermostability, and penetration into biological objects. Interestingly, 

small organic fluorophores have been found in various applications in 

materials and medical science, including non-invasive bioimaging, 

molecular sensing, photovoltaics, photothermal therapy, 

optoelectronics, and laser optical recording. Dyes having BF2 units have 

attracted attention due to their fluorescent properties, and stability can 

be directed by changing the structure of the ligand directly attached to 

the BF2 unit, the chemical nature of the donor atom involved in the 

coordination, and the size of the chelate cycle formed. In this chapter, 

we discuss the photophysical and theoretical study of the mono- and bi-

nuclear boron complexes. Furthermore, we studied the stimulus-

responsive behaviour of the synthesized boranes, but among them, only 

the S-S-spacer-based boranes showed the ACQ behaviour in a mixture 

of Water/THF. As the percentage of water increased, the fluorescent 

intensity of the synthesized boranes gradually decreased. 

Chapter 3 In the previous chapter, we discussed the synthesis of N-O 

chelated six-membered borane complexes and their photophysical and 

stimuli-responsive behavior. N-N chelated organoborane fluorophores 

have been extensively studied in comparison to their congeners. N-O 

chelated organoborane fluorophores have been limited. N-N bidentate 

organoborane complexes in a six-membered scaffold serve as the 

precursor to the synthesis of tri-coordinated boron cations. Our focus in 

this work is to study the reactivity of N-O bidentate-based boranes. To 

achieve our goal, we synthesized the 2-aminotropone ligands, which 

provide C2NO core-stabilized boranes. All boranes are highly emissive 

in solution; their UV-visible and emission spectra were studied in DCM, 
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and their fluorescence lifetime was also recorded in DCM. Substituents 

present on the N atom play a decisive role in fluorescence decay time. 

Furthermore, we treated the synthesized boranes with TMS-OTf for the 

isolation of tri-coordinated boron cations. 2-aminotropone ligand (N-O, 

donor) based boranes facilitate the tetracoordinated boronium cation, 

stabilized by two units of 2-aminotropone ligand. This might happen due 

to the lack of steric hindrance and electronic stabilization. Moreover, N-

N chelated boranes facilitate the boron cations because they provide 

favorable steric and electronic stabilization through strong electron 

donation from the chelated nitrogen atoms. In the next chapter, we will 

discuss the effect of N-N donor ligands 

Chapter 4 In the previous chapter, we discussed the attempted synthesis 

of a boron cation using an N–O based ligand. However, this approach 

was unsuccessful, leading us to design and synthesize N–N based 

ligands in an effort to isolate the boron cation. Boron cations are strong 

Lewis acids because of the presence of a positive charge on boron. Due 

to the high reactivity of boron cations especially borenium cations their 

use in organic synthesis is limited. However, over the recent decades, 

the development of suitable supporting ligands, such as N-heterocyclic 

carbene (NHC), BDI, BODYPI, and formazanate, transformed them into 

efficient catalysts for the various transformation reactions including 

small molecule activations and strong covalent bonds such as B-H, C-

H, and C-C bonds. The outline of this chapter includes the synthesis of 

symmetrical, unsymmetrical, and bis aminotroponiminate ligands and 

subsequently, they are treated with the BF3.OEt2 in the presence of 

triethyl amine as a base to facilitate the aminotroponiminate-based 

Difluoroboranes. All the ATI borane complexes are highly blue 

luminescent in the solution, and their fluorescence decay time was 

recorded in DCM. The observed decay time range was found to exist 

between 1.7 and 2.8 ns. Furthermore, boranes were treated with (TMS-

OTf) trimethylsilyl triflate producing the tri-coordinated borenium 

cation. However, bis aminotroponiminate borane reacts with TMS-OTf 
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to facilitate the first water-stabilized bore(boro) nium cations in a unified 

molecular frame. 

Chapter 5 In previous chapters, we discussed the synthesis and 

reactivity of the N, N, supported boranes, we moved to explore the N-

heterocyclic olefin (NHO) supported borane chemistry.  Initially, the 

borane adducts with traditional Lewis bases viz, amine and phosphine 

ligands, are exploited in hydroboration reactions in alkene and alkynes 

at room temperature. In contrast, they are used as hydride donor sources 

for H2 production at low temperatures. In this present work, we took 

NHO, a counterpart of NHC, treated with BH3ˑSMe2 to form N-

heterocyclic olefin borane adducts. Further, we tested the NHO-borane 

adduct reactivity with (malonic, oxalic, and phthalic acid) to facilitate 

the respective NHO-boryl oxalates at room temperature while NHC-

boranes form NHC-boryl-oxalates at elevated temperature. NHO-boryl 

oxalates are well characterized by various spectroscopy techniques 

along with high-resolution mass spectrometry. Furthermore, we tested 

the reactivity of NHO-borane adduct with nitrogen-based triflates to 

facilitate the simple substituted boranes at ambient temperature. 

Conclusions: Summarize the key findings of this work, which explores 

the rapidly evolving field of boron-based dyes, emphasizing their 

synthesis, photophysical study, and reactivity. Efficient methodologies 

were developed for the synthesis of dinucleating aminotroponiminate 

and Schiff base ligands, which serve as robust scaffolds for stabilizing 

the boron complexes. Several mono and binuclear boron complexes 

were successfully synthesized, thoroughly characterized, and their 

reactivity was tested with fluoride-loving reagents. We successfully 

synthesized a series of novel boron cations demonstrating the versatility 

of these ligand frameworks in main-group chemistry. Additionally, we 

synthesized a series of NHO-boryloxates by treating diacids with NHO-

borane adduct.  

This study underscores the significance of ligands ' role in boron 

chemistry and helps in isolating the discrete boron cations. Moving 
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forward, research will focus on refining ligand frameworks to enhance 

the stability of boron cations by providing sufficient steric and electronic 

neutrality to the electron-deficient center. The development of mono and 

bis(boronium) dications offers exciting possibilities for small-molecule 

activation, paving the way for sustainable and transition-metal-free 

catalytic methodologies. 
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Background 

Due to the presence of one vacant p-orbital, group 13 elements possess 

an inherent Lewis acidic character. Boron, aluminum, gallium, indium, 

and thallium, in their trivalent state with one vacant orbital, provide a 

unique electronic and reactivity profile. In recent years, the chemistry of 

group 13 elements has seen significant advancement from the classical 

domain of inorganic and organometallic compounds towards the 

reactive cationic species and advanced catalytic systems, along with the 

development of a new generation of functional materials. These 

prolongations are driven by the high demand for non-toxic, earth-

abundant, and cost-effective alternatives replacement of transition 

metals in modern chemical transformations. In this context, boron-based 

complexes have played a pioneering role in growing the landscape of 

group 13 chemistry. The discovery of some boron compounds, such as 

boron hydrides, boronic acids, and carboranes, has been extensively 

listed, from organic transformation and molecular electronics to drug 

design and biological sensing materials.  

Additionally, advances in the chemistry of higher congeners of boron, 

such as gallium and aluminum, open new horizons for the synthesis of 

cationic or low-valent species with excellent reactivity. Group 13 

elements, one of the most abundant on Earth's crust, represent 

themselves as the best candidate for the sustainable main group 

chemistry. Moreover, in the stabilization of cationic complexes of group 

13 elements, highly bulky, judicious, and trailered ligand design is 

required. To fulfill all these requirements, strong chelating ligands are 

needed.  Ligands such as N-N and N-O donors (Schiff bases, Salen, and 

Bi-diketiminates, aminotroponiminate) play a crucial role in the 

isolation of discrete reactive complexes of group 13 elements. These 

complexes are promising candidates for the electrophilic activation of 

small molecules (H2, CO, CO2, N2), ring opening, polymerization 

reactions, and participation in various organic transformation reactions. 

The progress of the main group chemistry from neutral material to well-

defined cationic species has the potential to replace transition metal-
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based catalysts up to a remarkable extent. In this context, the main group 

cations serve as important tools for investigating new reaction 

paradigms, particularly reserved for transition metals, exploring 

cooperative catalysis, frustrated Lewis pair (FLP) chemistry, and metal-

free activation processes.  

In summary, the advancement of the group 13 element-based materials 

and their cationic complexes represents a dynamic frontier domain in 

contemporary chemistry. Group 13 chemistry, bridging between 

materials science and catalysis through well-tailored ligand design, and 

with advanced molecular engineering, their chemistry continues to 

contribute to sustainable synthetic methodologies and transition metal-

free catalytic systems. 

1.1 General Introduction 

Development of boron-based functional materials has gained significant 

attention in the field of materials and medical sciences. Due to their high 

photostability, they are utilized in bio-imaging and therapeutic 

applications.[1-2] Notably, the electron-deficient species of boron 

derived from parent borane complexes (boron halides and boron hydride  

L(BX)2,  or L (BX) where X stands for H, halides, and L stands for 

ligands exhibit transition metal-like reactivity, especially in 

unconventional or low oxidation states that were once considered 

unstable. [3] The introduction of bulky ligands has played a crucial role 

in kinetically stabilizing these reactive species, enabling their isolation 

and storage under ambient conditions. [4] These breakthroughs have 

greatly expanded the reactivity of p-block metals, redefining traditional 

concepts in main-group chemistry. 

1.1.1 Role of boron in dye chemistry 

Highly emissive organic π-conjugate dyes have drawn tremendous 

attention due to their potential application in sensors, bioimages, organic 

light-emitting diodes, organic solid-state lasers, and many more. [] 

Recent research has witnessed that the incorporation of BF2 units into 
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the conjugate organic motif provides reasonable success in the synthesis 

of new functional materials with excellent photophysical and electronic 

properties. [5-9] Generally, based on the coordination number, boron-

based fluorescent compounds have been divided into two classes: i) tri-

coordinated boron dyes, ii) tetra-coordinated boron compounds. 

 

Figure 1.1 Schematic representation of tri-coordinated boron (left), 

tetra-coordinated boron compounds (right). 

1.1.2 Tricoordinated boranes 

Tricoordinate boron compounds are sp2 hybridized and adopt a trigonal 

planar structure with a vacant pz orbital aligned perpendicular to the 

trigonal plane. The pz orbital on the central boron atom makes these 

compounds strong π acceptors, which helps in the delocalization of 

electrons when conjugated to an adjacent organic π system. Vacant 

orbitals on boron atoms in tricoordinate boranes are easily attacked by 

nucleophiles like water, which disturb the delocalization (conjugation) 

with the adjacent organic π  moieties. To prevent the attack of 

nucleophiles on boron bulky ortho-substituted aryl groups such as duryl 

(2,3,5,6-tetramethylphenyl), mesityl (2,4,6-trimethylphenyl), 

fluoromesityl (2,4,6-tris(trifluoromethyl)phenyl), or tripyl (2,4,6-

triisopropylphenyl), bulky ortho-substituted aryl groups are introduced. 

The bulky groups not only prevent the boron from moisture [10,11] but 

also prevent the intermolecular stacking and interaction in solid states, 

which results in strong fluorescence in the solution state and solid state 

as well. Cyanide and fluoride are smaller in size and can easily attack 

triaryl boranes, making this class of compounds selective sensors for F 

and CN. Moreover, from sensing, triaryl boranes have been used as 
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prominent candidates for fluorescent indicators [11,12] in bioimaging,  

nonlinear optical materials, efficient fluorescent emitters, and charge 

transport materials in OLEDs. 

1.1.3 Tetra-coordinate boranes 

Tetra-coordinate boron complexes exhibit higher stability than their tri-

coordinated counterparts. Due to the coordination saturation in 

tetracoordinated boron compounds, which confers high chemical 

stability and rigidity, leading to higher fluorescence quantum yields and 

photostability. Therefore, considerable attention has been given to the 

tetracoordinated molecular design, which has been widely used in 

photo-responsive materials, bioimaging, sensors, and optoelectronics, 

including OLEDs. [13-18] In four coordinated boron complexes, the 

chelate ligands are mostly monoanionic and produce charge-neutral 

boron complexes. Lewis’ acidic nature of the boron atom plays a vital 

role in stabilizing the anionic chelate ligand by making covalent bonds 

with the chelate and dissipating the negative charge on the ligand. As a 

result, chelation with boron imparts complete delocalization of electrons 

with π systems. Mostly, the lowest unoccupied molecular orbitals 

(LUMO) in four-coordinate boron complexes are generally occupied on 

the pi conjugate chelating moieties, while other frontier molecular 

orbitals, which are the highest occupied molecular orbital (HOMO) are 

occupied either on the chelating moieties or on the R group (Figure 1.1).  

Transitions such as π-π of the chelate moieties or charge transfer from 

the R group to the chelate ligands are responsible for the luminescent 

properties of this class of compounds. The variation of the R group 

brings a significant change in the photophysical properties. Four-

coordinate luminescent boron compounds are categorized based on the 

donor atoms associated with the chelate ligands, namely, i) O-O, chelate 

boron complexes, ii) N-O, chelate boron complexes, iii) N-N, chelate 

boron complexes, and iv) O-S chelated boron complexes, and some 

other coordination types are known, such as N-C and O-C. 
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Figure 1.2 Tetra-coordinated boranes with variable donor atoms. 

1.2.1 N, N donor ligands  

In modern-day chemistry, ligands play a crucial role in the synthesis and 

isolation of long-sought intermediates and highly reactive species. N, N 

donor ligands are among the most studied ligands in the new age 

organometallic and coordination chemistry, because of their unique 

association with easy synthetic reach, following a facile but highly 

modular condensation protocol. The steric and electronic effects of such 

kinds of ligands can easily be tuned by changing the substituents on 

hetero atoms and their molecular framework. They have the potential to 

stabilize a wide range of metal ions, including s, p, d, and f blocks across 

the periodic table.  In the variable oxidation states, metal ions have been 

shown to have better catalytic activity, selectivity, and stability in 

various processes, including hydrogenation, olefin polymerization, and 

cross-coupling reactions. Focusing on N donor ligand chemistry with 

the early transition metals provides breakthroughs, including the 

isolation of a plethora of highly reactive metal-ligand multiple bonds.  

For example, BDI is a class of NN donor ligands, with the help of this 

main group, chemists have isolated the metal-metal bonds in which the 

main group elements are present in different oxidation states, like 

transition metals. Nonetheless, they can stabilize multiple-bonded main-

group complexes in low oxidation states. [19-21] 

N donor ligands are sub-characterized into different classes as BDI, 

anilido, aminotroponimine, and priso (amidinates and guadinates) 

ligands. These ligands play a vital role in replacing the most expensive 

transition metal-based catalysts with cheap, earth-abundant, non-toxic 

main group elements. Over the recent decades, the main group elements 



 

39 

 

have been adept at catalyzing a host of various transformations like 

inter- and intra-hydro functionalization of unsaturated carbon-carbon 

bonds and dehydrogenative coupling. Main group elements also have 

the potential to activate small molecules like transition metal complexes, 

and this might be greatly influenced by the ligands. [22-24]  

 

Figure 1.3 Schematic representation of N, N mono-anionic bidentate 

ligand. 

Since the β ketoiminate, anilido, and priso (amidinates and gudadinate) 

ligands allow limited electronic and steric tunability, and their structural 

motif are (for example, in β-ketoiminate synthesis, the acetyl acetone 

motif amines) also pre-decided, so we cannot change substituents on 

carbon atoms after complexation according to our requirements/ 

application demands.  Aminotroponimines (ATIs) allow the electronic 

and steric tunability of the nitrogen atoms  [25] along with the C7 

backbone of carbon atoms. Interestingly, their electronic properties can 

be tuned after complex formations on the C7 backbone. Figure 1.4 

shows the possible variable sites in aminotroponimine and β-ketoimine 

ligands.  The versatile adaptability provides better stability  to  the highly 

reactive main group and transition metal complexes providing the 

valuable plaforms in organometallic chemistry,  small molecule 

activations and catalysis.  

 

Figure 1.4  Possible electronic tunability in ATI and BDI ligand. 
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1.2.2 Aminotroponiminates (ATIs) ligands 

Aminotroponiminates (ATIs) are bidentate monoanionic ligands with N, 

N-binding sites and a rigid, planar, unsaturated, C7-ring as ligand 

backbone. Recent discoveries show that the ATI ligand backbone can 

play a vital role in ligand-centered reactivity, redox reaction, and 

coordination chemistry. Having one imino and one amino functionality 

acts as a bridge between the well-established phenylenediamine and 

diazadiene ligand scaffolds. Figure 1.5 ATIs and β-diketiminates are 

structurally related to each other only they can be distinguished from 

these ligands by the presence of C7 rigid backbone, which is a special 

structural feature of the ATIs ligand. ATIs have found a broad range of 

applications in stabilizing cationic group 13 complexes, [26,27] the 

synthesis of hypo- and hypervalent group 14 compounds, and in an 

investigation of spin delocalization of first-row-transition metal 

complexes. 

  

Figure 1.5 Bi-dentate  N, N type neutral, monoanionic, and dianionic 

ligands. 

In the beginning, ATIs have been exploited as molecules: i) 

monoanionic, ii) N, N-bidentate, iii)redox innocent under reducing 

environment, iv) chemically inert in C7 backbone and spectator ligands 

(exception: chiral induction). Moreover, this traditional perception of 

the ATI ligands has recently been challenged. This is due to the 

chemistry of the C7 backbone involving insights. Modern chemistry has 

revealed the potential of the ATI ligand to play an effective role in 

coordination chemistry, ligand cooperativity, and redox reactions.  
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1.2.3 Synthesis of (ATIs) ligand 

 The first introduction of the NR group on tropolone depends on the 

nucleophilicity of amines, bulky amines (Dipp and Mes) are less 

nucleophilic, for introduction need a Pd-based catalyst [28] while more 

nucleophilic amines tertbutyl and isopropyl amine, are introduced 

without any catalyst. [29] Further, the resulting aminotropones are 

commonly transformed into desired ATI ligands by the addition of 

Meerwein salt and the desired amine in a one-pot reaction. 

 

Scheme 1.1 Synthetic protocol of ATI ligands 

1.2.4 Coordination modes of ATI ligands 

 

Figure 1.6 General representation of coordination modes of ATI 

ligands. 

The coordination chemistry of ATI ligands is distinguished by their 

unique coordination modes, which vary in neutral and anionic 

conditions. This flexibility of the ATI ligands makes them unique from 

the other known monoanionic bidentate ligands; it provides N-M, M-C, 

and π-π (C-C) types of interactions across the periodic table (semi) metal 

complexes.[30]  
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1.2.5 Role of N, N donor ligands in boron-based dye 

Dipyrromethene BF2 complexes (BODIPY) dyes are very famous boron 

complex [ 31,32] supported by N-N donor ligands Figure 1.7 This dye 

has two nitrogen donor atoms; one can form a covalent bond by sharing 

one electron, while the other nitrogen atom engages with the boron atom 

through a coordinate bond by donating one lone pair of electrons in the 

empty pz orbital present on the boron atom. Dyes belonging to the 

BODIPY family have excellent photostability, better spectroscopic 

properties such as narrow absorption and emission bands, high 

fluorescence quantum yields, high molar extinction coefficients, strong 

chemical and photochemical stability in solution and solid state. 

 

Figure 1.7 General representation of BODIPY dye. 

Despite these excellent characteristics, BODIPY dyes have been used to 

study up to a significant extent in fluorescent sensors, photodynamic 

therapy, artificial light harvesting materials, as well as molecular 

photonic wires and sensitizer for solar cells. Moreover, in general, 

BODIPY dyes are weakly emissive in solid states, which restricts their 

optoelectronic applications. Due to the presence of strong π-π 

interactions in solid states, in BODYPI dyes leads [33,34] to 

luminescence quenching, formation of excimers and exciplexes, small 

Stokes shifts, and an increase in self-absorption of its fluorescence. 

Many research group have made their efforts to synthesize modified 

BODYPI fluorophore with excellent Stockes shift and better 

electroluminescent behaviours. For reference, highly emissive 

BODYPIs in solid state have been achieved by introducing aryl groups 

on classical BODYPI cores. [35,36] 
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Wang and co-workers reported the N-N chelated tetra-coordinated boron 

compounds 1-3 Figure 1.8 The emission spectra of complexes 1-3 have 

emission maxima at 475 nm for 7-azaindoyl (1), 516 nm for indolyl (2), 

and 445 nm for benzoimidazolyl (3) derivatives, revel that emission 

maxima can be tuned in these complexes by changing the location of the 

N-heteroatom in the chelating ring scaffolds. [37,38] To study the 

substituent effect on the luminescence properties, the electron-donating 

and methoxy and the electron-withdrawing chloro/fluoro atom were 

introduced on the 5-position of indole in complex 2.  

 

Figure 1.8 N-N coordinated boron complexes 1-9. 

The isolated compounds 4, 5, and 6 exhibit emission spectra at 532, 490, 

and 487 nm, respectively [39]. These results indicate that electron-

donating groups shift the emission maxima to the red region while 

electron-withdrawing groups shift the emission maxima towards the 

blue region. Piers and his colleagues reported the six-membered N-N 

chelated boron difluoride complex 7-9 in anilido-pyridine [40] ligand 

scaffolds, which exhibit high photochemical stability and large Stokes 

shifts. Notably, these complexes have high fluorescence quantum yields 

in both solution and the solid state.  This is due to the rigid and planar 

structure of the iminopyrrolidine Schiff base with the BF2 unit; as a 

result, the molecular vibrations and rotations were restricted and 

contributed more to the radiative transitions.  
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Figure 1.9 N, N chelated four-coordinate boron dyes. 

Gomes and his colleagues synthesized a series of novel fluorescent 

boron complexes [41,42] containing 2-(N-aryl) formiminopyrrolyl 

ligands. Mononuclear boron compounds 10-15 exhibit emission Figure 

1.9 wavelengths ranging from blue to green by varying the steric and 

electronic environment of the N-aryl group. Moreover, they extended 

their study to the synthesis and characterization of bi- and tri-nuclear 

boron complexes 16-20 by introducing various pi conjugate spacers, and 

their application in fluorophore chemistry. The resulting bi-and tri-

nuclear boron complexes were found to be excellently fluorescent, and 

their emission wavelength could be easily tuned from short wavelength 

to longer wavelength depending [43] on the length of π conjugation 

units. Bi-nuclear borane complexes were used in light-emitting diodes 

(OLEDs) without any external dopant. Recently, the same group 

reported the 2-(N-aryl) formiminophenanthro[9,10-c] pyrrolyl 

supported boron compound 19 with extended pi-conjugation over the 

pyrrole molecules and exhibited orange luminescence in solution as well 

as the solid state.  

Gilroy and Otten had synthesized a series of boron complexes in the 

formazanate scaffolds 21-29, which exhibited [44,45]pleasing 

luminescent and electrochemical properties Figure 1.10. A study of 

formazanate boron complexes revealed that the introduction of an 

electron-withdrawing group on the ligand core unit leads to an increase 
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in reduction potential and red-shifted absorption maxima along with 

emission maxima. Gilroy and his colleagues further studied the effect of 

extended π-conjugations in the formazanate boron complexes, and their 

study revealed that as the length of conjugation increases, the absorption 

and emission maxima shift towards the red region. Notably, complexes 

with extended π-conjugation fluorescence quantum yield 10-fold greater 

than complexes lacking the extended conjugations 24-26.  

 

Figure 1.10 Formazanate stabilized boron complexes.  

Very recent work of the Gilroy group synthesized BF2-formazanate dyes 

27-29 that exhibited electroluminescent (ECL) properties along with the 

AIEE phenomenon and were used as fluorescent cell-imaging agents; 

further, these complexes were used as monomers for the synthesis of 

formazanate-based polymeric boron dyes.[46-48] 

1.2.6 N, O chelated boron complexes 

Although BODYPI and BOPHY Dyes have tremendous applications in 

medicinal and materials science. But they have certain limitations, like 

being small, Stockes shift leading to low photostability, along with the 

low fluorescence quantum yields. To overcome these problems, 

scientists try to move to other alternative candidates. In this context, 

salicylaldimine-based boron dyes prove themselves as a next-generation 

photo-functional material. Mainly, N-O ligands are derived from 

salicylaldimine, oxime, or hydroxamic acid derivatives. [49-51] These 

ligands coordinated with the Lewis acidic boron center to facilitate the 

chelated boron complexes with unique electronic architectures. These 

ligands not only provide easy synthetic modularity and flexibility but 

also facilitate the alternative root for the formation of the donor-acceptor 

architectures that help in the intramolecular charge transfer (ICT), 

resulting in red-shifted absorption and emission maxima and enhanced 
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solvatochromic properties. Interestingly, the incorporation of an oxygen 

atom brings additional stability to the boron center and enhances 

stimulus-responsive luminescence via dynamic B-O interactions. [52-

55] 

 

 Figure 1.11 General representation of N-O chelated boron 

complexes. 

Wang and his team isolated a series of 8-hydroxyquinolinate boron 

complexes with the general formula (QBR2) Q stands for the 8-

hydroxyquinolinate moiety. These boron complexes show greenish-

blue emission with an emission wavelength of 495-500 nm, and 

their utility was also investigated in OLED as emitters and electron 

transporters membrane. [56-58] Additionally, they reported a series 

of linear and star-shaped multinuclear boron complexes in 

hydroxyquinolinate scaffolds to investigate the effect of π-

conjugation along with the mutual effect of multiple boron centers. 

All the synthesized complexes exhibited emission maxima lying 

between 528-542 nm with high thermal stability. 

 

   Figure 1.12 N-O chelated boron complexes. 

 



 

47 

 

 Later, Jäkle and his coworkers reported the quinolate ligand-based 

boron dyes. They investigated the subtle effect of substituents 

present on the 5th position. Interestingly, they observed that the 

electron-withdrawing group shifted the emission maxima, then its 

non-substituted quinolate counterpart. [59-65] On the other hand, 

electron electron-releasing group at the 5th position shifted the 

emission and absorption maxima to the red region.  Wang and his 

team [66-68] were able to isolate the binuclear ladder-type π-

conjugated boron dyes. Emission maxima of these dyes were 

observed in the range from 584-604 nm, which was about 100 nm 

red-shifted from their mononuclear counterparts. Binuclear ladder 

dyes [70] exhibited high thermal stability and gave better 

performance in OLEDs in comparison to their mononuclear boron 

dyes.  

Ziessel, Ulrich, and their coworkers [71] have developed a new 

class of N-O chelate boron complexes 38-41 known as boranils by 

the complexation of anils (aniline-imine) with boron trifluoride or 

BPh3. They observed that the spectroscopic properties of these were 

strongly dictated by the substituents present on the para positions of 

the amine and phenolic side of the aromatic ring. Later, they found 

that these boronil dyes can be utilized as a better candidate for 

bioconjugations to proteins like bovine serum albumin (BSA) in 

biological [72-76] systems. Recently, the Krishnan group reported 

salicylaldimine-based binuclear boron complexes 44. These 

complexes were highly thermally stable and exhibited the emission 

maxima that ranged from 460 to 494 nm.  A very similar class of 

boronil dyes, 42-43, was reported by Muthusubramanian, and they 

explored their application in the detection of hydrogen peroxide. 

[77] 
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Figure 1.13 N-O chelated boronil dyes 38-45. 

Yaushiro, Kubota, M. Matsui, and their colleagues [78] reported the 

pyrazine and thiazole boron dyes, including a β-ketoiminate ligand that 

exhibited a large Stokes shift, aggregation-induced emission behavior, 

along with solid-state luminescence enhancements. Furthermore, they 

successfully reported the solid-state emissive dyes, AIEE-responsive 

pyrimidine mono and binuclear boron complexes bearing the BDI 

ligand. They found that pyrimidine boron dyes bearing the phenyl 

groups show more intense luminescence than their BF2 counterparts. 

Pyrimidine-based binuclear boron complexes make a system such as D-

π-A that leads to their emission in the NIR region in the solid state.[79-

81] 

 

Figure 1.14 Ketoiminate-based boron dyes 
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A recent study of boron dihalides and their heavier congeners, dihalide 

complexes, chelated with N-N and N-O donor ligands, serves as a better 

precursor for the synthesis of cationic species of group 13 elements, 

along with excellent spectroscopic properties like high photochemical 

stability, high fluorescence quantum yields. These intrinsic properties of 

dyes make them versatile candidates for broad application in the field of 

medicinal and materials science.  

1.3 Boron cations 

Boron cations are mainly classified into three categories on the basis of 

coordination number.  The coordination number of boron cations is two; 

then it is known as borinium, three, then it is known as borenium, and 

the coordination number of mono-boron cation is four, then it is known 

as boronium cation. The hybridization of the boron atom in the borinium 

cation is sp-hybridized and forms a linear geometry with 2e-donor 

electrons; in borenium, it forms a trigonal planar geometry. The 

electronic demands in borenium cations are compensated by the pi-

donation of ligands into the vacant p-orbital. Boronium cations are more 

stable than the borinium and borenium cations because their octets are 

complete. The chemistry of the borenium cation has been explored more 

because its reactivity lies between highly reactive borinium and 

electronically saturated boronium cations. Hence, it is used in various 

metal-free catalysis processes. [82-87] 

 

Figure 1.15 General representation of boron cations 

1.3.1 Borinium cations (CN: 2) 

Dicoordinated boron cations are highly reactive due to the high positive 

charge. lack of sufficient steric hindrance, low coordination, and prone 

to form neutral tricoordinate boron compounds with anionic ligands. 

The first stable, condensed phase borenium cation was not reported until 
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1982, isolation of borinium cation stabilized by bis(diisopropylamido) 

ligand marking a considerable [88-90] milestone in the low-coordinate 

boron chemistry. The first evidence of a structurally characterized 

moiety was an [AlBr4]- salt, which holds the electrophilic boron center. 

This low-coordinate boron compound was stabilized by a 

tetramethylpiperidino ligand. These reports motivated the generations of 

a variety of bis(amido) borenium cations with various amido-substituted 

ligands or counter ions. Unfortunately, only the highly bulky benzyl-

tert-butyl-amido ligand supported dicoordinated borinium cation has 

been characterized by X-ray crystallography. [91-94] 

 

Figure 1.16 Previously reported di-coordinated boron cations 

Despite several reports on borenium cations in the mid-1980s, research 

around condensed phase dicoordinated boron cations had been somehow 

neglected until the recent report by Stephan and his colleagues, who 

reported the extended borinium cation. [93]  They isolated the extended 

borenium cation by treating two equivalents of phosphinimide ligand 

with BH3·SMe2, and this leads to the formation of disubstituted borane. 

Further, this borane was treated with trityl salt and facilitated the 

borinium ion. This borenium cation has two bulky tri-tert-

butylphosphinimide ligands, which dictate the geometry and electronic 

properties of the borinium ion. The bulky phosphinimide ligand 

sterically protects the Lewis acidic boron atom and allows the 

delocalization of the positive charge on the adjacent nitrogen and 

phosphorus atoms. [95,96] 

1.3.1.1 Borenium cations (CN: 3) 

Reports on well-defined tricoordinate borenium cations have emerged 

like those of their dicoordinated counterparts, dicoordinated borenium 
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cations. [97-100] Only three examples of borenium cations had 

structural evidence before 1985. In each case, bulky bases are capable 

of electronic stabilization, but the five-membered ring system 

containing boron as a heteroatom was incapable of achieving the linear 

geometry which are essential for boron cations for the electronic 

stabilizations. Since then, very limited examples of tricoordinate 

borenium have been listed in Figure 1.17. 

 

Figure 1.17 Borenium cations. 

Jutzi and his colleagues isolated [100,101]the two novel tricoordinate 

borenium Figure 1.18 cations from the reaction with dichloro(η1-

pentamethylcyclopentadienyl) borane with bulky bases such as acridine 

and phenanthridine, respectively. Formation of these salts was 

confirmed by the 11BNMR, the signal appeared for the acridine ligated 

borenium cation was 32.8 ppm, while the phenanthridine ligated 

borenium 11B signal appeared at 30.9 ppm.  

 

Figure 1.18 Cp* supported borenium cations. 

BDI ligands are proving themselves to be a very effective tool for the 

support of a wide range of elements across the periodic table in diverse 

coordination modes and oxidation states. A. H. Cowley and co-workers 

reported the first X-ray crystal structure for a β-diketiminate-supported 

boron cation in 2004. [102]They isolated the borenium cation from the 

neutral tetracoordinated [(HC(CMe)2(NAr)2]BPhCl complexes. Figure 

1.19 They treated the boron complex with AlCl3 leads to the formation 

of tricoordinate borenium cation supported by [Al2Cl7]
-. Later, a similar 
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tricoordinate borenium cation was also reported by Cowley and co-

workers in modified BDI ligand scaffolds. [103] In the same years, Piers 

and co-workers isolated the tricoordinate borenium cations supported by 

BODIPY dye. [104] Recently, our group reported the bis-borenium 

cation stabilized by the bis-BDI ligand scaffolds. Gilroy and his 

colleagues reported that the formazanate ligand stabilized a highly 

fluorescent borenium cation. [105, 106] 

 

Figure 1.19 N, N-coordinated borenium cations in a six-membered ring 

scaffold. 

1.3.1.2 N, O chelated borenium cations  

N, O chelated boron cation chemistry is not much explored because N, 

O ligands are unable to fulfill the electronic and steric demands of 

cationic species. Consequently, the isolation and characterization of 

such complexes are more challenging under standard conditions. A 

recent study reveals that N, O ligands can stabilize the highly reactive 

boron cations through extended π-conjugation and incorporation of 

bulky bases such as NHC and bulky non-coordination anions. 

 

Figure 1.20 N, O coordinated borenium cations. 

Ingelson and coworkers reported the first N-O chelated tricoordinate 

boron cations [107] in 2014 Figure 1.20 They treated the 8-

hydroxyaminoquinoline with the BPhCl2 in the presence of a mild base, 
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and subsequently, this complex was treated with Lewis acid AlCl3, 

leading to the formation of a tricoordinate boron cation stabilized by the 

8-hydroxyaminoquinoline ligand scaffold. Synthesized borenium cation 

is highly chlorophilic in nature because significant interactions were 

observed between cationic species with its counter anion [AlCl4-]. 

Additionally, L. Kong and colleagues also reported the N-O stabilized 

borenium cation in 2022. [108] They isolate the boron cation from 

terminal iminoborane [MesN=B˿IPr2Me2][AlBr4] via 3+2 addition 

reaction with one equiv. of N-tert-butyl-alpha-phenylnitrone with 

excellent 90% yields. Recently, Gilroy and co-workers reported 

formazanate-based tricoordinate borenium cations. [109] Notably, its 

counter neutral formazanate BF boranes were non-emissive in the 

solution state, but derived borenium ions were highly fluorescent in the 

solution state, and absorption maxima shifted from 530 nm to 650 nm in 

borenium cations. They also tested the sensing behaviour, and the 

borenium cation treated with the [nBu4N][SiPh3F2], and it abstracts the 

F-  and exhibits the near-linear turn-off response. The absorption 

maxima, which appeared at 650 nm, disappeared due to the formation 

of a neutral tetracoordinate boron complex Figure 1.20. 

1.3.1.3 Boronium cations (CN: 4) 

Boronium cations are tetracoordinate species and have undoubtedly 

gained the most attention due to their relative stability, which arises due 

to the filled octet and complete coordination sphere. In general, 

boronium cations have two covalently bound ligands and two other 

sigma-donating ligands that serve to partially occupy the vacant orbital 

on the boron atoms. The isosteric correlation between the boronium ions 

and the secondary ammonium ion was conceptualized by Davis and his 

coworkers  [110] to prepare the boronium analogue of the conjugate acid 

of the biologically active bicyclic tropane ring 8-azabicyclo [3.2.1] 

octane (structural elements of several neuroactive compounds; 

atropine). Figure 1.21. They prepared the borenium cation in one-step, 

one-pot synthesis from the bromoborane dimethylsufoxide adduct and 

homopiperazine at room temperature.  
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Figure 1.21 Conjugate acid of neuroactive amine and boronium cation. 

Wagner and his co-workers have reported several borenium cations 

Figure 1.22, ferrocene-based 2,2’-bipyridylboronium salts) and 

investigated their utility as novel charge acceptors in various charge 

transfer complexes. The first boronium cation of ferrocene supported 

was prepared by treating the ferrocene core functionalized boranes with 

various bulky N-donor bases. [111] Further, they extended their study 

and functionalized the ferrocene for the synthesis of binuclear boronium 

cations by following the same standard reaction protocol. All boron 

cations were from the reaction mixtures as solid precipitates. 11BNMR 

broad signals appeared for each salt, ranging from (δ = 6 to 11 ppm). 

The electrochemical study of these boronium cations suggested that they 

are suitable compounds for making nonlinear optical materials and 

amperometric biosensors.  

 

Figure 1.22 Ferrocene-stabilized boronium cations. 

Recently, Clyburne and co-workers isolated a series of boronium cations 

Figure 1.23 through the chloroboration reaction analogous to the 

hydroboration reactions, and the isolated cations can undergo facile 

addition across a C=O or C=N bond. [112-115] The reason behind using 

the bulky ligand was expected to provide steric bulk and π stabilization. 

Jutzi and co-workers isolated the pentamethylcyclopentadienyl-
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coordinated boronium cations Figure 1.23. They treated the Cp*BCl2 

with a bidentate nitrogen donor ligand, bipyridine, and phenanthrene led 

to the formation of boronium cations. 

 

Figure 1.23 N, N-coordinated boronium cations. 

K. Suenaga and his co-workers reported a series of luminescent 

boronium cations [116] supported by the ketoiminate ligands. They 

studied the effect of counteranions on the photophysical properties of 

synthesized boronium cations. they found that boronium cations with 

[PF6]
- counter anions exhibited fluorescence properties in both solid and 

solution phases, along with the stimulus-responsive behaviour. In 2025, 

Gilroy and his co-workers reported highly fluorescent boronium cations 

supported [117]by the tridentate acyl pyridylhydrazone ligands.  non-

emissive boron heterocycles based on π-conjugated N-acyl 

pyridylhydrazones with N,N′,N′′ coordinated boranes were treated with 

Bronsted acid, leading to the formation of fluorescent boronium cations. 

 

Figure 1.24 Fluorescent boronium cations. 

1.4 N-heterocyclic carbenes (NHCs) 

The first stable carbene (NHC) was discovered in 1991 by Arduengo and 

his coworkers [118] through the deprotonation of an imidazolium 

cation. NHCs are divalent carbon atoms, a singlet carbene attached 

directly to at least one nitrogen atom within a heterocyclic ring. Their 
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role as lone pair donor ligands, remarkably in transition metal chemistry 

and catalysis, is very challenging to overestimate. In recent years, there 

has been tremendous growth seen in the field of low-valent main group 

complexes. Considerable progress has been achieved in the synthesis 

and characterization of such species as Lewis acid/base adducts with 

strongly tunable NHC ligands. These discoveries have allowed for 

investigations of various novel compounds with unique electronic 

properties and opened new opportunities in the rational design of novel 

materials and organic catalysts. In low-valent main group chemistry, 

NHCs prove to be an important key for the stabilization of highly 

reactive low-coordinate main group complexes in different oxidation 

states, which is very difficult with traditional ligands. This was provided 

to the researcher, a wide playground, not only characterized, and get 

insights into the bonding in these reactive complexes and explore their 

unique reactivity and potential in catalysis and synthesis. [119-122] 

The structural variety of NHC carbenes encompasses nitrogen atoms 

adjacent to the carbene carbon, as well as ring size, ring constitution, 

and functionalization. Electronic and structural properties of singlet 

carbenes have been discussed. [123-127] The π-electron-donating and 

the sigma electron-withdrawing nature of nitrogen atom(s), Figure 1.25 

in a cyclic scaffold of NHCs decreases the energy of HOMO (Sp2-

hybridized lone pair orbital, sigma-orbital) and increases the LUMO 

energy (unoccupied pπ orbital), resulting in increased energy separation 

gap between these orbitals and along with the singlet and triplet ground 

states. All acting factors are responsible for the high nucleophilic (basic) 

character, and making them strong sigma donors, sharply different from 

other classes of traditional ligands and carbenes. [128-131] 
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Figure 1.25 General electronic effects in NHC, CAAC, and NHO.  

1.4.1 NHCs in boron cation chemistry 

Boron-centred cationic complexes, owing to their inherent 

electrophilicity and electron deficiency, make boron cation complexes a 

magic tool in modern-day chemistry, especially in catalysis chemistry. 

The stabilization of boron cations via N-heterocyclic carbenes (NHCs) 

has gained significant attention due to their unique steric and electronic 

properties. NHCs are strong σ-donors and poor π-acceptors, which 

makes the NHCs able to donate adequate electron density to the 

electron-deficient species. Such interactions not only increased the 

stability of boron cations but also allowed the fine-tuning of their 

electronic environment, which helps in a broad range of applications in 

catalytic processes. Moreover, NHC-stabilized boron cations exhibited 

notable reactivity in hydrosilylations, hydrodefluorination, and 

hydroborations reactions. The electronic properties of NHC ligands can 

be tuned via changing the backbone substituents, along with the N-

substituents, which provide a versatile platform for the rational design 

of boron-based catalysts tailored for the selective transformations. This 

opened a new pathway in main group catalysis, providing sustainable 

alternatives to traditional transition metal catalysts.   

Several borenium cations stabilized by N-heterocyclic carbenes have 

been published over the past decades. Here we discussed the synthesis 

and isolation of borenium cations stabilized by classical carbene, 

mesoionic carbene, and chiral carbene, respectively. Figure 1.26 

Stephen and his co-workers reported that the classical carbene-stabilized 

borenium cation 9-BBN and NHC adduct with trityl salt facilitates the 
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formation of a tricoordinate borenium cation. Besides, classical 

carbenes, other carbenes such as cyclic alkyl amino carbenes (CAACs), 

meso-ionic carbenes (MICs)  were also explored as stabilizing borenium 

cations. 

 

 

Figure 1.26 Classical, meso, and chiral carbene supported borenium 

cation. 

Crudden and co-workers isolated the tricoordinate borenium cation 

stabilized by the MIC carbene, [141] which can serve as an alternative 

catalyst for FLP hydrogenations. MICs are stronger σ donors than their 

cousin NHC, which increases σ donation to the borenium ion centre 

because of weaker heteroatom stabilizations. This provided the 

enhanced stability to the borenium cation and increased the hydricity of 

the B-H bond, allowing facile hydride delivery in the catalytic cycle. 

Melen, Crudden, Stephan, and their co-workers synthesized several 

chiral NHC- or MIC borane adducts and studied their reactivity as pre-

catalysts for enantioselective hydrogenation of imine. [142-146] 

1.4.2 Cyclic alkyl amino carbenes (CAACs) 

Cyclic(alkyl)(amino) carbenes are singlet carbene ligands having one 

amino and one sp3 alkyl group near the carbene carbon atom. CAACs 

are a modified subset of N-heterocyclic carbenes (NHCs) in which an 

amino group is replaced by a saturated carbon atom, Figure 1.27 

resulting in a new carbene donor which have better σ-donating ability 

and π-accepting tendency than the classical NHCs. [132-140] The lone 

pair is present on both nitrogen atoms in NHCs and is involved in π-

backdonation, while in the case of CAACs, one nitrogen is replaced by 

a carbon atom, resulting in weak π-donation because only one nitrogen 
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is taking part in back donations, making the CAACs strong π-acceptors 

and more electrophilic than the classical carbenes.   

 

Figure 1.27 Electronic representation of NHC and CAAC.  

1.4.3 NHCs stabilized borylenes 

Borylene is the analogue of divalent carbon (carbenes) with the general 

formula R-B: a boron atom bearing an organic moiety with two unshared 

electrons, like their carbene counterparts. These are highly reactive 

species because borylenes are Lewis acidic and have a propensity to 

form strong bonds with other molecules. For this reason, borylene is 

much more uncommon than the stable carbenes; they can only be 

inferred by chemical trapping. H. Braunscheig and his co-workers 

reported the first stable terminal borylene coordinated with the transition 

metal [(CO)5WBN(SiMe3)2]. [147] Lewis bases such as NHCs and 

cyclic alkyl amino carbenes (CAACs) stabilized the borylenes either in 

a discrete form or as bis-adducts.  

The first example of a borylene stabilized by a single Lewis base was 

reported in 2007 and exists as a dimer diborene. An (NHC)BBr3 adduct 

was reduced to generate a probable (NHC)B-H intermediate that 

subsequently dimerized to form the diborene. Several similar 

compounds have been generated and isolated, and several studies 

involving putative mono-Lewis base-stabilized borylene intermediates 

have been reported. [148] However, an isolable example remained 

elusive until 2014. Betrand et al. reported the (CAAC)borylene from the 

NHC-borane adduct. They treated the NHC-borane adduct with 2 equiv. 

of Cp*2Co leads to the formation of (CAAC)borylene. Another group 

followed a similar synthetic strategy using DAC (diamidocarbene); the 

reduction of a DAC borane[149, 50, 151] derivative afforded an 

analogous (DAC)borylene. Figure 1.28 The first example of dinitrogen 

fixation at a p-block element was published in 2018 by Holger 
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Braunschweig et al., whereby one molecule of dinitrogen is bound by 

two transient mono-Lewis base-stabilized borylene species.[151] 

 

 

Figure 1.28 CAACs stabilized borylenes and their reactivity with N2.  

1.4.4 Role of CAACs in small molecule activations 

CAACs are ambiphilic in nature. Due to this, they can donate and accept 

electrons. They have a small singlet-triplet gap, and this allows them to 

activate small molecules and enthalpically strong covalent bonds of CO, 

H2, B-H, Si-H, N-H, and C-H. As a result, cyclic alkyl amino carbenes 

are utilized as a metal-free catalyst in numerous transformation reactions 

that can require traditionally transition metal-based catalysts for similar 

types of transformation reactions. [153-155] 

 

Scheme 1.2 Small molecule activation by CAAC 

1.4.5 NHCs stabilize main group cations 

N-Heterocyclic carbenes (NHCs) have emerged as powerful neutral 

ligands for the stabilization of highly reactive main group cationic 

species. Their exceptional σ-donor strength, combined with tunable 

steric bulk, allows for effective coordination to electron-deficient 
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centers, thereby imparting both kinetic and thermodynamic stability to 

the resulting cationic complexes. In particular, NHCs have been 

instrumental in isolating and characterizing main group cations such as 

borenium (R₂B⁺), aluminyl (R₂Al⁺), and silylium (R₃Si⁺) species, which 

are otherwise prone to oligomerization or decomposition due to their 

high electrophilicity. The carbene ligand donates electron density into 

the vacant p-orbitals of the main group center, mitigating the charge 

density and stabilizing the cationic framework. Moreover, the bulky 

substituents on NHCs provide steric shielding that prevents unwanted 

side reactions or dimerization. This unique stabilization has enabled the 

exploration of main group cations in areas such as Lewis acid catalysis, 

anion sensing, hydride abstraction, and small molecule activation. As a 

result, NHC-stabilized main group cations represent a rapidly expanding 

field, opening new avenues for designing reactive intermediates and 

functional main group-based materials. [160-165] 

 

Figure 1.31 NHCs stabilized main group cations and radical cations. 

1.5 N-heterocyclic olefins (NHOs) 

NHOs (N-heterocyclic olefin) have highly polarised carbon-carbon 

bond (C=C) double bond as well as highly electron-rich moieties, due to 

the presence of heteroatoms in the ring. As a result, olefins are more 

nucleophilic.  NHOs are also known as the deoxy-Breslow intermediate 

in terms of Michael acceptors. Efficacious progress has been made in 

organic chemistry in the domain of NHOs within the last few decades, 

including C-F bond functionalization, amination,  [166-170] 
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hydrosilylations, and hydroboration, along with CO2 sequestration, ring-

opening reaction of aziridine, epoxide, and asymmetric catalysis 

reported by several groups.  

 

Figure 1.31 Resonating structures of NHO. 

1.5.1 Role of NHO in low-valent main group chemistry 

and its applications 

N-heterocyclic olefines are a relatively young class of strong sigma 

donor ligands in coordination chemistry. Sigma donor ability of NHOs 

is higher than the classical N-heterocyclic carbene. Due to its strong 

sigma donor ability and electronic and steric tunability, it can stabilize 

the highly reactive main group cations and low valent main group 

species. Main group cations, especially group 13 and 14 elements, are 

inherently electron-deficient species because of low coordination and 

the presence of vacant sites. These species are highly sensitive, highly 

reactive, and transient unless suitably stabilized. Well-known traditional 

ligands fail to provide the required steric protection and electronic 

donations necessary for the isolation of low-valent and cationic species 

of main group compounds in discrete forms.  

Numerous reports have highlighted the successful stabilization of main 

group cations using NHO ligands. The coordination of NHOs to 

electron-deficient boron centers not only mitigates the Lewis acidity but 

also allows the isolation of boron cations with unique structural and 

electronic properties. [170-174] NHO–borane compounds have been 

exploited to generate borinium and borenium species, with significant 

implications in small molecule activation, catalysis, and material design. 

The strong donor character of NHOs also enhances the thermal and 

oxidative stability of these complexes, making them suitable for further 

functional elaboration. In the context of low-valent main group 
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compounds, particularly those involving heavier p-block elements (e.g., 

Ga(I), In(I), or Sn(II)), NHOs have demonstrated the ability to stabilize 

unusual oxidation states. These species often display reactivity profiles 

reminiscent of transition metals, with potential applications in bond 

activation, catalysis, and electronic materials. The strong σ-donating and 

weak π-accepting properties of NHOs help prevent disproportionation 

or dimerization, which are common decomposition pathways for low-

valent complexes. [175,176] 

 

Figure 1.32 NHO stabilized main group complexes. 

NHO-stabilized main group complexes have demonstrated remarkable 

activity across a variety of transformations, including 

hydroelementation, small-molecule activation, and polymerization 

catalysis. The ability of NHOs to modulate both the electronic and steric 

environment of the central atom facilitates fine-tuning of reactivity and 

selectivity, a critical advantage in catalytic design. Moreover, their 

robust σ-donation helps prevent rapid decomposition or undesired side 

reactions, thereby enhancing catalyst [177-180] stability and turnover 

numbers. As such, NHO ligands are increasingly recognized as 

indispensable tools in the development of sustainable and efficient main 

group catalysis, offering new opportunities for replacing transition 

metal-based systems with earth-abundant main group alternatives.  
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2.1 Introduction 

Functional materials, mainly defined as any chemical system with useful 

physical and chemical properties, have gained remarkable attention over 

the years owing to their potential application in numerous fields. [1-3] 

A very young and popularized strategy for designing novel, functional 

material is to incorporate the boron atom into π-conjugate scaffolds. The 

benefit of this approach lies in the fact that boron is inherently electron-

deficient and therefore imparts many unique features to the resulting B-

doped molecules. For instance, the empty pz orbital of boron can 

participate in π-conjugation, thereby enhancing or tuning the 

photophysical properties of such compounds and making them useful as 

luminescent materials. [4-7] 

In recent decades, organoboron-based fluorophores have emerged as 

compatible functional dyes with diverse photophysical and 

electrochemical properties, leading to the advancement in this research 

area. [7] In recent research, the main focus area is to develop multi-

boron coordinated scaffolds because of their unique photophysical 

properties.  Boron coordinated with scaffold-like BOPHY, BOMIPY, 

and BOPPY exhibit high thermal and photochemical stability, strong 

absorption, and tunable fluorescence. These compounds have attracted 

significant attention for some time now, thanks to their dynamic 

application in organic light-emitting diodes (OLEDs) [8-11], laser dyes 

[12-14], fluorescence imaging probes [15-17], photosensitizer dyes in 

photodynamic therapy [18-22], and also in solar cells.[23-29] 

Tetracoordinated fluorescent boron compounds are reported with 

different chelated bidentate ligands such as N, N-, N, O-, O-O, and O-S 

like dipyrromethenes,[30-35] quinolate,[36-40] diketonate,[41-44] 

sub-phthalocyanine,[45-49] thioketonate.[50-55] hydrazine-bispyrrole 

N, N-chelating (BOPHY),[56,57] dipyrrinato, and ligand-based 

difluroborane complexes are most studied because of their excellent 

optical properties, like high fluorescence quantum yields, high photo 

and chemical stability, and molar extinction coefficient.[58] So far, the 

development of efficient luminescent dyes for use in solid and aggregate 
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states has been a key focus in current research. Numerous captivating 

molecules with intriguing properties such as aggregation-induced 

emission (AIE), mechanochromism, and tunable emission based on 

solvent polarity have been discovered.[59,60] Boron complexes 

received valuable attention in the field of stimuli-responsive materials 

with applications in different areas.[61-64] Although BODIPYs have 

been studied in depth over the years, they have some limitations in their 

application, like exhibiting very low or no fluorescence in the solid state 

occasioned by aggregation-caused emission quenching (ACQ), 

aggregation-induced energy (AIE) transfer, and self-absorption that 

results in a small Stokes shift. In most of the above-stated applications, 

it is required for the fluorophore to be present in a self-gathered state. 

However, due to the ACQ phenomenon, most fluorescent organic 

molecules tend to become less emissive upon conglomeration. That 

setback of less emissiveness can be overcome by designing a molecule 

that exhibits aggregation-induced emissions. 

 

Figure  2.1 General representation of N-N, N-O, N-S, and O-O bidentate 

ligands based on organoboron compounds. 

Organoboron compounds have great potential in the areas of 

luminescence, which has attracted researchers to develop a new class of 

ligands that achieve favorable optical properties in solid as well as in 

solution states.[15] To overcome paucity related to the rigid and planar 

BODIPY dyes, the boron complexes of Schiff base ligands with N-O 

donors were introduced to prepare four-coordinated complexes with 

difluoroboranes. In this context, salicylaldimine-based boron dyes prove 
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themselves as a next-generation photo-functional material. Mainly, N-O 

ligands are derived from salicylaldimine, oxime, or hydroxamic acid 

derivatives. These ligands coordinated with the Lewis acidic boron 

center to facilitate the chelated boron complexes with unique electronic 

architectures. These ligands not only provide easy synthetic modularity 

and flexibility but also facilitate the alternative root for the formation of 

the donor-acceptor architectures that help in the intramolecular charge 

transfer (ICT), resulting in red-shifted absorption and emission maxima 

and enhanced solvatochromic properties. Interestingly, the incorporation 

of an oxygen atom brings additional stability to the boron center and 

enhances stimulus-responsive luminescence via dynamic B-O 

interactions. [55-60]  

Here, we report a rational design and synthesis of several mono- (2a-2e) 

and bi-nuclear (2f-2k) boron complexes having different substitutions 

and spacers. The complexes were synthesized in high yields and 

characterized by mass, NMR spectroscopy in solution, and solid-state 

structures of a few complexes (2b, 2e and 2g) were also undertaken. 

Further, we studied the photophysical, electrochemical and stimuli 

responsive properties of those boron complexes. Although 2a-2k are 

inactive towards solvatochromism, mechanochromism, sulphide-

bridged binuclear boron complexes 2i-2k showed aggregate-caused 

quenching (ACQ) in the mixture of THF/water.  

2.2 Results and Discussion 

2.2.1 Synthesis of mono and bi-nuclear boron complexes 

To facilitate the mono and bi-nuclear boron complexes, we focused on 

the synthesis of ligands. Ligands were prepared by simple condensation 

between aldehydes and amines by following previously reported 

procedures. All ligands were comprehensively analyzed by 1H, 13C{1H} 

NMR and (HRMS) high-resolution mass spectrometry. Mononuclear 

boron difluoride complexes 2a-2k were synthesized by deprotonating 

the ligands 1a-1k with diisopropylethylamine (DIPEA) followed by the 

addition of BF3·OEt2 at room temperature, as shown in Scheme 1. 
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Scheme 2.1 Synthesis of mono and bi-nuclear boron complexes (2a-2k). 

  After quenching the reaction and extracting the compounds in 

dichloromethane (DCM), they were purified by column 

chromatography, yielding 2a-2k in very good yields as colourless pale-

yellow solids. Complexes were soluble in dichloromethane, acetonitrile, 

dioxane, toluene, and THF but partly soluble in saturated hydrocarbons 

and alcohols. They were characterized by FT-IR, 1H, 13C NMR, and 

hetero nuclear NMR (11B,19F) and mass spectrometry. The 1H NMR 

spectra of ligands 1a-1k showed a resonance for the imino CH proton in 

between 8.5 ppm to 9.5 ppm, depending on the substituents. While in 

13C NMR spectra of amino C-atom resonance of the ligands ranges from 

(160 ppm to 169 ppm), they are slightly (~ 4 ppm) up-field shifted for 
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their respective BF2 complexes. The disappearance of phenolic OH 

signal in 1H NMR as well as in FT-IR spectra of the complexes 2a-2k 

suggests the formation of B-O bond. The 11B NMR chemical shifts of 

2a-2k range from 0.95 to 1.1 ppm as a triplet, which is characteristic of 

tetracoordinated difluoride boron complexes. In 19F NMR, a multiplet 

approximately at -135 ppm was observed for these complexes. In the 

FT-IR spectra of the complexes 2a-2k, the stretching frequency for the 

imine -C=N band are observed between 1649 to 1610 cm-1.  

2.2.2 Single crystal X-ray diffraction (SCXRD) analysis of 

mono and bi-nuclear boron complexes 

 

Figure 2.2 Crystal structure of 2b, 2e, and 2g borane. 

Crystals of complexes 2b, 2e, and 2g were obtained from acetonitrile, 

and single-crystal X-ray diffraction (SCXRD) analysis was performed 

on those crystals. All the complexes crystallized in a monoclinic system 

with different space groups, complex 2b and 2e in P21/c, whereas 2g in 

C2/c space groups. The solid-state structures of 2b and 2e showed the 

presence of a single boron centre, whilst two boron centers in 2g, all 

having a distorted tetrahedral geometry around the boron atom. In these 

complexes, the Schiff base ligands chelated to the BF2 units of the boron 
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center, forming a six membered ring in which the C-N bond lengths (2b: 

1.283(3); 2e: 1.3026(18), 2g: 1.3003(14) Å) suggests that the imino 

groups retain the double bond character. As reflected in (Table 2.1), the 

B-F, B-O and B-N bond lengths are similar for these complexes, and 

they are all in the single bond range, respectively.  

Table 2.1 Selected bond lengths [Å] and angles [º] for complexes 2b, 

2e, and 2g. 

Parameters 2b 2e 2g 

B1-O1 1.422(3) 1.4531(19) 1.4555(15) 

B1-N1 1.569(3) 1.5834(19) 1.5925(16) 

B1-F1 1.345(3) 1.368(2) 1.3706(16) 

B1-F2 1.386(4) 1.388(2) 1.3706(16) 

B1-F1-F2 109.2(2) 111.36(14) 111.41(8) 

B1-F1-N1 110.1(2) 109.90(14) 109.90(12) 

B1-F2-O1 109.7(2) 106.50(13) 111.622(14) 

B1-N1-O1 110.96(19) 108.43(12) 108.042(15) 

 

2.2.3 Crystal packing of complexes  

As depicted in Figure 2.3 and Figure 2.74, the crystal packing structures 

of 2b, 2e, and 2g are influenced by intermolecular C–H⋯F, C–F⋯π, C–

H⋯π, and lone pair⋯π interactions. In 2b, there are two types of C–

H⋯F interactions present. One is between the imine C–H and F of the 

BF2 unit with a distance of 2.32 Å (angle 155º), and another one between 

isopropyl C–H and F of the BF2 unit with a distance of 2.56 Å. 

According to the conditions given by Dunitz and Taylor for designation 

as hydrogen bonds,[67] i.e. the H⋯F–C interaction should be 

substantially shorter than the sum of the van der Waals radii (ca. 2.55 Å) 

and preferably no longer than ca 2.2–2.3 Å, with obtuse X–H–F angles. 

Similarly, the C–H⋯F interaction is observed in complex 2e, where 

distances are 2.23 (angle 155º) and 2.54 Å, respectively. In addition, in 

2e, there are C–F⋯πAr and C–H⋯πAr (πAr = π system of aromatic ring) 

interactions. For C–F⋯πAr interactions, Prasana and Row reported a 
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statistical study of CSD in 2000, where they showed that the C–F⋯πAr 

nonvalent contacts affected the molecular conformation and the crystal 

packing, and the distance between F and the carbon atom of the aromatic 

system amounts to be 3.33 Å.[68] This is in accordance with the 

distances of 2.98 and 3.14 Å in 2e. In the crystal packing diagram of 

complex 2g, along with C–H⋯F (2.39 Å; angle 136º) and C–F⋯πAr 

(3.14 Å), there is lone pair⋯ πAr interaction between the lone pair of 

the bridged oxygen and the π bond of the aromatic ring (distance 3.15 

Å).[69] In the crystal packing of 2g, two acetonitrile molecules are 

present within the cavity of the complex along with two additional 

acetonitrile molecules shared with adjacent crystal units, resulting in a 

cross-shaped arrangement Figure 2.75. 

 

Figure 2.3 Crystal structure packing of 2e, dotted line showing the 

noncovalent interactions.  

2.2.4 Photophysical study 

All the synthesized ligands 1a-1k were non-emissive, whereas after 

complexation with the BF2 unit, the fluorescence efficiency of the 

resulting complexes increased significantly. This is due to the 

incorporation of the BF2 unit into the ligand skeleton, which makes the 

system rigid and might reduce the loss of energy via vibrational motions 

and increase the emission proficiency. UV-visible absorption and 

emission spectra of N-O chelated mono- and bi-nuclear boron difluoride 

complexes 2a-2h were explored in different solvents. The photophysical 

properties of these mono- and bi-nuclear difluoroboron complexes are 

summarized in Table 2.2 Complexes 2a-2d, show strong absorption 
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between 360 to 380 nm in toluene, however; on varying the solvent 

polarity (toluene to acetonitrile) along with the presence of absorption 

band at around 370 nm, another band at a lower wavelength of 280 nm 

was observed. This might be due to the fact that the polar solvent 

stabilizes the relative energy of the orbital, thereby generating two 

feasible electronic transitions. Interestingly, the absorption bands 2e and 

2f are red-shifted (2e: 400 nm and 2f: 410 nm). The occurrence of 

relatively higher energy absorption bands for 2a-2d might be the lack of 

conjugation in those complexes. On the contrary, for 2f, although only 

one absorption band appeared in the low energy region, its emission 

spectrum is blue-shifted at 450 nm, along with one shoulder observed at 

475 nm.[63-64] On varying the solvent polarity from toluene to DCM 

to acetonitrile to dioxane there is a decrease in absorption maxima band 

which suggests that the ground state is more polar than excited state, 

therefore, the polar solvents stabilize ground states more than the excited 

states making an overall increase in the energy gap between excited and 

ground state resulting in blue shift.[70] 

  

Figure 2.4 (a) Absorption spectra of 2i-2h in DCM, (b) emission spectra 

of complexes 2a-2h in DCM, (c) photograph under daylight in DCM, 

and (d) photograph under UV light in DCM. 

However, in the case of binuclear complexes, there is not much change 

in the absorption and emission spectra when the solvent polarity is 
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changed (toluene to acetonitrile), confirming the absence of ground-

state charge transfer in the synthesized BF2 complexes. [71-73] 

Binuclear boron difluoride complexes 2f-2h show a strong emission 

band at 457 nm, 495 nm, and 488 nm, respectively  

Table 2.2 Maximum absorption (λabs) and emission (λemi) 

wavelengths, Stokes shift, quantum efficiency (ΦF), average 

fluorescence lifetime (τav) in DCM 

Complex λabs (nm) λem (nm) Stokes Shifts (nm)/ 

cm-1 

τave (ns) фf 

2a 283, 363 458 

 

95/5754 7.3 

 

28 

 

2b 281, 363 459 

 

96/5761 8.0 

 

29 

 

2c 278, 364 461 

 

97/5780 8.6 

 

33 

 

2d 287, 378 472 

 

94/5268 6.1 

 

20 

 

2e 307, 397 529 

 

132/6285 5.9 

 

21 

 

2f 410 462, 486 

 

76/3814 0.2 

 

5 

 

2g 283, 339, 

391 

499 

 

108/5535 1.3 

 

7 

 

2h 295, 385 492 

 

107/5648 0.9 

 

2 

 

2i 314, 328, 

380 

449 69/4044 2.5 3 

2j 292, 323, 

395 

505 110/5550 7.8 2 

2k 408 477 69/3545 1.8 2 

 

The emission spectra of complex 2e appeared at low low-energy region 

(520 nm) in comparison to 2d (465 nm). This may be due to the presence 

of CF3 groups on the phenyl ring of 2e. There is a significant difference 

between the maximum absorption and emission band as a result of a 

large Stokes shift, which was noted for these complexes, making them 

suitable for microscopy applications. [74-76] Complex 2e has the 

highest Stokes shift (130 nm) among the synthesized complexes Table 
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2.2. In general, complexes having a large Stokes shift are due to the 

contribution of intramolecular charge transfer (ICT) in the excited state. 

Fluorescence decay study is investigated in toluene, THF, DCM, and 

dioxane. The fluorescence decay time follows the trends observed for 

the fluorescence quantum yield. Complex 2b has the highest quantum 

yield and the highest fluorescence decay time in acetonitrile, while 

complex 2h has the lowest quantum yield and fluorescence decay time 

Table 2.2. 

 

 

Figure 2.5 Fluorescence decay (a) mono BF2 Complexes, (b) bi-nuclear 

boron complexes in DCM. 

The absorption spectra of disulfide spacer-based complexes 2i and 2j 

were recorded at about 380 nm, like the other binuclear boron complexes 

2f-2h, whereas complex 2k shows a lower energy absorbance at 406 nm. 

This red shift can be attributed to the presence of NEt2 groups whose 

lone pair participates in the conjugations, making the higher wavelength 

absorption. The emission spectra of 2i-2k were recorded in THF and it 

is observed at 448 nm for 2i, 502 nm for 2j, and 469 nm for 2k, 

respectively Figure 2.6a. Emission of 2i was observed at high energy, 

which might be due to the bulkiness of the tertiary butyl group present 

at the ortho position, whilst the emission of 2j was observed at 502 nm, 

due to conjugation of auxochrome NEt2 group present in the system.  
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Table 2.3 Comparison of optical properties of 2a, 2d, and 2e vs BPh2 

counterpart in toluene. 

Complex  λabs (nm) λem (nm) фf  (%) 

 

363 455 30 

 

376 465 30 

 

300, 398 520 30 

 

356 440 30 

 

The fluorescence quantum yields of these synthesized compounds are 

significantly greater than diphenyl borane complex, as shown in Table 

2.3. Further, we aimed to collect the stimuli-responsive behaviour of the 

synthesized complexes. The optical properties of boron complexes were 

investigated in the condensed state. Firstly, we started our investigation 

of mono-nuclear boron complexes 2a-2e and binuclear boron complexes 

2f-2h. Boron complexes 2a-2h were inactive towards the external 

stimuli, properties like aggregate-induced emission (AIE), aggregate 



 

97 

 

caused quenching (ACQ), while disulfide spacer-based boron difluoride 

complexes 2i-2k showed ACQ properties in the mixture of THF and 

water. Experiments were performed at 1.0×10-5 M, as the water 

percentage was increased, a significant decrease in emission was 

observed. Till water content (H2O ≤ 60), emission intensity decreased 

slowly for 2i and 2j, but in the case of 2k, emission intensity decreased 

drastically with the initial percentage of THF/Water mixture (90% THF, 

10% water). For complexes 2i and 2j emission intensity drastically 

decreases when the water percentage reaches up to 90%. The ACQ 

phenomenon commonly comes from short-range molecular interactions, 

like π-π stacking, associated with the planarity of the molecular skeleton, 

force to the non-radiative relaxation pathways.   

Figure 2.6 (a) Emission spectra of 2i-2k in THF; (b), (c) and (d) ACQ 

graphs of 2i, 2j and 2k in THF/H2O, respectively.  

2.3 DFT Studies on mono- (2a-2e) and binuclear (2f-2k) 

boron complexes  

To understand the photophysical properties of the boron complexes 2a-

2k, theoretical calculations were conducted using the range-separated 

ω-B97XD functional [80] and a triple-zeta 6–311G(d) basis set[81,82] 

for ground-state geometry optimizations. Excited-state calculations 

utilized the τ-HCTHhybfunctional[83] and def2-TZVPP basis sets.[30] 

The electronic distribution and energy (in eV) of molecular orbitals for 
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mono-BF2 complexes 2a-2e as well as bi-BF2 complexes 2f-2k are 

presented in Figure 2.7 and Figure 2.9, respectively. Computations for 

mono-BF2 systems 2a-2e reveal that the highest occupied molecular 

orbital (HOMO) is primarily located on the phenolate ligand moiety, 

whereas the lowest unoccupied molecular orbital (LUMO) is evenly 

distributed among phenolate and BF2, containing a six-membered ring. 

 

Figure 2.7 Electronic transitions of mono-BF2 complexes 2a-2e 

computed at the τ-HCTHhyb/def2-TZVPP(SMD: acetonitrile)//ω-

B97XD/6-311G(d) level. 

While the HOMO-1 orbital of 2a-2c resides on the phenolate moiety, 

the HOMO-1 of 2d can be found only on the mesityl moiety, and in 2e 

it is evenly distributed between phenolate and 3,5-(CF3)2-C6H3 ascribed 

to the π-accepting nature of 3,5-(CF3)2-C6H3. Lastly, the LUMO + 

1orbital of 2a-2c is π* orbital of the phenolate moiety, whereas those of 

2d and 2e are primarily centred on N-substituted mesityl or 3,5-(CF3)2-

C6H3 moieties, respectively. For complexes 2a-2f, the first excitation 

(lowest in energy) results from the transition of electrons between 

HOMO and LUMO (Figure 2.7). The second excitation is associated 

with the transfer of electrons from HOMO-1→ LUMO for complexes 

2a-2c and 2e or HOMO-3 → LUMO for complex 2d. The electron-

withdrawing -CF3 substituents on the aromatic moiety (3,5-(CF3)2-
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C6H3) of the imine exhibit lower LUMO energy in 2e that resulted in 

decreased HOMO-LUMO gaps compared to that of 2d (EHOMO-LUMO = 

3.73 eV(2d) and 3.48 eV (2e)). This satisfactorily explains the 

experimentally observed red shift in the absorption spectra of 2e. 

Comparison of the electrostatic potential surface plots between 2d and 

2e Figure 2.7 indeed shows effective electron delocalization in 2e 

compared to 2d, indicating efficient ICT in 2e. From the optimized 

geometries, the dihedral angle between the BF2-containing six-

membered ring and the N-substituted aromatic rings was found to be 

43.1° in 2e and 90.8° in 2d. The electronic charge distribution can also 

be understood from the LUMO and HOMO-1 orbitals of 2d and 2e 

Figure 2.8 

 

Figure 2.8 Electrostatic potential maps (isovalence=0.002). 

The energy of the molecular orbitals of the bi-BF2 complexes 2f-2k 

using the time-dependent density functional theory (TD-DFT) revealed 

that the electron-donating substituent NEt2 on the phenolate part 

increases the HOMO energies of 2f and 2k relative to other bi-BF2 

complexes Figure 2.9. This causes a lower HOMO-LUMO gap in 2f 

(3.29 eV) and 2k (2.96 eV), which explains the observed red shifts in 

these complexes. The HOMO of 2f indeed show extended electron 

delocalization, including the participation of the lone pairs located on 

NEt2, which can also be observed from the electrostatic potential maps 
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Figure 2.9. Among the disulfide spacer-based bi-BF2 complexes, 

reduced HOMO-LUMO gaps (3.86 (2i), 3.35 (2j), and 2.96 eV(2k)) 

clearly explain their red shifts in the absorption spectra. The optimized 

geometries of 2i-2k showed remarkable differences depending on the 

substitution pattern relative to the di-sulphide bond (ortho vs para). The 

substitution also impacts on the electronic charge distributions on 2i-2k. 

Two sides of the 2j and 2k align parallel concerning the disulphide 

bondshinting at possible π-π interactions. 

 

Figure 2.9 7. Electronic transitions of di-BF2 complexes 2f-2k 

computed at the τ-HCTHhyb/def2-TZVPP(SMD: acetonitrile)//ω-

B97XD/6-311G(d) level. 

For bi-BF2 complexes 2f-2h, the first excitation results from the 

transition of electrons between HOMO and LUMO. The second 

excitation is associated with the transfer of electrons from HOMO-

1→LUMO+1 for complex 2f, or HOMO-3→LUMO for complex 2g, or 

HOMO-2→LUMO+2 for 2h. Interestingly, the first excitation results 

from the transition of electrons between HOMO-2→LUMO for 2i and 

2j, and between HOMO-1→LUMO+1 for 2k. According to the 

electronic distribution, the transitions in the absorption process for 2a-

2k complexes are attributed to n-π* and π-π*-type transitions of the 

respective ligands. Further, Table 2.4 summarizes a close correlation 

between the TD-DFT computed and experimentally measured 

absorption maxima with a maximum difference of 15 nm, as well as 

DFT (GIAO) calculated and experimentally measured 11B NMR values. 

This complements the appropriate selection of the theoretical methods 
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to shed light on the electronic transitions in the mono and bi-BF2 

complexes.  

Table 2.4 Experimentally observed and calculated 11B NMR (GIAO-

ωB97XD/6-311G*//ωB97XD/6-311G*), experimental (at room 

temperature in ACN) and calculated UV/vis data (at τHCTHhyb/def2-

TZVPP-SMD//ωB97XD/6-311G*)  2a-2k. 

Complex 11B (exp) 

ppm 

11B (cal.) 

ppm 

λ(exp) nm λ(exp) nm HOMO-

LUMO (eV) 

2a 0.77 -0.91 359 278.4 (0.49) 7.71 

2b 0.82 -0.95 363 355.9 (0.11) 7.70 

2c 0.99 -0.79 364 274.4 (0.45) 7.79 

2d 0.8 -0.72 371 277.7 (0.54) 7.67 

2e 1.03 -0.55 389 391.7 (0.13) 7.34 

2f 0.9 -0.66, -

0.71 

407 399.7 (1.19) 7.15 

2g 1.02 -0.66, --

0.71 

382 394.8 (0.70) 7.29 

2h 1.02 -0.95 377 378.5 (0.15) 7.52 

2i  -1.09 371 383.4 (0.16) 7.43 



 

102 

 

2j 0.99 -1.19, -

1.25 

387 390.4 (0.1) 6.95 

2k 0.88 -1.21, -

1.58 

404 399.8 (0.62) 6.83 

 

2.4 Conclusions 

In this work, we synthesized 3,5-Di-tert-butylsalicyladehyde, 5-

Diethylaminosalicyaldehyde Schiff base-based mono and bis-boron 

complexes. All synthesized complexes were characterized by 1H, 13C, 

and heteronuclear NMR 11B and 19F, mass spectrometry, and X-ray 

analysis as well.  The photo-physical properties of these complexes are 

fine-tuned by varying the substitutions on nitrogen as well as the spacer 

of these complexes. Two of the mono-BF2 complexes showed a large 

Stokes shift, while the disulfide spacer containing di-BF2complexes 

showed aggregate-caused quenching properties. These observations are 

supported by the DFT calculations explaining the effects due to the 

variation of the energies of the LUMO or HOMO orbitals, as well as 

significant intermolecular π-π interactions, respectively.  Fluorescence 

decay and quantum yields of these complexes are recorded in different 

solvents, and the data showed that mononuclear complexes possess 

comparatively higher fluorescence decay times and quantum yields 

compared to binuclear boron complexes. 

2.5 Experimental Section 

General Methods 

The reactions were performed under an argon atmosphere using standard 

Schlenk techniques or in the open air. Chemicals were purchased from 

Spectrochem, Sigma-Aldrich, and TCI and used as received. All the 

solvents were purified by distillation using the appropriate drying 

agents, deoxygenated using three freeze–pump–thaw cycles, and stored 

over molecular sieves under dry argon before use. The deuterated 

solvents used for NMR spectroscopy were deoxygenated by freeze–
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pump–thaw cycles and stored under an argon atmosphere over 

molecular sieves. NMR chemical shifts are reported in ppm and 

coupling constants in Hz. 1H, 11B, 13C, and 19F NMR spectroscopy data 

were obtained at ambient temperature using a Bruker 500 NMR 

spectrometer (operating at 500 MHz for 1H, 126 MHz for 13C, 160 MHz 

for 11B and 471 MHz for 19F). 1H NMR spectra were referenced via 

residual proton resonances of CDCl3 (1H, 7.26 ppm) and 13C NMR 

spectra were referenced to CDCl3 (
13C, 77.16 ppm) and BF3·OEt2 used 

as an internal standard used for 11B NMR. Ligands 1a-1i were prepared 

by the previously reported procedure. [86-88] Bruker micrOTOF-Q II 

Daltonik was used to obtain HRMS spectrum. Photoluminescence (PL) 

spectra were recorded by using a Fluoromax-4 spectrofluorometer 

(HORIBA Jobin Yvon, model FM100) with an excitation and emission 

slit width at 5 nm. UV-Vis spectroscopy was performed on a 3 mL 

solution using the Varian UV−Vis spectrophotometer (Cary 100 Bio) in 

a quartz cuvette (1 cm × 1 cm). Cyclic voltammetry was performed 

using a C-H Instruments model CHI1103C in dichloromethane solvent 

using glassy carbon as the working electrode, Pt wire as the counter 

electrode, and a saturated calomel electrode (SCE) as the reference 

electrode. The scan rate was 100mV. A solution of Bu4NPF6 in 

dichloromethane (0.1 M) was used as the supporting electrolyte. The 

temperature was kept constant throughout each experiment at 25 °C. The 

crystal data collection was performed on a CCD Agilent Technologies 

(Oxford Diffraction) SUPER NOVA (Mo at home/near, Eos) 

diffractometer. Data for the compounds were collected at 293 K using 

graphite-monochromated MoKα radiation. DFT calculations were 

implemented in the Gaussian 09 using the hybrid functional B3LYP in 

combination with the cc-pVDZ basis set for all atoms. 

Synthesis Details  

Synthesis and characterization of ligands  

Ligands (1a-1k) were prepared by following the previously reported 

protocol with slight modification [86-88] in which a catalytic amount of 

AcOH was added and the reflux time was reduced to 18h. Two-neck 
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round bottom flask was charged with appropriate aldehydes, and 

corresponding mono- and bis-amines were added. Dry MeOH was 

added to it, and the reaction mixture was refluxed for 18h under an inert 

atmosphere. The yellow precipitate was washed with cold MeOH, dried 

under vacuum collected the product as a yellow solid in good yields (85-

90%).  

Note: Ligands 1a-1i were previously reported, so we are providing the 

data of ligands 1j and 1k only.  

Ligand 1j 

3,5-Di-tert-butylsalicylaldehyde (377.90 mg, 1.61 mmol) and 4-

aminophenyl disulfide (200 mg, 0.80 mmol). 

1H NMR (500 MHz, CDCl3) δ 13.52 (s, 2H), 8.62 (s, 2H), 7.58 – 7.52 

(m, 4H), 7.46 (d, J = 2.8 Hz, 2H), 7.27 – 7.22 (m, 5H), 7.21 (d, J = 2.8 

Hz, 2H), 1.47 (s, 18H), 1.32 (s, 18H). 13C NMR (126 MHz, CDCl3) δ 

164.14, 158.45, 148.39, 140.87, 137.21, 135.09, 129.73, 128.48, 127.04, 

122.12, 118.35, 35.26, 34.34, 31.60, 29.56. LCMS: Calculated for 

C42H53N2O2S2 681.3532 [M+H], found 681.3543.  

Yield 70%. 

Ligand 1k 

4-(Diethylamino)salicylaldehyde (311.21 mg, 1.61 mmol) and 4-

aminophenyl disulfide (200 mg, 0.80 mmol).  

1H NMR (500 MHz, CDCl3) δ 13.71 (s, 2H), 8.47 (s, 2H), 7.58 (d, J = 

8.5 Hz, 4H), 7.25 – 7.18 (m, 4H), 6.33 (d, J = 2.5 Hz, 1H), 6.31 (d, J = 

2.5 Hz, 1H), 6.26 (d, J = 2.5 Hz, 2H), 3.47 (q, J = 7.0 Hz, 8H), 1.28 (t, J 

= 7.1 Hz, 12H). 13C{1H} NMR (126 MHz, CDCl3) δ 164.19, 160.76, 

152.09, 148.79, 134.01, 133.77, 130.27, 121.68, 109.20, 104.03, 97.84, 

44.75, 12.84. LCMS Calculated for C36H41N2O2S2 599.2506 [M+H], 

found 599.2509.  

Yield 80% 

General procedure of complex synthesis (2a-2k) 
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Boron difluoride complexes were synthesized by treating the ligands 

(1a-1k) with BF3·OEt2 and diisopropylethylamine in a stochiometric 

ratio of 1:3:3. In an oven dried two-neck round bottom flask ligand (1a-

1k) and dry DCM was charged and stirred it for 10 minutes until a clear 

solution is obtained. In the continuous flow of argon current DIPEA and 

BF3·OEt2 were added into the reaction mixture. Further the reaction 

mixture was stirred at room temperature for 18h. The reaction was 

quenched by distilled water and the aqueous layer was washed with 

DCM. All the volatiles were dried and the complex was purified by 

column chromatography. (Scheme 2.1) 

Complex 2a 

1a (250 mg, 0.79 mmol), DIPEA (424.37 μL, 2.37 mmol) and BF3·OEt2 

(263 μL, 2.37 mmol). 

1H NMR (500 MHz, CDCl3) δ 8.26 (s, 1H), 7.63 (d, J = 2.4 Hz, 1H), 

7.18 (d, J = 2.4 Hz, 1H), 3.86 (t, J = 12.2 Hz, 1H), 3.75 – 1.48 (m, 10H), 

1.45 (s, 9H), 1.30 (s, 9H). 13C{1H} NMR (126 MHz, CDCl3) δ 162.23, 

155.90, 141.98, 139.20, 132.94, 125.34, 115.31, 60.79, 54.26, 35.27, 

34.38, 33.64, 31.40, 29.45, 25.73, 25.37. 11B NMR (160 MHz, CDCl3) 

δ 0.77 (td, J = 16.5, 4.5 Hz), -0.89. 19F NMR (471 MHz, CDCl3) δ -

138.06. FT-IR (ν, cm-1) 3090 (Ar-CH), 2960-2872 (Aliph-CH), 1610 

(C=N), 1280 (C=C), 1245, 1120, 1024, 945, 823 (Aliph, C-C). HRMS 

(ESI):  Calculated for C21H32BF2NONa 386.2441 [M+Na], found 

386.2448.   

Yield 90%. 

Complex 2b 

1b (200 mg, 0.726 mmol), DIPEA (388 μL, 2.17 mmol) and BF3·OEt2 

(241 μL, 1.37 mmol). 

1H NMR (500 MHz, CDCl3) δ 8.27 (s, 1H), 7.64 (d, J = 2.5 Hz, 1H), 

7.19 (d, J = 2.4 Hz, 1H), 4.28 (p, J = 6.7 Hz, 1H), 1.49 (d, J = 6.7 Hz, 

6H), 1.46 (s, 9H), 1.31 (s, 9H). 13C{1H} NMR (126 MHz, CDCl3) δ 

162.03, 155.99, 142.02, 139.23, 133.01, 125.36, 115.31, 53.53, 35.27, 
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34.39, 31.39, 29.45, 22.98. 11B NMR (160 MHz, CDCl3) δ 0.82. 19F 

NMR (471 MHz, CDCl3) δ -138.28. FT-IR (ν, cm-1) 3080 (Ar-CH), 

2960-2872 (Aliph-CH), 1610 (C=N), 1280 (C=C), 1245, 1120, 1024, 

945, 823 (Aliph, C-C).  HRMS (ESI): Calculated for C18H28BF2NONa 

346.2128 [M+Na], found 346.2125.  

Yield 88%. 

Complex 2c 

1c (300 mg, 1.03 mmol), DIPEA (555 μL, 3.10 mmol) and BF3·OEt2 

(344.76 μL, 310 mmol). 

1H NMR (500 MHz, CDCl3) δ 8.33 (s, 1H), 7.62 (d, J = 2.4 Hz, 1H), 

7.19 (d, J = 1.0 Hz, 1H), 1.61 (s, 9H), 1.46 (s, 9H), 1.31 (s, 9H). 13C{1H} 

NMR (126 MHz, CDCl3) δ 161.84, 155.97, 142.03, 139.12, 132.75, 

125.78, 115.76, 61.50, 35.22, 34.41, 31.43, 29.72, 29.47. 11B NMR (160 

MHz, CDCl3) δ 0.99. 19F NMR (471 MHz, CDCl3) δ -134.15. FT-IR (ν, 

cm-1) 3080 (Ar-CH), 2960-2872 (Aliph-CH), 1610 (C=N), 1280 (C=C), 

1245, 1120, 1024, 945, 823 (Aliph, C-C). HRMS (ESI): Calculated for 

C19H30BF2NONa 360.2284 [M+Na], found 360.2292.  

Yield 87%. 

Complex 2d 

1d (151 mg, 0.42 mmol), DIPEA (230 μL, 1.28 mmol) and BF3·OEt2 

(142 μL, 1.28 mmol). 

1H NMR (500 MHz, CDCl3) δ 8.12 (s, 1H), 7.74 (d, J = 2.4 Hz, 1H), 

7.21 (d, J = 2.5 Hz, 1H), 6.96 (s, 2H), 2.32 (s, 3H), 2.25 (s, 6H), 1.51 (s, 

9H), 1.33 (s, 9H). 13C{1H} NMR (126 MHz, CDCl3) δ 168.04, 157.56, 

142.37, 139.90, 138.89, 138.26, 134.36, 133.30, 129.45, 125.65, 115.52, 

35.44, 34.46, 31.34, 29.51, 21.07, 18.22. 11B NMR (160 MHz, CDCl3) 

δ 0.80. 19F NMR (471 MHz, CDCl3) δ -137.43. FT-IR (ν, cm-1) 3085 

(Ar-CH), 2960-2872 (Aliph-CH), 1610 (C=N), 1280 (C=C), 1245, 1120, 

1024, 945, 823 (Aliph, C-C). HRMS (ESI): Calculated for 

C24H32NOBF2Na 422.2442 [M+Na], found 422.2433.  
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Yield 85% 

Complex 2e 

1e (250 mg, 0.56 mmol), DIPEA (300 μL, 1.68 mmol) and BF3·OEt2 

(186.69 μL, 1.68 mmol). 

1H NMR (500 MHz, CDCl3) δ 8.39 (s, 1H), 7.94 (s, 2H), 7.90 (s, 1H), 

7.74 (d, J = 2.5 Hz, 1H), 1.41 (s, 9H), 1.26 (s, 9H). 13C{1H} NMR (126 

MHz, CDCl3) δ 166.72, 158.68, 150.44, 141.39, 137.55, 133.17, 132.91, 

129.69, 127.63, 124.34, 122.17, 121.67, 117.95, 35.31, 34.40, 31.57, 

29.53. 11B NMR (160 MHz, CDCl3) δ 1.03 (t, J = 14.7 Hz). 19F NMR 

(471 MHz, CDCl3) δ -62.90, (d, J = 5.1 Hz), -133.78 (dd, J = 30.2, 18.7 

Hz). FT-IR (ν, cm-1) 3090 (Ar-CH), 2960-2872 (Aliph-CH), 1610 

(C=N), 1280 (C=C), 1240, 1120, 1024, 940, 820 (Aliph, C-C).    HRMS 

(ESI): Calculated for C23H24BF8NONa 516.1720 [M+Na] found 

516.1729.  

Yield 50%. 

Complex 2f 

1f (150 mg, 0.27mmol), DIPEA (145.94 μL, 0.81 mmol) and BF3·OEt2 

(181.34 μL, 1.63 mmol) 

1H NMR (500 MHz, CDCl3) δ 8.06 – 7.99 (s, 2H), 7.51 – 7.43 (m, 4H), 

7.23 (d, J = 9.0 Hz, 2H), 7.08 – 7.00 (m, 4H), 6.36 (dt, J = 9.0, 2.2 Hz, 

2H), 6.23 (q, J = 2.4 Hz, 2H), 3.45 (tt, J = 8.4, 4.2 Hz, 8H), 1.26 – 1.22 

(m, 12H). 13C{1H} NMR (126 MHz, CDCl3) δ 161.90, 158.21, 156.40, 

156.35, 138.99, 134.03, 124.87, 119.69, 106.79, 98.22, 45.31, 12.78. 11B 

NMR (160 MHz, CDCl3) δ 0.90, (t, J = 34.9 Hz). 19F NMR (471 MHz, 

CDCl3) δ -136.49 (dd, J = 33.0, 15.5 Hz). FT-IR (ν, cm-1) 3080 (Ar-

CH), 2960-2865 (Aliph-CH), 1610 (C=N), 1280 (C=C), 1240, 1120, 

1024, 940, 820 (Aliph, C-C). HRMS (ESI): Calculated for 

C34H36B2F4N4O3Na 669.2813 [M+Na] found 669.2817.  

Yield 80%. 

Complex 2g 
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1g (200 mg, 0.31 mmol), DIPEA (168 μL, 0.95 mmol) and BF3.OEt2 

(210 μL, 1.89 mmol) 

 1H NMR (500 MHz, CDCl3) δ 8.41 (s, 2H), 7.74 (d, J = 2.4 Hz, 2H), 

7.56 (d, J = 8.8 Hz, 4H), 7.29 (d, J = 2.4 Hz, 2H), 7.14 (d, J = 8.9 Hz, 

4H), 1.50 (s, 18H), 1.33 (s, 19H). 13C{1H} (126 MHz, CDCl3). δ 163.14, 

158.31, 156.08, 144.35, 140.75, 137.12, 128.09, 126.89, 122.67, 119.75, 

118.46, 35.25, 34.34, 31.63, 29.58 11B NMR (160 MHz, CDCl3) δ 1.02 

(t, J = 15.1 Hz).19F NMR (471 MHz, CDCl3) δ -135.11 (dd, J = 30.3, 

18.9 Hz). FT-IR (ν, cm-1) 3090 (Ar-CH), 2960-2870 (Aliph-CH), 1610 

(C=N), 1280 (C=C), 1240, 1125, 1024, 940, 820 (Aliph, C-C). HRMS 

(ESI): Calculated for C42H52N2B2BF4O3Na 751.3830 [M+Na] found 

751.38590.  

Yield 80%  

Complex 2h 

1h (1g, 1.69 mmol), DIPEA (546.88 mg, 4.23 mmol) and BF3·OEt2 (600 

mg, 4.23 mmol) 

1H NMR (500 MHz, CDCl3) δ 8.40 (s, 2H), 8.00 (dd, J = 6.9, 2.8 Hz, 

2H), 7.82 (d, J = 2.4 Hz, 2H), 7.66 – 7.60 (m, 4H), 7.28 (d, J = 2.4 Hz, 

2H), 1.55 (s, 18H), 1.35 (s, 18H). 13C NMR (126 MHz, CDCl3) δ 

168.33, 157.89, 142.96, 140.01, 139.24, 135.32, 129.82, 126.96, 126.24, 

124.36, 124.16, 115.15, 35.50, 34.53, 31.32, 29.53. 11B NMR (160 

MHz, CDCl3) δ 1.02. 19F NMR (471 MHz, CDCl3) δ-133.82 (q) -

136.74(q). FT-IR (ν, cm-1) 3090 (Ar-CH), 2960-2872 (Aliph-CH), 1610 

(C=N), 1280 (C=C), 1240, 1120, 1024, 940, 820 (Aliph, C-C).     

HRMS(ESI): Calculated for C40H48B2F4N2O2Na [M+Na] 709.3743 

and found values 709.3751.  

Yield 81% 

Complex 2i 

1i (100 mg, 0.14 mmol), DIPEA (156 μL, 0.88 mmol) and BF3·OEt2 

(97.69 μL, 0.88 mmol). 
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1H NMR (500 MHz, CDCl3) δ 8.31 (d, J = 8.4 Hz, 2H), 7.80 (d, J = 8.1 

Hz, 2H), 7.57 (dd, J = 11.3, 4.9 Hz, 4H), 7.46 (d, J = 7.8 Hz, 2H), 7.36 

(d, J = 2.4 Hz, 2H), 7.18 (s, 2H), 1.45 (s, 19H), 1.29 (s, 19H). 13C{1H} 

NMR (126 MHz, CDCl3) δ 170.35, 153.54, 143.88, 142.78, 140.30, 

132.34, 129.33, 128.69, 127.09, 121.98, 120.83, 120.54, 120.51, 113.00, 

35.59, 34.57, 31.39, 29.57. 11B NMR (160 MHz, CDCl3) δ 2.28 – 0.37 

(t). 19F NMR (471 MHz, CDCl3) δ -137.62 (dd, J = 26.9, 10.6 Hz). FT-

IR (ν, cm-1) 3085 (Ar-CH), 2960-2865 (Aliph-CH), 1610 (C=N), 1280 

(C=C), 1240, 1120, 1024, 940, 825 (Aliph, C-C). LC-MS (ESI): 

calculated for C44H53B2F4O2S2N3 [M+CH3CN] 817.3710 and found 

values 717.4729.  

Yield 60% 

Complex 2j 

1j (100 mg, 0.14 mmol), DIPEA (156 μL, 0.88 mmol) and BF3·OEt2 

(97.69 μL, 0.88 mmol). 

1H NMR (500 MHz, CDCl3) δ 8.40 (s, 2H), 7.74 (d, J = 2.5 Hz, 2H), 

7.59 (d, J = 8.7 Hz, 4H), 7.50 (d, J = 8.6 Hz, 4H), 7.29 (d, J = 2.4 Hz, 

2H), 1.48 (s, 18H), 1.32 (s, 18H). 13C{1H} NMR (126 MHz, CDCl3) δ 

164.10, 157.40, 142.84, 141.73, 139.68, 137.73, 134.89, 128.43, 126.23, 

124.49, 115.79, 35.36, 34.47, 31.30, 29.44. 11B NMR (160 MHz, 

CDCl3) (t) δ 0.99. 19F NMR (471 MHz, CDCl3) δ -134.93 (d, J = 26.0 

Hz). FT-IR (ν, cm-1) 3080 (Ar-CH), 2960-2872 (Aliph-CH), 1610 

(C=N), 1280 (C=C), 1240, 1125, 1024, 940, 830 (Aliph, C-C). LC-MS 

(ESI): calculated for C44H53B2F4O2S2N3 [M+CH3CN] 817.3710 and 

found values 717.4729.  

Yield: 60% 

Complex 2k 

1k (100 mg, 0.16 mmol), DIPEA (178 μL, 1.00 mmol) and BF3.OEt2 

(112.66 μL, 1.00 mmol). 
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1H NMR (500 MHz, CDCl3) δ 8.01 (d, J = 5.8 Hz, 2H), 7.61 – 7.48 (m, 

4H), 7.44 (d, J = 8.4 Hz, 4H), 7.21 (d, J = 9.1 Hz, 2H), 6.35 (dd, J = 9.1, 

2.4 Hz, 2H), 6.21 (d, J = 2.4 Hz, 2H), 3.44 (q, J = 7.1 Hz, 8H), 1.23 (t, J 

= 7.1 Hz, 12H). 13C{1H} NMR (126 MHz, CDCl3) δ 162.03, 158.04, 

156.53, 142.61, 136.08, 134.18, 128.86, 124.03, 106.99, 98.18, 45.35, 

12.79. 11B NMR (160 MHz, CDCl3) δ 0.88 (t, J = 17.2 Hz). 19F NMR 

(471 MHz, CDCl3) δ -136.30 (dd, J = 34.0, 15.4 Hz). FT-IR (ν, cm-1) 

3090 (Ar-CH), 2960-2872 (Aliph-CH), 1610 (C=N), 1280 (C=C), 1240, 

1120, 1024, 940, 820 (Aliph, C-C). LC-MS (ESI): calculated for 

C34H36B2F4O2S2N4 [M+Na] 717.2306 and found values 717.2360.  

Yield: 65% 
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Spectroscopic details of ligands and complexes 

 

Figure 2.10 1H NMR of ligand 1j. 

 

 

Figure 2.11 13C {1H} NMR of ligand 1j. 
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Figure 2.121H NMR of ligand 1k. 

 

 

Figure 2.13 13C{1H}  NMR of ligand 1k. 
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Figure 2.14 1HNMR of complex 2a. 

 

 

Figure 2.15 13C{1H} NMR of complex 2a. 
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Figure 2.16 11B NMR of complex 2a. 

 

 

Figure 2.17 19F NMR of complex 2a. 
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Figure 2.18 1H NMR of complex 2b. 

 

 

Figure 2.19 13C{1H} NMR of complex 2b. 
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Figure 2.20 11B NMR of complex 2b. 

 

 

Figure 2.21 19F NMR of complex 2b 



 

117 

 

 

Figure 2.22 1H NMR of complex 2c. 

 

 

Figure 2.23 13C{1H} NMR of complex 2c. 
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Figure 2.24 11B NMR of complex 2c. 

 

 

Figure 2.25 19F NMR of complex 2c. 
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Figure 2.26 1H NMR of complex 2d. 

 

 

Figure 2.27 13C{1H} NMR of complex 2d 
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Figure 2.28 11B NMR of complex 2d. 

 

 

Figure 2.29 19F NMR of complex 2d. 
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Figure 2.301H NMR of complex 2e. 

 

 

Figure 2.31 13C{1H} NMR of complex 2e. 
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Figure 2.32 11B NMR of complex 2e. 

 

 

Figure 2.33 19F NMR of complex 2e. 
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Figure 2.34 1H NMR of complex 2f. 

 

 

Figure 2.35 13C{1H} NMR of complex 2f. 
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Figure 2.36 11B NMR of complex 2f. 

 

 

Figure 2.37 19F NMR of complex 2f. 
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Figure 2.38 1H NMR of complex 2g. 

 

 

Figure 2.39 13C{1H} NMR of complex 2g. 
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Figure 2.40 11B NMR of complex 2g. 

 

 

Figure 2.41 19F NMR of complex 2g. 
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Figure 2.42 1H NMR of complex 2h. 

 

 

 

Figure 2.43 13C{1H} NMR of complex 2h. 
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Figure 2.44 11B NMR of complex 2h. 

 

 

 

Figure 2.45 19F NMR of complex 2h. 
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Figure 2.46 1H NMR of complex 2i. 

 

 

Figure 2.47 13C{1H} NMR of complex 2i. 
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Figure 2.48 11B NMR of complex 2i. 

 

 

 

Figure 2.49 19F NMR of complex 2i. 
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Figure 2.50 1H NMR of complex 2j. 

 

 

Figure 2.51 13C{1H} NMR of complex 2j. 
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Figure 2.52 11B NMR of complex 2j 

 

 

Figure 2.53 19F NMR of complex 2j. 



 

133 

 

 

Figure 2.54 1H NMR of complex 2k. 

 

 

Figure 2.55 13C{1H} NMR of complex 2k. 
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Figure 2.5611B NMR of complex 2k. 

 

 

Figure 2.5719F NMR of complex 2k. 
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Table 2.5 Photophysical data of Complexes (2a-2k) in toluene 

Sample λabs (nm)[a] λem (nm)[b] Stokes Shifts 

(nm)[c] 

τave (ns) фf 

2a 363 455 

 

92 6.2 

 

30 

 

2b 358 456 

 

98 6.9 

 

21 

 

2c 363 456 

 

93 7.3 

 

33 

 

2d 376 465 

 

89 4.6 

 

19 

 

2e 300, 398 520 

 

122 5.9 

 

20 

 

2f 407 457, 483 

 

76 0.3 

 

4 

 

2g 327, 391 490 

 

99 0.9 

 

6 

 

2h 298, 385 490 

 

105 0.5 

 

3 

 

2i 310, 320, 

390 

450 60 2.4 7 

2j 326, 395 505 110 7.1 2 

2k 404 468 64 1.4 4 

 

Table 2.6 Photophysical data of complexes (2a-2k) in DCM 

Sample λabs (nm)[a] λem (nm)[b] Stokes Shifts 

(nm)[c] 

τave (ns) фf 

2a 283, 363 458 

 

95 7.3 

 

28 

 

2b 281, 363 459 

 

96 8.0 

 

29 

 

2c 278, 364 461 

 

97 8.6 

 

33 

 

2d 287, 378 472 

 

94 6.1 

 

20 

 

2e 307, 397 529 

 

132 5.9 

 

21 

 

2f 410 462, 486 

 

76 0.2 

 

5 

 

2g 283, 339, 

391 

499 

 

108 1.3 

 

7 

 

2h 295, 385 492 

 

107 0.9 

 

2 

 

2i 314, 328, 

380 

449 69 2.5 3 

2j 292, 323, 

395 

505 110 7.8 2 

2k 408 477 69 1.8 2 
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Table 2.7 Photophysical data of complexes (2a-2k) in acetonitrile  

 

Sample λabs (nm)[a] λem (nm)[b] Stokes Shifts 

(nm)[c] 

τave (ns) фf 

2a 278, 359 457 

 

98 7.2 

 

28 

 

2b 277, 358 459 

 

101 7.4 

 

30 

 

2c 275, 360 462 

 

102 8.1 

 

29 

 

2d 282, 371 472 

 

101 6.1 

 

23 

 

2e 302, 389 472 

 

83 5.0 

 

13 

 

2f 407 460,484 

 

77 - 2 

 

2g 281, 318, 

382 

495 

 

113 1.3 

 

8 

 

2h 280, 377 488 

 

111 0.8 

 

4 

 

2i 311, 324, 

371 

455 84 3.2 8 

2j 287, 318, 

387 

518 131 8.2 2 

2k 404 461 60 2.6 3 

 

Table 2.8 Photophysical data of complexes (2a-2k) in dioxane  

 

Sample λabs (nm)[a] λem (nm)[b] Stokes Shifts 

(nm)[c] 

τave (ns) фf 

2a 277, 361 456 

 

95 7.1 

 

30 

 

2b 277, 361 455 

 

94 7.7 

 

31 

 

2c 276, 359 457 

 

 

98 8.3 

 

36 

 

2d 283, 374 465 

 

91 5.5 

 

20 

 

2e 299, 391 521 

 

130 6.8 

 

19 

 

2f - 457, 481 

 

- - 7 

 

2g 322, 385 490 

 

105 0.9 

 

6 

 

2h 295, 376 483 

 

107 0.6 

 

3 

 

2i 290, 323, 392 451 59 2.6 24 

2j 290, 323, 392 509 117 1.3 15 

2k 401 461 60 3.7 5 

[a]Absorption maximum, [b] emission maximum, [c] Stokes shift 

calculated by using longest wavelength absorption maximum and 

emission maximum, [ τave] life time and [фf] fluorescence quantum yield 

using coumarin 153 in ethanol as standard (ɸf = 0.72). 
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Table 2.9 Fluorescence decay parameters (λex= 408 nm, λem 490 nm) the 

decay times (τ1 and τ2) and respective fractional contributions (α1 and 

α2, mentioned in parentheses), the quality of fitting (χ2) are shown. 

Complex Solvents 
Decay time (ns) 

Χ2 
    τ1     τ2 

2a ACN 3.6 (6.6) 

 

7.5 (93.4) 

 

1.01 

 

DCM 3.8 (2.1) 

 

7.4 (97.9) 

 

1.1 

 

Toluene  1.6 (3) 

 

6.4 (97) 

 

1.03 

 

Dioxane 3.6 (3.6) 

 

7.2 (96.4) 

 

1.1 

 

2b ACN 1.7 (7.2) 

 

7.9 (92.8) 

 

1.07 

 

DCM 1.1 (3) 

 

8.2 (97) 

 

1.09 

 

Toluene 1.5 (2.1) 

 

7 (97.9) 

 

1.01 

 

Dioxane 3.9 (4.4) 

 

7.9 (95.6) 

 

1.1 

 

2c ACN 1.6 (6.3) 

 

8.5 (93.7) 

 

1.06 

 

DCM 4.4 (4.2) 

 

8.8 (95.8) 

 

1.1 

 

Toluene 3.7 (4.9) 

 

7.5 (95.1) 

 

1.1 

 

Dioxane 4.2 (3.2) 

 

8.4 (96.8) 

 

1.08 

 

2d ACN 1.8 (14.1) 

 

6.8 (85.9) 

 

1.02 

 

DCM 0.9 (7.7) 

 

6.5 (92.3) 

 

1.07 

 

Toluene 1.6 (6.7) 

 

4.8 (93.3) 

 

1.09 

 

Dioxane 2.8 (1.1) 

 

5.5 (98.9) 

 

1.09 

  

2e ACN 2.6 (3.5) 

 

5.1 (96.5) 

 

1.15 

 

DCM 3 (3) 

 

6 (97) 

 

1.04 

 

Toluene 3.2 (4.8) 

 

6.2 (95.2) 

 

1.06 
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Figure 2.58 (a), (b) absorption spectra of complexes (2a-2h) and (c), (d) 

emission spectra of Complexes (2a-2h) in acetonitrile  

 

Figure 2.59 (a), (b) absorption spectra of complexes (2a-2h) and (c), (d) 

emission spectra of Complexes (2a-2h) in dioxane. 
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Figure 2.60 (a), (b) absorption spectra of complexes (2a-2h) and (c), (d) 

emission spectra of Complexes (2a-2h) in toluene. 

 

Figure 2.61 Absorption spectra of complexes (2i-2k) in (a) DCM, (b) 

acetonitrile, (c) dioxane, and (d) toluene. 
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Figure 2.62 Emission spectra of complexes (2i-2k) in (a) DCM, (b) 

acetonitrile, (c) dioxane, and (d) toluene. 

 

 

Figure 2.63 Decay curve of complex (2a-2d) in acetonitrile 
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Figure 2.64 Decay curve of complexes (2f-2h) in acetonitrile 

Figure 2.65 Decay curve of complex (2a-2d) in Dioxane. 

 

 

Figure 2.66 Decay curve of complexes (2f-2h) in dioxane. 
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Figure 2.67 Decay curve of complexes (2a-2d) in toluene. 

 

Figure 2.68 Decay curve of complexes (2e-2h) in toluene. 

 

Figure 2.69 Decay curve of complexes (2i-2k) in acetonitrile (a), (b), 

(c) and in DCM (d), (e), and (f). 
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Figure 2.70 Decay curve of complexes (2i-2k) in dioxane (a), (b), (c) 

and in toluene (d), (e), and (f). 

 

 

Figure 2.71 FT-IR spectrum of Complexes (2a-2d). 
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Figure 2.72 FT-IR spectrum of Complexes (2e-2h). 

 

Figure 2.73 FT-IR spectrum of Complexes (2i-2k). 

 

Figure 2.74 Crystal Packing of complex 2b in a linear fashion 
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Figure 2.75 Crystal structure packing of complex 2g and intermolecular 

non-covalent interactions. 

Crystallographic details: 

The crystal data were collected on a SuperNova, Dual, Cu at home/near, 

Eos diffractometer. The crystal was kept at 293(2) K during data 

collection. Using Olex2 [89], the structure was solved with the SHELXT 

[90] structure solution program using Intrinsic Phasing and refined with 

the SHELXL [91] refinement package using Least Squares 

minimization. The structures were solved by direct methods and refined 

by full-matrix least squares, based on F2, using SHELXL Crystal 

structures were refined using Olex2-1.0 software. All non-hydrogen 

atoms were refined anisotropically.  

 Table 2.10 Crystallographic data for compounds 2a, 2b, and 2g 

Complex 2b 2e 2g 

Molecular 

Formula 

C18H28BF2NO C23H24BF8NO C43H51 B2F4N2O3 

Formula 

weight 

323.22 493.24 748.98 

Temperature/K 293 100 100 

Crystal system monoclinic monoclinic monoclinic 

Space group P21/c P21/c C2/c 
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a/Å 15.0930(1) 20.3291(7) 34.2510(10) 

b/Å 10.4321(7) 10.0250(3) 8.3848(2) 

c/Å 12.2805(9) 11.9009(4) 30.5640(9) 

α/° 90 90 90 

β/° 102.710(7) 104.2900(10) 112.7270(10) 

γ/° 90 90 90 

Volume/Å3 1886.2(2) 2350.35(13) 8096.1(4) 

Z 4 4 8 

ρcalcg/cm3 1.138 1.394 1.229 

Crystal 

size/mm3 

0.3 × 0.2 × 0.2 0.27 × 0.18 × 0.15 0.35 × 0.3 × 0.25 

Radiation Mo Kα (λ = 0.71073) Mo Kα (λ = 0.71073) Mo Kα (λ = 0.71073) 

Reflections 

collected 

17818 95215 153571 

Independent 

reflections 

3317 5843 10120 

Rint 0.0725 0.0354 0.0386 

R indexes 

[I>=2σ (I)] 

0.0845 R1 = 0.0571 0.0491 

wR2 0.1947 0.1175 0.1125 

Goodness-of-

fit on F2 

1.102 1.040 1.031 

CCDC No.             2379978           2379973          2379953 
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3.1 Introduction 

The development of highly fluorescent organic fluorophores has drawn 

considerable attention due to their wide range of applications in material 

science and bioscience [1-7]. Among these, dyes featuring a BF2 unit 

have become a privileged class of compounds that have rapidly grown 

in popularity over the past decade due to their tunable photophysical 

properties, photostability, and high fluorescence quantum yield [8-12]. 

Incorporating boron atoms into the π-conjugated frameworks of organic 

fluorophores is well known to enhance their photophysical properties 

significantly.[13-15] As a result, numerous boron complexes—most 

notably BODIPY dyes, which feature fluorescent BF2 units coordinated 

by dipyrromethene ligands—have been extensively studied and 

explored for their potential applications in medical diagnostics.[16-19], 

photodynamic therapy (PDT) [20-22], solar cells, organic light-emitting 

diodes [23-27], and many more. Different kinds of BODIPY analogues 

derived from dipyrromethene scaffolds have been dealt with in the 

above-described applications, whereas luminescent boron complexes 

based on aromatic ligands [28-30] have been developed to explore and 

expand their photo-functional properties. Namely, a few successful 

examples of four-coordinated boron complexes based on bidentate 

[31,32] and tridentate ligands [33], which show luminescent properties 

and other unique properties like self-assembly [34], aggregation-

induced emission [35], aggregation-caused quenching [36], and 

chiroptical properties [37], have been reported. 

The presence of the BF2 unit in these dyes not only makes them good 

fluorophores, but they also become a starting point to synthesize Lewis 

acidic boron cations. The six-membered borane dyes chelated with N-N 

[38] and N-O [39] donor ligands are well explored and are derived from 

using aniline, indole, thiazole, quinoline, pyrimidine, isoindolin-1-one, 

imine, hydrazone, including BODYPI. Six-membered chelated borane 

chemistry has been extensively studied for its photophysical properties. 

Still, they also play a key role in the synthesis and isolation of various 

cationic and radical species. In 2008, W. E. Piers and co-workers 
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synthesized the borenium cation derived from BODIPY dyes upon 

treatment with fluoride abstracting reagent triethyl silyl perfluoro-

tetraphenylborate [Et3Si{B(C6F5)4}].[40] In 2019, the Ryan group 

reported the isolation of oxoboranes through inert borane halide ion 

exchange, followed by hydrolysis of a formazanate-based borane 

dye.[41]  

 

Figure 3.1 Previously reported five-membered boranes, 1) and 2) 

iminopyrrolyl ligand, 3) 8-hydroxy quinoline ligand, 4) and 5, ATIs N-

O boranes, ATIs N-N boranes, respectively. 

Electron-deficient complexes of boron, particularly boron cations, play 

a crucial role in catalysis due to their inherent Lewis acidity, enabling 

them to activate numerous substrates and facilitate a wide range of 

chemical transformations. Boron cations are utilized in diverse 

reactions, such as making a C-C bond, hydroborations, and 

hydrogenation reactions. They also know to be a part of FLPs, where a 

Lewis acidic boron species and a Lewis basic species are sterically 

prohibited from forming a simple adduct, enabling them to activate 

small molecules like H2 and CO2.  Stephan and his team isolated the 

classical carbene-stabilized borenium cation as a catalyst for the FLP 

hydrogenation reaction. This ion reduced a wide range of imines and 

enamines using 1-5% catalyst loading at room temperature under 102 

atm of H2. Recently, Wang and his co-workers demonstrated that small 

carbene-stabilized borenium cation effectively participated in the C-C 
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bond cleavage of the cyclopropane at 80 °C under 80 bar of H2. Denmark 

and his co-workers reported 2,6-lutidine-supported borenium cation 

[Lut-BBN]NTf2 as an effective catalyst for hydrosilylation reactions in 

various ketones in the presence of 1.5 equiv. of HSiEt3 at ambient 

temperature. Further, Crudden and his co-workers extended the 

Borenium-catalyzed hydrosilylations to the reduction of imines. 

In recent decades, the domain of boron cation-based catalysts has 

witnessed remarkable growth, basically driven by the unique electronic 

features of boron cations. The inherent Lewis acidity at the boron center 

arises due to its formal positive charge serves as a key for their catalytic 

activities. Boron cations have been utilized across the range of catalytic 

transformation reactions, including C-C bond hydrogenolysis, 

hydrosilylations, C-H borylations, and hydroboration reactions. 

Moreover, boron-based catalysts, particularly borenium ions largely 

dependent on the electronic and steric factors governing their reactivity. 

For a better understanding of these effects, new boron-catalysed 

methodologies can be expected.      

We focus on synthesizing the boron cations in six and five-membered 

ring systems, stabilized through the internal base donors. Our efforts led 

us to synthesize and characterize bis(borenium) dications containing a 

hydroxyl group, regarded as cationic borinic acid derivatives for the first 

time [9], whilst the six-membered N-O chelated borane complexes did 

not produce the boron cation. In search of isolating the boron cation in 

a five-membered scaffolds we found that aminotroponiminates (ATIs) 

boranes are useful precursors. Mono-nuclear N-N chelated ATI-boranes 

produce tri-coordinated borenium cations, while ethylene-bridged 

binuclear borane yieded the oxy-bridged bore(boro)nium cation. Upon 

comparing, we noticed that the five-membered ATI boranes yielded the 

tri-coordinated borenium cations in mild reaction conditions compared 

to the six-membered diiminate-based borane precursors.  

Herein, we reported a series of 2-aminotropone-based borane complexes 

(2l–2n) that exhibit strong fluorescence in solution.  Treatment of these 
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borane complexes with trimethylsilyl trifluoromethanesulfonate (TMS-

OTf) results in the formation of mixtures of borenium and boronium 

cations in solution. In contrast, reacting 2-aminotropone with BBr₃ at 

room temperature selectively affords boronium cations (4l-4n). These 

cations were fully characterized using multinuclear NMR spectroscopy 

and single-crystal X-ray diffraction analysis. 

5.2 Results and Discussion 

5.2.1 Synthesis and characterization of 2-aminotropone boranes 

 

Scheme 3.1 Synthesis of 2-aminnotropone boranes (2l-2n) 

For the synthesis of 2-aminotropone boranes, first, we focused on the 

synthesis of 2-aminotropone ligands by following the previously 

reported standard protocol. The purities of proligands were confirmed 

by comprehensive spectroscopic analysis, including 1H NMR, 13C{1H} 

NMR, and (HRMS) high-resolution mass spectrometry. Further, 2-

aminotropone ligands were treated with BF3·OEt2 in the presence of 

triethylamine as a base in DCM to facilitate the 2-aminotropone borane 

complexes in good yields. The synthesized complexes exhibit good 

solubility in both polar and non-polar solvents. They have been 

systematically characterized using various spectroscopic techniques and 

high-resolution mass spectrometry. 1H and 13C{1H} spectra show 

downfield shifts of approximately 0.2–0.5 ppm and 2–5 ppm, 

respectively, compared to the corresponding 2-aminotropone ligands, 

indicating deshielding upon complexation. In the 11B NMR spectra, a 

triplet signal was observed between 5.60 and 5.70 ppm, while the 19F 

NMR spectra showed a quartet between –124.5 and –135.6 ppm, 

indicating the presence of a BF₂ unit. 
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3.2.2 Single crystal X-ray diffraction (SCXRD) analysis of 

2-aminotropone boranes 

Crystals of compounds 2l-2n were obtained from saturated solutions in 

a 2:1 DCM/hexane mixture, and their structures were confirmed by 

single-crystal X-ray diffraction (SCXRD) analysis. Complexes 2l and 

2n are crystallized in the monoclinic system in the P21/n space group, 

but complex 2m crystallizes in the triclinic system with the P-1 space 

group. As shown in Figure 21, the geometry around the boron is 

distorted tetrahedral, and Table 1 includes the selected geometrical 

parameters. The measured F1-B1-F2 bond angles of complexes 2l-2m 

are ~109˚ confirming the tetrahedral arrangement around the boron 

centre. Interestingly BF2 unit is coplanar with the CATI backbone in all 

three complexes, adopting the confirmation that minimizes the steric 

repulsion. The C-C bond lengths of the CATI backbone lie between single 

and double bonds, which indicates the delocalization of π electrons 

throughout the ring [48]. Figure 3.2 and Table 3.1 

Figure 3.2 Crystal structure of 2-aminotropone boranes 

Table 3.1 Selected bond lengths (Å) and bond angles (˚) of complexes 

(2l-2n) 

Selected bond length 

(Å) & bond angle (˚) 

2l 2m 2n 

B1-N1 1.558(14) 1.5570(1) 1.561(12) 

B1-O1 1.495(13) 1.471(2) 1.458(13) 

B1-F1 1.378(15) 1.378(2) 1.350(13) 

B1-F2 1.381(14) 1.378(2) 1.373(13) 
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F1-B1-F2 109.665(9) 110.01(13) 108.8(11) 

N1-B1-O1 99.698(9) 100.53(11) 100.2(10) 

 

3.2.3 Crystal packing of 2-aminotropne boranes 

The non-covalent interactions are responsible for molecular assembly in 

2-aminoropone borane complexes. The formation of a linear infinite 

chain in complex 2l is due to the non-covalent interaction of C-H····F 

interaction between Lewis basic fluorine atom and the CATI hydrogen of 

the adjacent 2-aminotropone borane unit. The distances measured are 

2.632 Å. Complex 2m crystal packing propagates in the infinite 

molecular chain through one-dimensional head-to-tail packing of CATI-

H····F and C6ATI-H····O, with distances measured at 2.526 and 2.632 Å, 

respectively. In complex 2n, another non-covalent interaction is 

observed, which allows the 2-aminotropone-borane unit to be arranged 

in an anti-parallel fashion Figure 3.3. The distance between two anti-

parallel units is 7.137 Å, which ensures that there is no π-π interaction 

between them. 

 

Figure 3.3 Crystal packing of 2n borane 

3.2.4 Photophysical study of 2-aminotropone boranes 

2-Aminotropone ligands are non-emissive in solid as well as in solution, 

but their BF2 complexes (2l-2n) are strongly blue emissive in solution. 

2-Aminotropone boranes are emissive due to the chelation of the BF2 

unit with the ligand may allow the complete delocalization of π electrons 

through the rings and bring rigidity to the boranes. Absorption and 
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emission spectra of 2-aminotropone boranes were recorded in DCM, 

depicted in Figure 3.4 The absorption spectra of 2-aminotropone borane 

2l exhibit three absorption bands at 392, 379, and 342 nm, mainly due 

to the π-π*, n-π*, and charge transfer in the 2- aminotropone borane 

residue. D. Curiel and his coworkers in 2012 reported very similar 

results in indolocarbazole-based borane fluorophores. They showed 

three absorption bands corresponding to the indolocarbazole unit's π-π, 

n-π, and intramolecular charge transfer.[54] 

 

Figure 3.4 a) Absorption, b) emission spectra recorded in DCM, c) 

fluorescence decay plot, and d) photographs under UV light of 

complexes 2l-2n. 

The absorption spectra of complexes 2m and 2n also exhibit three bands 

similar to those observed for complex 2l, suggesting that the substituents 

on the chromophores have minimal influence on their electronic 

transitions. Emission spectra were recorded in the DCM, and emission 

bands of all 2-aminoboranes appeared in a similar range. Photophysical 

parameters are tabulated in Table 3.2 Emission spectra of complexes  2l-

2m show two distinct emission bands. The first emission bands were 

observed to appear at 414-416 nm, slightly higher energy reason in 
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contrast second bands appeared at slightly lower energy reason ranges 

(434 to 438 nm), Figure 3.3.  

Table 3.2 Photophysical properties comparison of 2-aminotropon 

borane counterparts (An = Anthracene)  

Compounds Abs (λabs) Em (λemi) Stock shift 

(cm-1) 

Lifetime(ns) 

 

416 480 64 3.93 

 

392 429 35 3.51 

 

392 438 46 3.91 

2c     

 

358 456 98 6.9 

 

The fluorescence lifetimes of the 2-aminotropone borane complexes (2l-

2n) are measured in DCM by using time-resolved fluorescence 

spectroscopy (TCSPC), excitation by 410 nm laser. The fluorescence 

decay graph is shown in Figure 3c. The substituents on the fluorophore 

significantly influence the fluorescence decay time of 2-aminotropone 

borane complexes. Steric bulk appears to play a key role, with complex 

2n exhibiting the longest lifetime, likely due to its less bulky isobutyl 

group compared to the tert-butyl and iso-propyl groups in other 

complexes. The observed lifetimes follow the descending steric order: 

tBu > iPr > iBu. This trend may also be attributed to the +I inductive 

effect of the isobutyl group, which increases electron density on the 

HOMO and reduces non-radiative decay pathways. Fluorescence decay 

time can be altered by changing the substituents on the fluorophore unit.  

Zang and coworkers reported a decrease in the fluorescence lifetime in 
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BODIPY-based fluorophores when introducing a chlorine atom.[55] 

Similar results reported by Kolhmaienen and his coworker found that in 

NBF2O moieties, introducing an electron-withdrawing or releasing 

group decreases the fluorescence lifetime from 2.3 ns to 0.1 ns.[56] 

Table 3.3 Photophysical parameters of 2-aminotropone borane 

complexes 

Complex Absorption(λabs) 

 

Emission(λemi) Stokes 

Shift(nm/cm-1) 

фF τF 

(ns) 

2l 395, 379, 342 437, 415 42/2433 - 3.80 

2m 394, 377, 344 436, 413 42/2444 - 3.44 

2n 392, 379, 342 438, 417 46/2679 - 3.91 

 

3.3.1 Synthesis of boron cations 

Recently, our group synthesized a series of five-membered borenium 

cations that are stabilized by the C2N2 donor pockets of 

aminotroponimines (ATIs) ligands [49]. The C2N2 core of ATI ligands 

plays a vital role in facilitating the boron-centered cation. This might be 

possible due to the unique steric and electronic properties of the ATIs 

frameworks that help in isolating the electron-deficient borenium 

cations. In 2014, Ingelson and co-workers reported an N, O-chelated 

tricoordinate borenium cation by the treatment of quinolato boron 

chloride complexes with AlCl₃.[50] The groups of Bourissou and Jakle 

reported the five-membered borenium cations, stabilized by C, N, and 

C, P donors atoms respectively [51,52]. Inspired by previous reports, we 

aimed to synthesize N-O-chelated tricoordinate borenium cations. To 

this end, 2-aminotropone boranes were treated with trimethylsilyl 

trifluoromethanesulfonate (TMS-OTf) Scheme 3.2 and the 11B NMR 

spectrum showed two distinct signals at 21.6, 11.2 ppm along with the 

starting material at 6.10 ppm Figure 3.21-3.23  Even though we 

attempted several times with different reaction conditions to prepare a 

single compound, we were not only unable to prepare a single 

compound, but also the purification of these species was troublesome, 

and eventually resulted in a mixture of products. Therefore, we reasoned 

that the presence of oxygen in these N-O chelated ATI-BF2 complexes 
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hampers the borenium cation formation, and the removal of fluoride 

might not be a viable path for the borenium cation isolation. In 

comparison, the N-N-chelated ATI-BF2 complexes were very good 

precursors for the borenium cation formation. This difference may be 

attributed to two factors: steric and electronic effects. The substituents 

on the nitrogen atoms provide steric protection around the cationic boron 

centre, while the nitrogen’s lone pair offers electronic stabilization by 

saturating the boron atom. In the case of N-O boranes, with sp2 

hybridized oxygen fails to provide steric and electronic saturation to the 

cationic boron centre. 

 

 

Scheme 3.2 Synthesis of borenium cations 

In search of another precursor for the N,O-chelated borenium cation 

formation, we speculated that N, O-chelated ATI-BBr2 complex might 

be a more amenable precursor for isolating the boron cation within the 

same ligand framework. We treated 2-aminotropone, 1l, with boron 

tribromide in 1:1 ratio at room temperature in toluene. The reaction 

instantaneously resulted in a yellowish precipitate, which was washed 

with hexane several times to get 4l as a light-yellow solid in 58% yield 

Scheme 3.3. The 11B NMR of 4l showed a sharp signal at 12.3 ppm is 

similar to the chemical shifts of several boronium cations [53]. This 

chemical shift, which is similar to the 11B NMR observed during the 

fluoride abstraction of ATI-BF2 complexes, hinted at the possibility of 

the formation of boronium cations 4l-4n from 3l-3n via ligand 

scrambling, common in borane chemistry.[58] reaction in case of In 

the 1H NMR spectrum, three distinct sets of doublets were observed, 

each integrating for four protons (1.17 ppm to 1.47 ppm). This confirms 
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the presence of two 2-aminotropone units coordinated to a common 

boron centre. The appearance of three doublets, despite the apparent 

symmetry, indicates that the ligand environments are chemically non-

equivalent-likely due to a diagonal arrangement around the boron atom. 

The HRMS data also supports the boronium cation formation. 

 

Scheme 3.3 Synthesis of boronium cations 

3.3.2 Single crystal X-ray diffraction (SCXRD) analysis of 

boronium cation 

Crystals were obtained from CDCl3 solution at room temperature. Single 

crystal X-ray structure analysis discloses the identity of 4l as a boronium 

cation where two ATI units are attached to the boron centre, resulting in 

a spirocyclic bora-oxazole type geometry Figure 3.5. The geometry 

around the boron atom is distorted tetrahedral, with the bond angle 

between 100-112°. The ATI-N,O units are perpendicular to each other 

with a dihedral angle of 84°. The nitrogen is covalently attached to boron 

with a distance of 1.543(6) Å. The B-O bond length (1.478(5) Å) is 

similar to the single bond distances.[57] The carbon-oxygen bond 

distance (1.328(5) Å) is slightly longer than the C-O double bond 

distance, evocative of another resonating structure of the compound 4l. 

Scheme 3.3. Interestingly, the measured bond lengths between carbon-

carbon atoms lie in between single and double bonds [(C1-C7 1.442(6Å), 

C5-C6 1.366(7Å), and C6-C7 1404(6Å)], which indicates the complete 

delocalization of π electrons throughout the rigid backbone of the planer 

seven-membered ring. 
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Figure 3. 5 Crystal structure of boronium cation (xx) Crystal structure 

boronium cation 4a, hydrogen atoms, and counter anion are omitted for 

clarity. Selected bond length (Å) O1-B1 1.478(5), O2-B1 1.472(5), N1-

B1 1.543(5), N2-B1 1.537(5) selected bond angles in (˚) O2-B1-N1 

111.6(3), O1-B1-N2 112.7(3), O2-B1-O1 113.5(3), O1-B1-N1 100.2(3), 

N2-B1-N1 100.2(3). 

3.3.3 Photophysical study of boronium cations 

We investigated the UV-Visible spectra of boronium cations (4l-4n) in 

DCM, which are all weakly emissive in the solution phase. The 

photophysical details are listed in Table 3.4. The emission and 

absorption maxima of the boronium cations (4l-4n) were observed to be 

similar to those of the neutral tetracoordinate BF2 boranes. In absorption 

spectra, three absorption bands appear in boronium cations attributed π-

π*, n-π*, and intramolecular charge transfer. Notably, the π-π* 

absorption bands in boronium cations shifted towards the blue region; 

this might happen due to the positive charge on the boron centers and 

perpendicular arrangement of both rings, which hampered the π-

delocalizations. In emission spectra, two emission bands were observed, 

ranging from 416 nm to 445 nm. This is due to the formation of 

excimers. The formation of excimers depends on numerous factors such 

as temperature, pressure, geometry, and bite angles. [67] Interestingly, 

the bite angle of N-B-O  in neutral boron complexes ranges [99.69(9) to 

100.2(2)(˚)] lower than the boronium cation, which is found around the 

boron center  [O2-B1-N1 111.6(3), O1-B1-N2 112.7(3), (˚)] 

respectively. The favorable geometric alignment of the aromatic cores 
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allows for efficient π-orbital overlap between adjacent molecules, 

thereby enhancing the likelihood of excimer formation in the excited 

state. Interestingly, we observed a higher Stokes shift in boronium 

cations (2l, 2m, to 4l, 4m) respectively, while in the case of 2n to 4n  

decrease in Stokes shift was observed. This is the result of extended pi 

delocalization exhibiting higher absorption maxima in 4n complex. 

Figure 3.6. T. Tsuno and his co-workers reported similar results in 

boron-based spiro chiral dyes. They observed that on changing the 

solvent polarity, the Stokes shift was significantly changed with 

negligible disturbance in photophysical intensities.[68] We recorded the 

fluorescence decay time of the boronium cations, which follows similar 

trends to neutral boranes. 

 

Figure 3.6 UV-Visible spectra of boronium cations (4l-4n) 

Table 3.4 Photophysical outcomes of boronium cations 

Complex Absorption(λabs) 

 

Emission(λemi) Stokes 

Shift(nm/cm-1) 

фF τF 

(ns) 

4l 397, 344, 262 442, 417 45/2564 - 1.24 

4m 390, 336, 256 438, 416 48/2809 - 0.32 

4n 405, 344, 261 441, 417 36/2015 - 1.23 

 

3.4 DFT Studies on mono- and di-BF2 complexes and corresponding 

cationic species 

To understand the photophysical properties of the boron complexes 2l-

2n, 2a-Br2, cations 3l and 4l (anions are ignored), theoretical 

calculations were conducted using the range-separated ω-B97XD 

functional[24] and a triple-zeta 6-311G(d) basis set[25] for ground-state 
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geometry optimizations. Excited-state calculations were also performed 

at the aforementioned level of theory. The electronic distribution and 

energy (in eV) of molecular orbitals for BF2-complex (2l) as well as 

cationic complexes (3l and 4l), are presented in Figure 3.5. 

Computations on 3l showed that the HOMO (highest occupied 

molecular orbital) and LUMO (lowest unoccupied molecular orbital) are 

primarily located on the aminotroponiminate moieties with similar 

HOMO-LUMO gap of 7.62 eV. While, HOMO describes the C-C-C-C 

extended π-interaction interaction along with electron localizations over 

the N centers of the aminotroponiminate moieties, LUMO describes 

corresponding anti-bonding interactions. However, corresponding 

cations 3l showed relatively higher HOMO-LUMO gap of 8.12 eV 

compared to the neutral species due to the stabilizations of the 

corresponding HOMO orbitals. While HOMO of the mono-cationic 3l 

revealed the extended C-C-C-C π-interactions as well as delocalization 

of the N based lone pairs to the empty pz orbital located on B center, 

resulting in uneven N-B-N π delocalization. The uneven distribution of 

N-B-N π delocalization was due to the interference of the lone pair 

located in the -OH moiety attached to the B center. The degenerate 

orbitals HOMO and HOMO-1 of cationic 4l are evenly distributed over 

the aminotroponiminate moieties, signifying the tetrahedral nature of the 

B center. The NBO (natural bond order) charge distribution (NBO 

charge: 0.46 (2l), and 0.57 (4l-cation)) and calculated 11B-NMR values 

Table 3.3 indeed corroborated satisfactorily with the observed 11B NMR 

values. The B center becomes more de-shielded and accumulates more 

positive charge over it. The calculated 11B NMR value of 24.1 ppm can 

satisfactorily be assigned to the transient cationic species 3l which could 

not be isolated.   



 

174 

 

 
Figure 3.7 Electronic transitions of mono-BF2 complexes (3l and 4l) as 

well as di-BF2 complexes (2l) computed at the ꞇ-HCTHhyb/def2-

TZVPP(TD, SMD: dichloromethane)//ω-B97XD/6-311G(d) level. 

For complexes 2l-2n as well as 2l-Br2, the first excitation (lowest in 

energy) results from the transition of electrons between HOMO and 

LUMO Figure 3.7. The second excitation is associated with the transfer 

of electrons from HOMO→LUMO+1 for complexes. On the other hand, 

for the cationic complexes 3l and 4l the low energy excitations are either 

associated with transitions from HOMO→LUMO+1 (for 3l) or a mixed 

transition consisting of HOMO/HOMO-1→LUMO/LUMO+1. 

According to the electronic distribution, the transitions in the absorption 

process are attributed to n→π* and π-π*-type transitions of the 

respective ligands. Further, Table 3.3 summarizes that the calculated 

11B NMR were very close to the observed 11B NMR, which validates the 

adoption of the computational methods to shed light on the electronic 

transitions in the di-BF2 complexes as well as the related cationic 

species. 

The standard enthalpies and Gibbs energies were calculated and shown 

in Table 3.4 in order to shed light on the stepwise or direct formation of 

4l from 1l and BBr3. The results show that the direct formation of 4a 

starting from ligand 1a is a feasible process; however, stepwise 

formation through different intermediates can not be ruled out. Although 
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the BBr2-adduct formation is apparently a feasible process, the results 

show that formation of the BBr-adduct and the product formation from 

it are endogenous and may involve slower pathways.  

Table 3.5 Experimentally observed and calculated 11B NMR (GIAO-

ωB97XD/6-311G*//ωB97XD/6-311G*), experimental (at room 

temperature in ACN) and calculated UV/vis data (at ωB97XD/6-311G*- 

SMD) and corresponding orbital transitions for 2l-4l 

Complex 11B 

NMR(exp) 

ppm 

11B 

NMR(cal) 

ppm 

λ(exp) 

nm 

λ(cal) (af) 

nm 

Transitions EHOMO-LUMO 

(eV) 

NBO 

Chargec 

2l 6.09 4.60  340 

(0.14) 

304 

(0.31)  

HOMO→LUMO 

(96%)  

HOMO→LUMO+1 

(91%)  

 

7.62 0.46 

2m 5.98 4.61  340 

(0.14) 

304 

(0.31) 

HOMO→LUMO 

(96%) 

HOMO→LUMO+1 

(91%) 

 

7.60 0.45 

2n 5.97 4.66  339 

(0.15) 

305 

(0.30) 

 

HOMO→LUMO 

(96%) 

HOMO→LUMO+1 

(91%)  

 

7.63 0.48 

b4l 

(cation) 

12.86 10.43  334 

(0.12) 

 

311 

(0.75)  

HOMO-1→LUMO 

(55%) 

HOMO→LUMO+1 

(37%) 

HOMO-1→LUMO+2 

(46%) 

HOMO→LUMO+3 

(39%) 

 

7.57 0.57 

a(f = oscillator strength), bcalculated only on the cationic part. Con B center 

Table 3.6 Computed standard enthalpies ΔH°298 and standard Gibbs free 

energies ΔG°298 (in Kcal·mol-1), for the process of generating 4l at 

ωB97XD/6-311G* level of theory. 

Reaction ∆H0 ∆G0 
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Ligand + BBr3 = [BBr2]
-

adduct+HBr 

-31.04 -27.8 

BBr2-adduct + Ligand = 

BBr-adduct+HBr 

19.48 23.35 

BBr2-adduct + Ligand = 

Pdt+HBr 

1.42 4.71 

BBr-adduct = Pdt -18.06 -18.64 

BBr3 + 2x Ligand = Pdt + 

2xHBr 

-29.63 -23.09 

 

3.5 Summary 

In summary, we have synthesized a series of 2-aminotropone-based 

mononuclear borane complexes, all of which exhibit strong emission in 

solution. Attempts to generate tri-coordinated borenium cations by 

treating these boranes with a fluoride abstracting reagent were 

unsuccessful, likely due to the N-O-chelation failing to meet the steric 

and electronic requirements for borenium stabilization, unlike their N-

N-chelated counterparts. Interestingly, treatment of 2-aminotropones 

with BBr3 led to the formation of boronium cations, which were 

thoroughly characterized using various spectroscopic techniques and 

confirmed by single-crystal X-ray diffraction. The theoretical study also 

supported the feasibility of the formation of boronium cations. 

3.6 Experimental Section 

General Methods 

The reactions were performed under an argon atmosphere using standard 

Schlenk techniques or in the open air. Chemicals were purchased from 

Spectrochem, Sigma-Aldrich, and TCI and used as received. All the 

solvents were purified by distillation using the appropriate drying 
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agents, deoxygenated using three freeze–pump–thaw cycles, and stored 

over molecular sieves under dry argon before use. The deuterated 

solvents used for NMR spectroscopy were deoxygenated by freeze–

pump–thaw cycles and stored under an argon atmosphere over 

molecular sieves. NMR chemical shifts are reported in ppm and 

coupling constants in Hz. 1H, 11B, 13C, and 19F NMR spectroscopy data 

were obtained at ambient temperature using a Bruker 500 NMR 

spectrometer (operating at 500 MHz for 1H, 126 MHz for 13C, 160 MHz 

for 11B and 471 MHz for 19F). 1H NMR spectra were referenced via 

residual proton resonances of CDCl3 (1H, 7.26 ppm) and 13C NMR 

spectra were referenced to CDCl3 (
13C, 77.16 ppm) and BF3·OEt2 used 

as an internal standard used for 11B NMR. Bruker micrOTOF-Q II 

Daltonik was used to obtain HRMS spectrum. Photoluminescence (PL) 

spectra were recorded by using a Fluoromax-4 spectrofluorometer 

(HORIBA Jobin Yvon, model FM100) with an excitation and emission 

slit width at 5 nm. UV-Vis spectroscopy was performed on a 3 mL 

solution using the Varian UV−Vis spectrophotometer (Cary 100 Bio) in 

a quartz cuvette (1 cm × 1 cm). Cyclic voltammetry was performed using 

a C-H Instruments model CHI1103C in dichloromethane solvent using 

glassy carbon as the working electrode, Pt wire as the counter electrode, 

and a saturated calomel electrode (SCE) as the reference electrode. The 

scan rate was 100 mV. A solution of Bu4NPF6 in dichloromethane (0.1 

M) was used as the supporting electrolyte. The temperature was kept 

constant throughout each experiment at 25 °C. The crystal data 

collection was performed on a CCD Agilent Technologies (Oxford 

Diffraction) SUPER NOVA (Mo at home/near, Eos) diffractometer. Data 

for the compounds were collected at 293 K using graphite-

monochromated MoKα radiation. [59-61] DFT calculations were 

implemented in Gaussian 09 using the hybrid functional B3LYP in 

combination with the cc-pVDZ basis set for all atoms.  

Synthetic Details 

General synthesis of ligands (1l-1n) 
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2-aminotrones (1l-1n) were reported by various groups, so we are not 

providing the synthetic details of them.  

General procedure of 2-aminotropone boranes synthesis (2l-2n) 

Aminotroponimine was dissolved in DCM and 10 equiv. of 

triethylamine was added under an inert atmosphere. To the resultant 

reaction mixture 10 equiv. of BF3·OEt2 was added dropwise and the 

mixture was left to stir at room temperature until reaction completion, 

as judged by TLC. The reaction mixture was quenched with DI water, 

and the product was extracted with DCM and purified by column 

chromatography to give yellow solids as pure products. 

Complex 2l 

Complex 2l was prepared by using 1l ligand (681 mg, 4.17 mmol), 

triethylamine (1689.5 mg, 16.70 mmol), and BF3·OEt2 (8889.1 mg, 62.6 

mmol). 

1H NMR (500 MHz, CDCl3) δ 7.64 – 7.56 (m, 1H), 7.47 (t, J = 10.1 Hz, 

1H), 7.25 – 7.23 (m, 1H), 7.12 (d, J = 11.4 Hz, 1H), 7.05 (t, J = 9.8 Hz, 

1H), 4.05 (sep, J = 6.6 Hz, 1H), 1.47 (d, J = 6.6 Hz, 6H). 13C NMR (126 

MHz, CDCl3) δ 167.62, 141.29, 139.66, 127.26, 118.78, 117.91, 46.95, 

20.74.11B NMR (160 MHz, CDCl3) δ 6.09 (t, J = 20.1 Hz). 19F NMR 

(471 MHz, CDCl3) δ -131.67 (dd, J = 39.9, 19.3 Hz). HRMS (ESI): 

Calculated for C10H13BF2NO 212.1052 [M+Na], found 212.1054.   

Yield: 90% 

Complex 2m 

Complex 2m was prepared by using 1m ligand (2883.55 mg, 14.68 

mmol), triethylamine (1114.11mg, 11.01 mmol), and BF3·OEt2 (929 mg, 

6.54 mmol). 

1H NMR (500 MHz, CDCl3) δ 7.57 (dd, J = 11.8, 9.0, 1.2 Hz, 1H), 7.53 

– 7.43 (m, 2H), 7.24 (d, J = 2.9 Hz, 1H), 7.08 – 7.02 (m, 1H), 1.62 (s, 

9H). 13C NMR (126 MHz, CDCl3) δ 168.53, 139.95, 139.72, 127.29, 

120.72, 119.12, 54.98, 28.18. 11B NMR (160 MHz, CDCl3) δ 5.98 (t, J 
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= 20.3 Hz). 19F NMR (471 MHz, CDCl3) δ -128.45 (dd, J = 40.7, 19.9 

Hz). HRMS (ESI): Calculated for C11H15BF2NO 226.1209 [M+H], 

found 226.1208.  

Yield: 80% 

Complex 2n 

Complex 2n was prepared by using 1n ligand (290 mg, 1.63 mmol), 

triethylamine (331.37 mg, 3.27 mmol), and BF3·OEt2 (929 mg, 6.54 

mmol). 

1H NMR (500 MHz, CDCl3) δ 7.64 – 7.57 (m, 1H), 7.48 (t, J = 10.2 Hz, 

1H), 7.28 (d, J = 4.2 Hz, 1H), 7.14 (d, J = 11.4 Hz, 1H), 7.07 (t, J = 9.8 

Hz, 1H), 3.42 (dd, J = 7.7, 3.1 Hz, 2H), 2.27 (sep, J = 13.9, 6.9 Hz, 1H), 

1.01 (d, J = 6.7 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 167.57, 141.22, 

139.61, 127.47, 118.91, 118.00, 51.36, 28.20, 20.84. 11B NMR (160 

MHz, CDCl3) δ 5.97 (t, J = 18.7 Hz). 19F NMR (471 MHz, CDCl3) δ -

137.92 (dd, J = 37.3, 18.2 Hz).  HRMS (ESI): Calculated for 

C11H15BF2NO 226.1209 [M+H], found 226.1208.  

Yield: 85% 

General procedure for borenium cation synthesis (3l-3n) 

Trimethylsilyl triflate was dissolved in 2 mL of CDCl₃ and stirred for 5 

minutes. Afterward, 2-aminoboranes were added to the solution in a J. 

Young NMR tube. The sealed tube was then heated at 50 °C for 6–8 

hours. Upon completion of the reaction, the volatiles were removed 

under high vacuum, yielding greenish-yellow solids as the final product. 

(We are not isolated, pure products by this procedure; the findings of 

this procedure are mentioned) 

Complex 3l 

Complex 3l was synthesized by using complex 2l (15 mg, 0.071 mmol) 

and TMS-OTf (157.93 mg, 0.71 mmol) 
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 11B NMR (160 MHz, C6D6) δ 21.46 (borenium), 12.15 (boronium) and   

6.35 (starting material). FT-IR (ν, cm-1) 3550 (-OH), 3080 (Ar-CH), 

1610 (C=N), 1245, 1150, 1024, 945 (Aliph C-C) 

Complex 3n 

Complex 3n was synthesized by using complex 2n (64 mg, 0.284 mmol) 

and TMS-OTf (631.54 mg, 2.84 mmol) 

11B NMR (160 MHz, C6D6) δ 22.17 (borenium), 11.71 (boronium) and   

6.16 (starting material). FT-IR (ν, cm-1) 3545 (-OH), 2980-2872 (Aliph-

CH), 1618 (C=N), 1245, 1150, 1024, 945 (Aliph C-C) 

General procedure for boronium cation synthesis (4l-4n) 

In a flame-dried Schlenk tube, 2-aminotropone was dissolved in freshly 

distilled toluene under an inert atmosphere. To this solution, boron 

tribromide was added dropwise at room temperature. The resulting 

reaction mixture was stirred for 3 hours. Upon completion, all volatiles 

were removed under reduced pressure, and the resulting residue was 

washed several times with dry hexane to afford the desired white solid 

product. 

Complex 4l 

Complex 4l was prepared by using ligand 1l (100 mg, 0.61 mmol) and 

BBr3 (612 μL, 0.61 mmol). 

1H NMR (500 MHz, CDCl3) δ 8.15 (t, J = 10.4 Hz, 1H), 8.04 (m, 1H), 

7.83 – 7.75 (m, 3H), 7.71 – 7.61 (m, 1H), 7.51 (d, J = 9.9 Hz, 4H), 7.19 

– 7.12 (m, 1H), 4.27 (td, J = 18.6, 16.0, 9.4 Hz, 2H), 1.44 (d, J = 6.3 Hz, 

4H), 1.35 (d, J = 6.3 Hz, 4H), 1.18 (d, J = 6.5 Hz, 4H). 11B NMR (160 

MHz, CDCl3) δ 12.46. HRMS (ESI): Calculated for C20H24BN2O2 

335.1930 [M], found 335.1930.   

Yield: 58% 

Complex 4m 
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Complex 4m was prepared by using ligand 1m (70 mg, 0.394 mmol) 

and BBr3 (197 μL, 0.197 mmol). 

11B NMR (160 MHz, CDCl3) δ 12.35. HRMS (ESI): Calculated for 

C22H28BN2O2 363.2251 [M], found 363.2251.    

Yield: 55% 

Complex 4n 

Complex 4n was prepared by using ligand 1n (100 mg, 0.565 mmol) 

and BBr3 (370 μL, 0.37 mmol) 

1H NMR (500 MHz, CDCl3) δ 8.18 (dd, J = 11.1, 9.3 Hz, 2H), 7.87 (d, 

J = 11.2 Hz, 2H), 7.77 (t, J = 10.2 Hz, 2H), 7.54-7.46 (m, 4H), 3.68 (dd, 

J = 13.9, 6.7 Hz, 2H), 2.93 (dd, J = 13.9, 8.4 Hz, 2H), 2.03 – 1.94 (m, 

2H), 0.97 (d, J = 6.6 Hz, 6H), 0.91 (d, J = 6.6 Hz, 6H). 13C NMR (126 

MHz, CDCl3) δ 166.12, 160.99, 144.82, 141.12, 131.62, 121.76, 121.35, 

51.50, 32.01, 28.21, 22.82, 20.88, 20.75. 11B NMR (160 MHz, CDCl3) 

δ 12.83. HRMS (ESI): Calculated for C22H28BN2O2 363.2251 [M], 

found 363.2251.    

Yield: 65% 

Computational details 

All the calculations were carried out employing density functional 

theory (DFT) implemented in the Gaussian 09 (rev. E.01) program 

package. Geometry optimizations of all the species were carried out in 

the gas phase using the long-range dispersion corrected ωB97XD 

functional in combination with the 6-311G* basis set for all atoms. The 

X-ray crystallographic coordinates were used as the initial geometries, 

wherever available, for optimizing the ground-state geometries. 

Whereas, educated guess based on the experimental data, served as 

initial starting point where X-ray data were unavailable. The optimized 

geometries were confirmed as local minima on the potential energy 

surface by calculation of harmonic frequencies (all positive eigenvalues) 

at the same level of theory. Finally, the absorption spectra, were 

determined using TD-DFT calculations at the aforementioned level 
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based on the optimized geometries obtained. Solvent effects were 

addressed by using Truhlar’s solvation model based on density (SMD) 

with acetonitrile as solvent. The combination of calculations used here 

found useful previously, demonstrating a good correlation with the 

experimental data.The gauge including atomic orbital (GIAO)method 

has been used to compute the 11B chemical shifts. The NMR chemical 

shifts were calculated using ωB97XD and 6-311G* basis set on the 

optimized geometries. The 11B NMR chemical shifts were calculated 

relative to B2H6 (B3LYP B shielding constant 90.43 ppm) and converted 

to the usual [BF3.OEt2] scale using the experimental δ (11B) value of 

B2H6, 16.6 ppm. [60-66] 

 

 

Spectroscopic details of  ligands and complexes 

 

 Figure 3.8 1HNMR of complex 2l. 
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Figure 3.9 13C{1H} NMR of complex 2l. 

 

 

 

 

Figure 3.10 11BNMR of complex 2l. 
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Figure 3.11 19FNMR of complex 2l. 

 

 

 

Figure 3.12 Mass spectra of complex 2l. 
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Figure 3.13 1HNMR of complex 2m. 

 

 

 

 

 

Figure 3.14 13C{1H} NMR of complex 2m. 
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Figure 3.15 11BNMR of complex 2m. 

 

 

 

Figure 3.16 19F NMR of complex 2m. 
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Figure 3.17 High-resolution mass spectra of complex 2m. 

 

 

 

 

 

Figure 3.18 1H NMR of complex 2n. 
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Figure 3.19 13C{1H}  NMR of complex 2n. 

 

 

 

Figure 3.20 11B NMR of complex 2n. 
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Figure 3.21 19F NMR of complex 2n. 

 

 

 

Figure 3.22 High-resolution mass spectra of complex 2n. 
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Figure 3.23 11B NMR of Complex 3l. 

 

Figure 3.24 11B NMR of Complex 3m. 
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Figure 3.25 11BNMR of complex 3n. 

 

 

 

Figure 3.26 1HNMR of Complex 4l. 
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Figure 3.27 11BNMR of Complex 4l. 

 

Figure 3.28 High-resolution mass spectra of complex 4l. 
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Figure 3.29 11BNMR of complex 4m. 

 

Figure 3.30 High-resolution mass spectra of complex 4m. 
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Figure 3.31 1HNMR of complex 4n. 

 

Figure 3.32 13C{1H} NMR of complex 4n. 
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Figure 3.33 11B NMR of complex 4n. 

 

Figure 3.34 High-resolution mass spectra of complex 4n. 

 

Figure 3.35 FT-IR spectra of complex 3l, 3m and 3n. 
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Crystallographic Details 

The crystal data were collected on a Super Nova, Dual, Cu at home/near, 

Eos diffractometer. The crystal was kept at 293(2) K during data 

collection. Using Olex2 5, the structure was solved with the SHELXT 6 

structure solution program using Intrinsic Phasing and refined with the 

SHELXL 7 refinement package using Least Squares minimization. The 

structures were solved by direct methods and refined by full-matrix least 

squares, based on F2, using SHELXL Crystal structures were refined 

using Olex2-1.0 software. All non-hydrogen atoms were refined 

anisotropically.  

 

Table 3.7 Crystal data for Complex 2l, 2m, 2n and 4l 

Chemical Compound 2l 2m 2n 4l 

Empirical formula C10H12BF2NO C11H14BF2NO C11H14BF2NO C20H24BN2O2Br 

Formula weight (g·mol–1) 211.02 225.04 225.04 352.95 

Temperature (K) 293 (2) 293(2) 293 (2) 293(2) 

Radiation, λ (Å) Mo-Kα,  

0.71073 

Mo-Kα, 0.71073 Mo-Kα,  

0.7107 

Mo-Kα,  

0.7107 

Crystal system orthorhombic Triclinic Monoclinic Triclinic 

Space group Fdd2 P-1 P21/c P-1 

Unit cell dimensions     

a (Å) 43.01(2) 7.0843(10) 10.280(4) 9.3519(6) 

b (Å) 11.126(4) 9.0674(11) 9.100(3) 10.6218(9) 

c (Å) 8.901(3) 9.9364(13) 12.729(3) 12.7373(7) 

α (°) 90 76.236(11) 90 103.470(6) 

β (°) 90 73.547(12) 96.21(3) 102.940(5) 

γ (°) 90 67.870(12) 90 114.379(8) 

Volume (Å3) 4259(3) 560.82(14) 1183.8(7) 1045.00(14) 

Z 16 2 4 2 

 Calculated density (g·m–3) 1.316 1.333 1.263 1.122 

F(000) 1760 236.0 472.0 375.0 

Reflections collected 11006 4554 8828 8534 

Independent reflections 2568 2597 2812  4727 
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Refinement method Full-matrix least-

squares on F2 

Full-matrix 

least-squares on 

F2 

Full-matrix 

least-squares on 

F2 

Full-matrix 

least-squares on 

F2 

Goodness-of-fit on F2 1.018 1.051 0.939 1.040 

Rint 0.1277 0.0267 0.29 0.0660 

R indices (all data) R1 = 0.0981, 

wR2 = 0.2992 

R1 = 0.0467, 

wR2 = 0.1315 

R1 = 0.1392wR2

 = 0.3334 

R1 = 0.1380 

wR2 = 0.1771 

CCDC Number 2447428 2447427 - - 
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4.1 Introduction 

Due to the presence of one vacant p-orbital in neutral three-coordinated 

boranes, to exhibit Lewis acidity, boranes play a crucial role in non-

metallic catalytic processes. Boron, positioned at the top of Group 13 in 

the periodic table, occupies a unique position as a boundary element 

between metals and non-metals. This makes boron a versatile conditante 

in widespread applications in domains such as materials science, organic 

synthesis, optoelectronics, and medicinal chemistry. [1-6] Boron cations 

are highly reactive, exhibit higher Lewis acidity than their neutral 

borane counterparts. The presence of a formal positive charge on the 

boron center significantly enhances its electron deficiency, thereby 

increasing its electrophilicity. This heightened electrophilic character is 

directly correlated with the magnitude of the positive charge. Due to this, 

boron cations are more reactive than their neutral tri- or tetracoordinate 

boron counterparts. The evolution and stabilization of highly reactive 

boron cations have advanced notably, driven by the tailored ligands and 

counterions that dictate their stability and reactivity. [7-10] The 

pioneering work of the cationic boron complexes was done by Nöth and 

co-workers, who introduced their nomenclature based on the 

coordination number of the boron center. Four, three, and two-

coordinated boron cations are termed boronium, borenium, and 

borinium, respectively.[11-14] Reactivity of borenium cation lies in 

between the more reactive di-coordinated and electronically saturated 

tetra-coordinated boron cations. Due to their unique stability and 

reactivity, borenium cations are used in various organic transformations, 

small molecule activations, and catalysis.[15-18] Many research groups 

investigated that borenium ions possess novel properties as a reagent 

that enhance electrophilic aromatic borylations, hydroboration of 

alkynes, and catalytic reductions of heteroaromatic compounds and 

different functional groups. [19-35]  
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Figure 4.1 a) Previously reported six memberd borenium cations, b) 

five-membered borenium cations  

Borenium cations in a six-membered framework resulted mostly in 

different ligand moieties like BODIPY, BDI, and formazanate. In 2008, 

Cowley and coworkers reported the six-membered borenium cations 

synthesized in a β-diketiminate scaffold,[36] and in the same year, Piers 

and co-workers also reported the BODIPY-based borenium cation, 

which was stabilized by intra-ligand N-donors.[37] Recently, our group 

reported the synthesis and isolation of bis(diiminate) scaffold-supported 

bis(borenium) cations.[38] Unlike the six-membered borenium cations, 

the five-membered rings containing a positively charged boron atom are 

very limited.[39] A few examples of five-membered borenium cations 

having ligands with O, N, and P atoms as donor moieties are listed in 

Figure 1. Jäkle and coworkers reported the five-membered borenium 

cation in the ferrocene derivative scaffold.[40] Bourissou and his group 

synthesized phosphorus-stabilized borenium cation on a naphthalene 

platform.[41] In 2014, Ingleson reported the quinolato borenium salts, 

a five-membered borenium cation stabilized by the NO donor ligand, 

prepared from quinolato boron-chlorides, reacting with aluminium 

trichloride.[42] 

Aminotroponiminates (ATIs) have garnered broad interest as easily 

accessible ligands that readily form complexes with (semi-)metals 

across large sections of the periodic table. Due to their different 
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properties, such as (i) monoanionic, (ii) N, N-bidentate, (iii) redox-

innocent under reducing conditions, (iv) chemically inert at their C7 

backbone, (v) spectator ligands, they are becoming important for main 

group compounds. Aminotroponiminates can coordinate metals/semi-

metals in two possible ways; one is through the nitrogen centers and 

another is via the C7 backbone. Such multifaceted binding modes have 

enabled the formation of stable complexes across a wide range of main-

group and transition-metal centers. The chemistry of ATIs ligands with 

heavier elements of group 13 elements, such as Al, Ga, and In, has been 

extensively explored, with both neutral and cationic complexes 

stabilized by the ATI ligands. ATI  ligands were first introduced by Dias 

in main group chemistry and isolated the five-membered chelate 

complex with aluminum.  Using these neutral aluminum complexes 

Jordan group synthesized a series of mono and binuclear aluminum 

cations. Notably, all aluminum complexes [43-46] were potent Lewis 

acids and underwent feasible β-H transfer to unsaturated substrates. This 

type of reaction is very crucial for polymerisation reactions. In 2002, the 

same research group synthesized the indium cations stabilized in ATIs' 

pockets. By coordinating metals/semi-metals through the nitrogen 

centers, ATIs may provide an opportunity to synthesize boron cations in 

a five-membered ring framework and offer insights into the stability and 

reactivities of borenium cations of different ring sizes.  

In this work, we first synthesized a series of symmetrical and 

unsymmetrical mono- and bis-ATI ligands. Further ligands were treated 

with BF3·OEt2, which facilitates the highly fluorescent ATI-based boron 

complexes under the mild reaction conditions, which allowed us to 

achieve the borenium cations in a five-membered C2N2B core. Further, 

upon treatment with TMSOTF, the bis(ATI)-based boron difluoride 

yielded a rare bore(boro)nium cation in a unified molecular framework. 

All the complexes were characterized via multinuclear NMR 

spectroscopy, mass spectrometry, and single-crystal diffraction analysis 

in concert with DFT calculations.  
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4.2 Results and Discussion 

4.2.1 Synthesis and characterization of ATIs boranes 

 

Scheme 4.1 Synthetic route of mono-binuclear ATIs boranes 

In search of preparing boron cations in a five-membered ring, we were 

interested in synthesizing aminotroponiminates (ATIs) based-boranes as 

it provides boron to be in a C2N2B framework. Following the previous 

protocol, [47,48] as shown in Scheme 1, we synthesized several 

symmetrical and unsymmetrical ATI ligands (1o-1r) and characterized 

them by 1H and 13C{1H} NMR and mass spectrometry. Along with the 

mono-ATIs, to achieve a compound with two borenium cations, we 

prepared an ethylene-bridged bis-ATI ligand 1s in good yield. ATIs 

scaffold-based boranes 2o-2s were synthesized by treatment of ATI 

ligands with a large excess of triethylamine and BF3·OEt2 in dry DCM 

Scheme 4.1. After stirring the reaction mixture overnight at room 

temperature, the product was extracted in DCM and purified by column 

chromatography in a mixture of hexane and ethyl acetate to isolate light 

yellow compounds. All the complexes are soluble in a range of organic 

solvents. Complexes 2o-2r were characterized in solution by 1H, 

13C{1H}, 11B, 19F NMR spectroscopy and mass spectrometry, and in the 

solid state, their molecular arrangements were ascertained via single-

crystal X-ray diffraction analysis. A broad signal at 7.3 ppm to 7.5 ppm 
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in 1H NMR for the ligands was absent in complexes 2o-2r, confirming 

the complex formation. In 1H NMR, 2o showed a doublet at 1.46 ppm 

for the isopropyl methine proton, which is slightly downfield in 

comparison to 1o (value), and in complex 2p, a singlet at 1.61 ppm was 

observed for the tert-butyl group. The 11B NMR of these complexes 

appeared between 5.3 to 5.9 ppm, which, to some extent, is downfield 

shifted from that of BDI-based six-membered BF2 species (~1-3 

ppm).[49] This might be partly due to the delocalization of nitrogen lone 

pair into the tropolone ring, which in turn reduces the electron density 

around the boron center or a reduced N-B-N bond angle of the sp3 

hybridized B center in ATI-BF2 (~98°) compared to BDI-BF2 (~110°) 

indicating less s and more p orbital contribution thereby making the B 

center in ATI-BF2 comparatively more deshielded. The 19F NMR of 2o-

2r showed signals between 125 ppm to 135 ppm, which is marginally 

different from the BDI-based six-membered BF2 species. 

4.2.2 Single crystal structure analysis of ATIs boranes (2o-

2s) 

Crystals of these complexes were grown from saturated pentane 

solutions at -20 °C. The solid-state structures, established by using 

single-crystal X-ray diffraction (SC-XRD) analysis, are shown in Figure 

2. The crystals belong to the monoclinic crystal system and the boron 

atom is encompassed by four other atoms fitting in a distorted 

tetrahedron geometry. In complexes 2o, 3p, and 3r the N1–B1–N2 bond 

angles were found to be 98° to 99°. The F1-B1-F2 bond angles around 

the BF2 units in complexes 2o, 2p, and 2r are 108.4°, 108.5°, 110°.0 and 

109.4 °, respectively, resembling BODIPY-based BF2 complexes. The 

B1-N1 and B1-N2 bond lengths in all ATI-boron complexes are similar 

with a very marginal change according to the substituents, suggestive of 

the delocalization of 10π electrons through the ring. Selected bond 

lengths and bond angles are given in Table 4.1. The SC-XRD analysis 

of 2s crystal unveils that it belongs to a monoclinic crystal system with 

a C2/c space group. As shown in Figure 4.2, both the ring planes of the 

dimeric ATI-BF2 species are parallel to one another and the interplanar 
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distance is 1.962 Å. The bond distances and angles are quite similar to 

the monomeric species 2o-2r. All efforts to grow good quality crystals 

of 2q to perform SC-XRD analysis were unsuccessful; however, the SC-

XRD study on these crystals of 2q confirmed its connectivity Figure 

4.54, and the identity and purity of the compound were confirmed by the 

spectroscopic data. 

 

Figure 4.2 Crystal structure of the complex 2o, 2p, 2r, and 2s 

Table 4.1 Selected bond angles (Å) and bond lengths (˚) of complexes 

2o, 2p, 2r, and 2s 

Parameters 2o 2p 2r 2s 

B1-N1 1.5413(19) 1.5489(13) 1.529(3) 1.541(2) 

B1-N2 1.5413(19) 1.5477(14) 1.538(3) 1.533(2) 

B1-F1 1.3929(19) 1.4104(12) 1.389(3) 1.392(2) 

B1-F2 1.3877(19) 1.3908(12) 1.393(3) 1.390(2) 

F1-B1-F2 108.46(12) 108.57(8) 109.4(2) 108.29(14) 

N1-B1-N2 98.37(10) 99.67(8) 99.28(16) 98.26(12) 

 

4.2.3 Crystal packing of ATIs boranes 

The non-covalent interactions like C–H⋯F, C–F⋯π, B–F⋯F and C–

H⋯π monitor the crystal structure packing in the unit cell. In 2o, two 

types of intermolecular interactions were observed. One interaction is 

between methylene C-H and fluorine atom of the BF2 unit; while the 



 

214 

 

π⋯π interaction is between the two parallel seven-membered rings, and 

the distance between the rings is (3.345 Å) (Figure 3; top). The non-

coordinating interactions (π–π) in BODIPY derivatives were reported by 

Churchill and coworkers [47], and the distance between two parallel 

BODIPY units was observed as 3.69 Å. In complex 2p, two types of 

contacts viz C–F⋯π (3.139 Å) and C–H⋯F (2.656 Å), are present, 

making this complex packed in a linear fashion Figure 4.4.  

 

 

Figure 4.3 Crystal packing of complex 2o and 2s 

In complex 2r head to tail crystal packing is observed, where two C–

H⋯F interactions are seen between the fluorine of BF2 and the ATI 

hydrogen(s). The crystal packing of 2s revealed C–H⋯F and π-π 

stacking interactions resulting in a layered-type structure. The π-π 

stacking interactions between the intermolecular tropylium units in 2s is 

3.716 Å. These complexes possess similar kinds of non-covalent 
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interactions like C–H⋯F, C–F⋯π, B–F⋯F, and C–H⋯π or π-π stacking 

interactions resulting in analogous photophysical properties.  

Figure 4.4 Crystal packing of complex 2p top and 2r bottom  

4.2.4 Photophysical properties of ATIs boranes  

All the synthesized ligands (1o–1s) were non-emissive, whereas after 

complexation with the BF2 unit, the fluorescence efficiency of the 

resulting complexes (2o-2s) increased significantly. This might be due 

to the incorporation of the BF2 unit into the ligand skeleton, which 

makes the system rigid, allowing the delocalization of the 10π electrons 

in the ring and might reduce the loss of energy via vibrational motions 

and increase the emission proficiency. Besides, the luminescence of 

ATIs borane complexes might be the result of electron delocalization 

over the entire molecule, favouring charge transfer transitions from 

ligand moieties to boron atom. As depicted in Figure 4.5 and Table 4.2, 

we recorded the absorption and emission spectra of ATI-BF2 complexes 

2o-2s in DCM. These complexes show three absorptions. The first 

absorption was observed around 270 nm, and the second and third 

absorptions are at 355 and 460 nm, respectively. In case of 2q, the 

second and third absorptions are approximately 10 and 15 nm red-

shifted compared to other complexes. The fluorescence lifetime depends 

on the various factors, like extended π bonds, polarity of the solvents, 

molecular interactions, excited state intramolecular proton transfer 
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(ESIPT), thermally activated delayed fluorescence (TADF) and 

substituents attached to the fluorophore. The fluorescence decay time of 

the ATI-BF2 complexes 2o-2s was recorded in DCM with a time-

correlated single photon counting (TCSPC) spectrometer, which is 

found to be 1.7 ns to 2.8 ns Table 4.2 and the lifetime of complex 2q is 

comparatively higher than that of other complexes. This might be due to 

the presence of less bulky groups on the nitrogen atoms.[48] 

 

Figure 4.5 Photophysical study of complexes (2o-2s) in DCM. (a) 

Absorption (b) emission spectra in DCM (1 X 10-4 M) (c) decay plot of 

complexes in DCM (d) photograph under UV light. 

Table 4.2 Photophysical outcomes of ATIs boranes (2o-2s) 

Complex Absorption(λabs) 

 

Emission(λemi) Stokes 

Shift(nm/cm-

1) 

τF 

(ns) 

2o 431, 355, 267 468, 452 37/1834 1.76 

2p 430, 354, 273 464, 453 34/1704 1.70 

2q 445, 363, 271 484, 455 39/1810 2.80 

2r 430, 356, 267 466, 447 36/1796 1.83 

2s 434, 353, 264 487, 457 53/2507 2.28 
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4.3 Boron Cations: Synthesis and Characterization 

 

Scheme 4.2 Synthesis of borenium cations (3o-3p) and (3s) 

With the ATI-BF2 complexes in our hand, we went on to synthesize 

ATIs-based borenium cations, and considering the recent success of 

using trimethylsilyl triflate [TMS-OTf] as a fluoride abstracting reagent 

[36] we treated the ATI-BF2 complex 2o with TMSOTf at 45 ˚C for two 

hours (Scheme 2). That resulted in a new broad 11B NMR signal at 24.6 

ppm. This chemical shift hinted at the formation of a three-coordinate 

boron center. Similar to our observed chemical shift, the 11B NMR of 

BDI-based borenium cations [(C36H54N4B2O2)]
2+ and 

[(C40H54N4B2O2)]
2+, appeared at 23 ppm and 21 ppm, [38] is suggestive 

of N, N-coordinated borenium cation formation. Solvents were 

evaporated under vacuum, and residues were washed with dry pentane, 

resulting in an off-white solid 3o. As shown in Table 3, the 11B NMR 

chemical shift values of the five-membered borenium cations are 

generally higher compared to the six-membered borenium cations. This 

might be attributed to the ring strain and subsequent hybridization of the 

B-center. With a more strained ring in five-membered borenium cations, 

the B-center possesses a lower amount of s-character compared to the 

six-membered borenium cation, which might lead to a downfield 11B 

NMR chemical shift in the five-membered borenium cation.  
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4.3.1Single-crystal structure analysis of boron cations 

Single crystals of 3o obtained at -20˚C from CDCl3 were analyzed via 

single-crystal X-ray diffraction. The solid-state structure depicted in 

Figure 4.6 revealed that the hydroxyl group is attached to boron, and 

the geometry around the boron atom is trigonal planar.  

 

Figure 4.6 Crystal structure of complexes 3o and 3s. In 3s counter anion 

is omitted for clarity, selected bond angles (ᵒ) and bond lengths (Å) (3o) 

B1-O1, 1.333(3), O1-H1, 0.82, N1-B1 1.448(3), N2-B1 1.452. (3s) B1-

O1, 1.334, B2-O2, 1.444, B1-N1, 1.458, B1-N2, 1.456, N3-B2, 1.531, 

B2-N4, 1.336, B1-O1-B2, 130.9(2), B1-O1-N1, 124.6(2), B1-O1-N2, 

130.751, B2-O1-O2, 105.2(2), O1-B2-N3, 116.8(2), O1-B1-N4, 

114.273(19). 

The B-N bond distances (B1-N1: 1.448(3) Å; B1-N2: 1.452(3) Å) is 

shorter than the neutral boron difluoride complex 2o (B1-N1: 

1.5413(19) Å; B1-N2: 1.5413(19) Å). This might be due to the 

electrostatic attraction between the positively charged boron atom and 

the electronegative nitrogen center. The B-O bond distance of 1.333(3) 

Å in 3o is shorter than the B-O interatomic radii, confirming the cationic 

nature of the boron atom. A hydrogen bonding (interatomic distance 

1.937 Å) between the OTf and OH bound to the boron atom indicates 

the presence of the OTf group stabilizing the hydroxyborenium cation. 

After successful isolation of tri-coordinated borenium cation 3o, we 

performed the reaction of TMSOTf with 2p-2r by following a similar 

protocol. Although the reaction of 2p and TMSOTf yielded the 
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borenium cation 3p, complexes 2q and 2r produced a mixture of 

products that could not unable to purify. The 11B NMR of 3p showed a 

signal at 24.5 ppm, whereas the 19F NMR revealed a peak at 78.3 ppm, 

confirming the free OTF as counter anion. The FT-IR spectrum 

possesses well well-defined O-H stretching frequency. [49,50]  

Figure 4.7 FT-IR spectrum of cations 3o, 3p, and 3s  

Subsequently, the reactivity of bis ATI-BF2 complex 2s with TMS-OTf 

was explored by following a similar procedure to generate the 

bis(borenium) cation. 2s was treated with a slight excess of TMS-OTF 

in a J-Young NMR tube in CDCl3 and heated at 45 ˚C for two hours. In 

the 11B NMR data, two new singlets appeared with equal intensity at 8.5 

ppm and another at  25.4 ppm, indicating both the boron atoms in 

different chemical environments. Crystals were grown from CDCl3 

solution and further analyzed by single-crystal structure X-ray 

diffraction study. Crystals are crystallized in P21/c space group in the 

monoclinic system. The solid-state structure revealed the presence of 

two boron centers in different environments and the presence of two OTf 

units, making the overall charge of the cationic unit two. The three 

coordinated boron center is attached to two nitrogen and a bridged 

oxygen atom, making it a borenium cation, whereas the four coordinated 

one is attached to two nitrogen, one bridged oxygen atom, along with a 

coordinated water molecule creating a boronium center. The geometry 

around the four coordinated boronium center is distorted tetrahedral and 

trigonal planar around the borenium cation. The bond length between 

B1-O1 is 1.334(3) Å whilst the distance between O1-B2 is 1.444(3) Å. 

This change in the B-O bond length might be due to the presence of the 
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differently coordinated boron atoms. The B-O bond distances are shorter 

than the neutral boroxine, demonstrating the cationic nature of the boron 

atoms. The measured distance between B2-O2 atoms is 1.522(3)Å, 

which is longer than that of neutral [52] B-O and cationic B-O bond 

distances, revealing the dative nature of the water molecule. Grubba and 

coworkers synthesized a NHC stabilized oxo-bridged bis(borenium) 

cations [53] and the B-O distances were 1.394(9) Å and 1.409(9) Å. 

Other reports on oxy bridged B-O-B borenium cation species stabilized 

by the cyclic porphyrin ligand having B-O bond distance 1.351(13) Å 

and 1.307(12) Å, were reported by the P. J. Brothers group.[54] These 

values are very similar to our ATI stabilized B-O-B boron cations. Both 

cationic boron atoms are separated by 2.527 Å and situated slightly (2.12 

Å) above the seven-membered rings while the oxygen atom lies out of 

the plane. The crystal structure packing analysis of complex 3s revealed 

the non-covalent interactions between the counter anion and aromatic 

ring hydrogens of the seven-membered ring Figure 4.7. 

 

Figure 4.8 Crystal packing of complex 3s. 

A notable non-covalent interaction between (S-O···B; 3.080 Å) 

interaction is observed. The C-HAr···O interaction (2.654 Å) with a 

seven-membered ring and adjacent counter ion is detected  Figure 4.8. 

Another non-coordinating interaction (1.660 Å) between a water 

molecule attached to the boronium ion and the oxygen atom of the 

triflate ion O-H···O is identified. The presence of OH or H2O molecules 

in these obtained cations could be the result of the existence of TMSOH, 

an impurity found in TMSOTf, arising from hydrolysis with 

water/moisture. To check if the two hydrogens are bound to the 
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exocyclic oxygen (H2O) and not to any of the other basic sites like 

(bridged O or Ns), we performed the variable temperature (VT) 1H NMR 

study. We were unable to find any change in 1H NMR precluding any 

tautomerization process Figure 4.51.  

 

Figure 4.9 TGA graph of cation 3s  

Further, the TGA analysis was performed under an N2 environment with 

N2 flow rate (20 mL min-1) with an increase in temperature of 10 °C min-

1. Initially, a slight increase in weight is observed due to the bouncy 

effect, and this effect is prominent at low temperatures; and as the 

temperature is increased, this effect is reduced. The first degradation 

step for complex 3s appeared at 112 ˚C Figure 4.9 with an approximate 

molecular weight loss of 4.40%, close to the calculated percentage 

molecular weight composition of the water molecule (4.45%) in 

complex 3s. 

4.4 DFT Studies on mono- and di-BF2 complexes and 

corresponding cationic species 

To understand the photophysical properties and electronic structures of 

the neutral boron complexes 2o-2s and cationic species 3o and 3s 



 

222 

 

(anions are ignored), theoretical calculations were conducted using the 

range-separated ω-B97XD functional [55] and a triple-zeta 6-311G(d) 

basis set [56] for ground-state geometry optimizations and for excited-

state calculations, the ꞇ-HCTHhyb functional [57,58] and def2-TZVPP 

basis sets were utilized.[59-67] The electronic distribution and energy 

(in eV) of molecular orbitals (from TD-DFT) for mono-BF2 complexes 

(2o and 3o) as well as di-BF2 complexes (2s and 3s), are presented in 

Figure 4.10. Computations on 2o and 2s showed that the HOMO 

(highest occupied molecular orbital) and LUMO (lowest unoccupied 

molecular orbital) are primarily located on the aminotroponiminate 

moieties with similar HOMO-LUMO gaps (2o: 3.56 eV; 2s: 3.42 eV). 

While HOMO describes the C-C-C allylic interaction along with an 

extended C-C-C-C π-interaction and electron localizations over the N 

centers of the aminotroponiminate moieties, LUMO defines 

corresponding anti-bonding interactions. The corresponding cations 3o 

and 3s showed relatively higher HOMO-LUMO gaps of 4.02 eV (3o) 

and 3.57 (3s) compared to the neutral species primarily due to the 

stabilizations of the corresponding HOMO orbitals. While HOMO of 3o 

revealed the allylic C-C-C, N-B-N, and extended C-C-C-C π 

interactions, HOMO of di-cationic 3s is unsymmetrically distributed. 

This unsymmetrical electronic distribution was due to the coordination 

of an H2O molecule to one of the B-centers (boronium cation). The NBO 

(natural bond order) charge distribution (four connect B center: 1.21 and 

three connect B-center: 1.16) and calculated 11B-NMR values Table 4.3 

indeed supported the dissimilar boron environments.  
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Figure 4.10 Electronic transitions of mono-BF2 complexes (2o and 3o) 

as well as di-BF2 complexes (2s and 3s) computed at the ꞇ-

HCTHhyb/def2-TZVPP(TD, SMD: dichloromethane)//ω-B97XD/6-

311G(d) level. 

For complexes 2o-2s, the first excitation (lowest in energy) results from 

the transition of electrons between HOMO and LUMO (Figure 6). The 

second excitation is associated with the transfer of electrons from 

HOMO→LUMO+1 for complexes 2o-2r or HOMO→LUMO+2 for 

complex 2s. On the other hand, for the cationic complexes 3o and 3s the 

low-energy excitations are associated with transitions from 

HOMO→LUMO+1 as well as HOMO→LUMO. According to the 

electronic distribution, the transitions in the absorption process for 2o-

2s complexes are attributed to n→π* and π→π*-type transitions of the 

respective ligands. Further, Table 4.3 summarizes close corroboration 

between the TD-DFT computed and experimentally measured 

absorption maxima as well as DFT (GIAO) calculated and 

experimentally measured 11B NMR values. This complements the 

appropriate selection of the theoretical methods to shed light on the 

electronic transitions in the mono and di-BF2 complexes and related 

cationic species. 

Further, we have calculated a possible intermediate (I) containing two 

B-OH cationic centers that may rearrange into the formation of 3s. 
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Flexible {-C2H4-} linkage may provide sufficient degrees of freedom to 

I so that both the B-OH moieties can come to proximity 

{BO(H)•••B(OH) = 3.09 Å} to rearrange into the formation of 3s which 

is associated with ∆G of -10.1 kJ mol-1 calculated at ωB97XD/6-311G*. 

The driving force for this rearrangement could be the formation of an 

extra B-O bond (bond strength 536 kJ mol-1) in 3s. This partially 

supports the non-isolation of the desired di-cationic species I. Figure 

4.11 

 

Figure 4.11 Optimized geometries of di-cationic (a) 3s and (b) I 

(hypothetical intermediate) at ω-B97XD/6-311G(d) level. 

Table 4.3 Experimentally observed and calculated 11B NMR (GIAO-

ωB97XD/6-311G*//ωB97XD/6-311G*), experimental (at room 

temperature in ACN) and calculated UV/vis data (at τHCTHhyb/def2-

TZVPP-SMD//ωB97XD/6-311G*). 

Complex 11B (exp, 

ppm) 

11B(cal, ppm) aλ(exp, nm) λ(cal, nm) EH-EL 

(ev) 

2o 5.9 4.2 431, 335, 267 367, 341, 254 3.56 

2p 5.8 4.0 430, 354, 273 366, 340, 254 3.57 

2q 5.2 4.0 445, 363, 271 368, 344, 254 3.55 

2r 5.8 4.2 430, 356, 267 367, 341, 254 3.57 

2s 5.7 4.1 434, 353, 264 394, 367, 352 3.42 
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3o 24.6 24.6 - 342, 335, 258 3.87 

b3s 25.4, 8.8 21.9, 12.6c - 345, 289, 258 3.86 

af = oscillatorstrength. bCalculatedonlyonthecationicpart. cFour-

coordinated B-center. 

4.5 Conclusions 

In summary, in search of synthesizing five-membered borenium 

cations, we have synthesized a series of tetracoordinated difluoroboron 

complexes containing aminotroponiminate ligands. All synthesized 

complexes were characterized by using multinuclear NMR 

spectroscopy, mass spectrometry, and followed by single crystal X-ray 

diffraction analysis. All complexes are highly blue luminescent in 

solution. Further, they were treated with trimethylsilyl triflate, leading 

to the formation of tri-coordinated borenium cations. When bis(ATI)BF2 

complex 3s was treated with TMS-OTf, it facilitated the formation of a 

seven-membered heterocyclic ring having two boron cations with 

different coordination environments. Theoretical calculations 

complement with the experimental findings and shed insight into the 

structure and bonding of the neutral BF2 complexes as well as the 

cationic species.  
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4.6 Experimental Section 

General Methods 

The reactions were performed under an argon atmosphere using standard 

Schlenk techniques or in the open air. Chemicals were purchased from 

Spectrochem, Sigma-Aldrich, and TCI and used as received. All the 

solvents were purified by distillation using the appropriate drying 

agents, deoxygenated using three freeze–pump–thaw cycles, and stored 

over molecular sieves under dry argon before use. The deuterated 

solvents used for NMR spectroscopy were deoxygenated by freeze–

pump–thaw cycles and stored under an argon atmosphere over 

molecular sieves. NMR chemical shifts are reported in ppm and 

coupling constants in Hz. 1H, 11B, 13C, and 19F NMR spectroscopy data 

were obtained at ambient temperature using a Bruker 500 NMR 

spectrometer (operating at 500 MHz for 1H, 126 MHz for 13C, 160 MHz 

for 11B and 471 MHz for 19F). 1H NMR spectra were referenced via 

residual proton resonances of CDCl3 (1H, 7.26 ppm) and 13C NMR 

spectra were referenced to CDCl3 (
13C, 77.16 ppm) and BF3·OEt2 used 

as an internal standard for 11B NMR. Bruker micrOTOF-Q II Daltonik 

was used to obtain the HRMS spectrum. Photoluminescence (PL) 

spectra were recorded by using a Fluoromax-4 spectrofluorometer 

(HORIBA Jobin Yvon, model FM100) with an excitation and emission 

slit width at 5 nm. UV-Vis spectroscopy was performed on a 3 mL 

solution using the Varian UV−Vis spectrophotometer (Cary 100 Bio) in 

a quartz cuvette (1 cm × 1 cm). Cyclic voltammetry was performed using 

a C-H instruments model CHI1103C in dichloromethane solvent using 

glassy carbon as the working electrode, Pt wire as the counter electrode, 

and saturated calomel electrode (SCE) as the reference electrode. The 

scan rate was 100mV. A solution of Bu4NPF6 in dichloromethane (0.1 

M) was used as the supporting electrolyte. The temperature was kept 

constant throughout each experiment at 25 °C. The crystals data 

collections were performed on a CCD Agilent Technologies (Oxford 

Diffraction) SUPER NOVA (Mo at home/near, Eos) diffractometer. Data 

for the compounds were collected at 293 K using graphite-
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monochromated MoKα radiation. DFT calculations were implemented 

in the Gaussian 09 using the hybrid functional B3LYP in combination 

with the cc-pVDZ basis set for all atoms. 

Synthetic Details 

General synthesis of ligands (1o-1s) 

Et3ˑOBF4 in DCM was added to the solution of 2-amino tropone in DCM 

and stirred it for 3h. After cooling the reaction to 0˚C, the appropriate 

amine was added. The reaction temperature slowly increased to room 

temperature, and further stirred it for 12h. All the volatiles were removed 

under reduced pressure. The residue was dissolved in 2N NaOH, and an 

aqueous layer was extracted in diethyl ether. The organic phase was 

dried over anhydrous MgSO4. After evaporating the solvent, the 

compound was purified by column chromatography over basic alumina 

in hexane and ethyl acetate mixture to isolate the analytically pure 

product as yellow solid. 

Ligands (1o-1q) have been previously reported, so we are not providing 

the data related to them. 

Ligand 2r 

1H NMR (500 MHz, CDCl3) δ 6.76 – 6.61 (m, 2H), 6.54 (dd, J = 22.0, 

11.1 Hz, 1H), 6.33 (d, J = 10.2 Hz, 1H), 6.07 (t, J = 9.2 Hz, 1H), 3.84 

(sept., J = 12.7, 5.4 Hz, 1H), 1.46 (s, 9H), 1.19 (d, J = 6.2 Hz, 6H).13C 

NMR (126 MHz, CDCl3) δ 137.40, 136.50, 128.38, 122.05, 109.14, 

53.09, 27.66, 22.14. LCMS (ESI): Calculated for [C14H23N2]
 219.1856 

[M+H] found 219.1854. 

Yield: 80% 

Ligand 2s 

1H NMR (500 MHz, CDCl3) δ 6.81 – 6.66 (m, 4H), 6.47 (d, J = 11.3 

Hz, 2H), 6.23 (d, J = 10.7 Hz, 2H), 6.13 (t, J = 9.3 Hz, 2H), 3.82 (sept., 

J = 6.3 Hz, 2H), 3.71 (s, 4H), 1.25 (dd, J = 6.4, 1.1 Hz, 12H). 13C NMR 

(126 MHz, CDCl3) δ 155.49, 150.33, 133.05, 132.29, 117.51, 116.70, 
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106.05, 51.21, 50.77, 29.34. LCMS (ESI): Calculated for [C22H31N4]
 

351.2543[M+H] found 351.2539. 

Yield: 50% 

General procedure for ATI-difluoroboranes (2o-3s)  

Aminotroponimine was dissolved in DCM and 10 equiv. of 

triethylamine was added under an inert atmosphere. To the resultant 

reaction mixture, 10 equiv. of BF3·OEt2 was added dropwise, and the 

mixture was left to stir at room temperature until reaction completion, 

as judged by TLC. The reaction mixture was quenched with DI water, 

extracted the product with DCM, and purified by column 

chromatography to give yellow solids. 

Complex 2o 

Complex 2o was prepared by using 1o (311 mg, 1.33 mmol), BF3·OEt2 

(1901 mg, 13.39 mmol) and NEt3 (1356 mg, 13.39 mmol)  

1H NMR (500 MHz, CDCl3) δ 7.34 (t, J = 10.3 Hz, 2H), 6.81 (d, J = 

10.9 Hz, 2H), 6.69 (t, J = 9.6 Hz, 1H), 4.18 – 4.01 (m, 2H), 1.46 (d, J = 

6.7 Hz, 12H).13C NMR (126 MHz, CDCl3) δ 155.73, 137.94, 137.86, 

121.48, 121.46, 121.35, 112.10, 46.50, 20.93.  11B NMR (160 MHz, 

CDCl3) δ 5.97 (t, J = 35.0 Hz). 19F NMR (471 MHz, CDCl3) δ -124.72 

(dd, J = 69.9, 34.7 Hz). LCMS (ESI): Calculated for [C13H19BF2N2Na] 

275.1504 [M+Na] found 275.1693.  

Yield: 82%. 

Complex 2p 

Complex 2p was prepared by using 1p (311 mg, 1.33 mmol), BF3.OEt2 

(1901 mg, 13.39 mmol) and NEt3 (1356 mg, 13.39 mmol)  

 1H NMR (500 MHz, CDCl3) δ 7.33 – 7.27 (m, 2H), 7.19 (d, J = 11.2 

Hz, 2H), 6.67 (t, J = 9.3 Hz, 1H), 1.64 (s, 18H). 13C NMR (126 MHz, 

CDCl3) δ 156.78, 136.46, 121.27, 115.35, 54.48, 28.86. 11B NMR (160 

MHz, CDCl3) δ 5.65 (t, J = 36.3 Hz). 19F NMR (471 MHz, CDCl3) δ -
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116.50 (q, J = 72.7, 35.6 Hz). LCMS (ESI): Calculated for 

[C15H23BF2N2Na] 303.1817 [M+Na] found 303.1822. 

Yield: 82%. 

Complex 2q 

Complex 2q was prepared by using ligand 1q (1500 mg, 6.45 mmol), 

BF3·OEt2 (6532 mg, 64.55 mmol) and NEt3 (9161 mg, 64.55 mmol)  

Yield: 78%. 

1H NMR (500 MHz, CDCl3) δ 7.34 (t, J = 10.3 Hz, 2H), 6.82 (d, J = 

10.7 Hz, 2H), 6.71 (t, J = 9.6 Hz, 1H), 3.39 (d, J = 4.2 Hz, 4H), 2.23 

(sep, J = 7.1 Hz, 2H), 0.98 (d, J = 6.6 Hz, 12H). 13C NMR (126 MHz, 

CDCl3) δ 156.73, 137.84, 121.84, 112.50, 50.83, 27.87, 20.93. 11B NMR 

(160 MHz, CDCl3) δ 5.26 (t, J = 31.6 Hz). 19F NMR (471 MHz, CDCl3) 

δ -137.11 (q, J = 31.7, 28.8 Hz). LCMS (ESI): Calculated for 

[C15H23BF2N2Na] 303.1817 [M+Na] found 303.1807. 

Complex 2r 

Complex 2r was prepared by using ligand 1r(200 mg, 0.91 mmol), 

BF3·OEt2 (1950 mg, 13.74 mmol) and NEt3 (1390 mg, 13.74 mmol)  

1H NMR (500 MHz, CDCl3) δ 7.32 (q, J = 9.9 Hz, 2H), 7.22 – 7.16 (m, 

1H), 6.82 (d, J = 11.0 Hz, 1H), 6.69 (t, J = 9.4 Hz, 1H), 4.14 – 4.02 (m, 

1H), 1.64 (s, 9H), 1.45 (d, J = 6.7 Hz, 6H). 13C NMR (126 MHz, CDCl3) 

δ 156.51, 156.07, 137.86, 136.64, 121.39, 115.37, 112.17, 54.46, 46.51, 

28.80, 20.90. 11B NMR (160 MHz, CDCl3) δ 5.83 (t, J = 35.6 Hz). 19F 

NMR (471 MHz, CDCl3) δ -120.44 (q, J = 71.3, 35.6 Hz). LCMS (ESI): 

Calculated for [C14H21BF2N2Na] 289.1661 [M+Na] found 289.1697. 

Yield: 80%. 

Complex 2s 

Complex 2s was prepared by using ligand 1s (150 mg, 0.42 mmol), 

BF3·OEt2 (904.32 mg, 6.40 mmol), and NEt3 (432.08 mg, 4.27 mmol)  
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1H NMR (500 MHz, CDCl3) δ 7.31 (t, J = 10.2 Hz, 4H), 7.12 (d, J = 

10.7 Hz, 2H), 6.82 (d, J = 10.9 Hz, 2H), 6.69 (t, J = 9.5 Hz, 2H), 4.10 (t, 

J = 6.9 Hz, 2H), 3.92 (s, 4H), 1.49 (d, J = 6.7 Hz, 12H).13C NMR (126 

MHz, CDCl3) δ 138.55, 137.99, 122.60, 113.03, 112.52, 46.51, 40.97, 

21.07. 11B NMR (160 MHz, CDCl3) δ 5.74 (t, J = 33.8 Hz). 19F NMR 

(471 MHz, CDCl3) δ -132.14 (dd, J = 67.0, 33.1 Hz). LCMS (ESI): 

Calculated for [C22H28B2F4N4Na] 469.2336 [M+Na] found 469. 2390. 

Yield: 65%. 

General procedure for boron cation synthesis (3o, 3p, and 3s) 

A mixture of ATI-BF2 complex and trimethylsilyl triflate (TMS-OTf) in 

CDCl3 was heated at 45 ℃ in a J-Young NMR tube for two hours. After 

that, all the volatiles were dried and washed with pentane. Finally, it was 

dissolved in CDCl3 and kept at room temperature to get yellow crystals.  

Complex 3o 

 Complex 3o was prepared by using 2o (66 mg, 0.13 mmol) and TMS-

OTf (31.11 mg, 0.14 mmol) in CDCl3  

1H NMR (500 MHz, CDCl3) δ 8.25 – 8.03 (m, 4H), 7.80 (tt, J = 9.2, 1.4 

Hz, 1H), 4.57 (sept, J = 7.1 Hz, 2H), 1.51 (d, J = 6.9 Hz, 12H). 13C NMR 

(126 MHz, CDCl3) δ 154.18, 140.99, 134.80, 128.49, 123.41, 47.62, 

21.21. 11B NMR (160 MHz, CDCl3) δ 24.64. 19F NMR (471 MHz, 

CDCl3) δ -78.33. LCMS (ESI): Calculated for [C13H20BN2O]+ 

231.1666 [M] found 231.1697. FT-IR Data (cm-1) O-H, 3249, (Aliph-

CH), 2960-2872, C=C 1580-1600, C=N 1270. 

Yield: 28% 

Complex 3p 

 Complex 3p was prepared by using 2p (20 mg, 0.07 mmol) and TMS-

OTf (15.55 mg, 0.07 mmol) in CDCl3 

1H NMR (400 MHz, CDCl3) δ 8.08 (d, J = 11.0 Hz, 1H), 7.98 – 7.82 

(m, 4H), 7.54 (t, J = 9.2 Hz, 1H), 1.72 (s, 18H). 13C NMR (126 MHz, 

CDCl3) δ 154.58, 141.00, 134.57, 123.44, 47.94, 21.46. 11B NMR (160 
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MHz, CDCl3) δ 24.50. 19F NMR (471 MHz, CDCl3) δ -78.32. LCMS 

(ESI): Calculated for [C15H24BN2O]+  259.1964 [M] found 259. 1964. 

FT-IR Data (cm-1) O-H, 3235, (Aliph-CH), 2960-2872, C=C 1580-

1600, C=N 1270. 

Yield: 20% 

Complex 3s 

Complex 3s was prepared by using complex 2s (18 mg, 0.04 mmol) and 

TMS-OTf (26.67 mg, 0.12 mmol) in CDCl3  

1H NMR (500 MHz, CDCl3) δ 8.33 – 8.10 (m, 4H), 7.93 (t, J = 9.4 Hz, 

1H), 7.76 (d, J = 10.2 Hz, 1H), 7.69 (t, J = 10.4 Hz, 1H), 7.58 (d, J = 

10.6 Hz, 1H), 7.29 (d, J = 10.9 Hz, 1H), 7.21 (t, J = 9.8 Hz, 1H), 4.68 

(sep, J = 6.8 Hz, 1H), 4.57 (s, 2H), 4.24 (sep, J = 6.7 Hz, 1H), 4.05 (s, 

2H), 1.73 (d, J = 6.9 Hz, 6H), 1.52 (d, J = 6.8 Hz, 6H). 11B NMR (160 

MHz, CDCl3) δ 17.26 (d, J = 2691.8 Hz). 19F NMR (471 MHz, CDCl3) 

δ -77.30. LCMS (ESI): Calculated for [C22H30B2N4O2Na]+ 427.2431 

[M+Na] found 427.2431. FT-IR Data (cm-1) O-H, 3240, (Aliph-CH), 

2960-2872, C=C 1580-1600, C=N 1270. 

Yield: 20% 
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Spectroscopic details of ligands and complexes 

 

 

Figure 4.12 1HNMR of ligand 1r. 

 

 

 

Figure 4.1313C{1H} NMR of ligand 1r. 
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Figure 4.14 High-resolution mass spectra of the ligand 1r. 

 

 

 

 

 

Figure 4.15 1HNMR of ligand 1s. 
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Figure 4.16 13C{1H} NMR of ligand 1s. 

 

 

 

 

Figure 4.17 High-resolution spectra of ligand 1s. 
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Figure 4.18 1H NMR of complex 2o. 

 

 

 

 

Figure 4.19 13C{1H} NMR of complex 2o. 
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Figure 4.20 11B NMR of complex 2o. 

 

Figure 4.21 19FNMR of complex 2o. 

 

Figure 4.22 Mass spectrum of complex 2o. 
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Figure 4.23 1H NMR of complex 2p. 

 

Figure 4.24 13C{1H} NMR of complex 2p. 
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Figure 4.25 11B NMR of complex 2p. 

 

 

 

 

Figure 4.26 19F NMR of complex 2p. 
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Figure 4.27 High-resolution spectra of complex 2p. 

 

 

 

 

Figure 4.28 1H NMR of complex 2q. 
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Figure 4.29 13C{1H} NMR of complex 2q. 

 

Figure 4.30 11B NMR of complex 2q. 

 

Figure 4.31 19F NMR of complex 2q. 
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Figure 4.32 High-resolution mass spectra of complex 2q. 

 

 

Figure 4.33 1H NMR of complex 2r. 
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Figure 4.34 13C{1H} NMR of complex 2r. 

 

 

Figure 4.35 11B NMR of complex 2r. 

 

Figure 4.36 19F NMR of complex 2r. 
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Figure 4.37 High-resolution mass spectra of complex 2r. 

 

Figure 4.38 1H NMR of complex 2s. 

 

Figure 4.39 13C{1H} NMR of complex 2s. 
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Figure 4.40 11B NMR of complex 2s. 

 

Figure 4.41 19F NMR of complex 2s. 

 

Figure 4.42 Mass spectrum of complex 2s. 
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Figure 4.431H NMR of complex 3o. 

 

Figure 4.44 13C{1H} NMR of complex 3o. 
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Figure 4.45 11B NMR of complex 3o. 

 

Figure 4.46 19F NMR of complex 3o. 

 

Figure 4.47 Mass spectrum of complex 3o. 
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Figure 4.48 1H NMR of complex 3p. 

 

Figure 4.49 13C{1H} NMR of complex 3p. 
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Figure 4.50 11B NMR of complex 3p. 

 

 

 

Figure 4.51 19F NMR of complex 3p.  
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Figure 4.52 High-resolution mass spectra of complex 3p.   

 

 

 

Figure 4.53 1H NMR of complex 3s. 
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Figure 4.54 11B NMR of complex 3s.  

 

 

 

 

Figure 4.55 19F NMR of complex 3s. 
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Figure 4.56 High-resolution mass spectra of complex 3s. 

 

Figure 4.57 Variable temperature NMR of complex 3s. 

Crystallographic Details 

The crystal data were collected on a SuperNova, Dual, Cu at home/near, 

Eos diffractometer. The crystal was kept at 293(2) K during data 

collection. Using Olex2 , the structure was solved with the SHELXT 

structure solution program using Intrinsic Phasing and refined with the 
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SHELXL refinement package using Least Squares minimization. The 

structures were solved by direct methods and refined by full-matrix least 

squares, based on F2, using SHELXL Crystal structures were refined 

using Olex2-1.0 software. All non-hydrogen atoms were refined 

anisotropically. [68-70] 

Table 4.4 Crystal data for Complex 2o, 2p, 2q, 2s, 3o, and 3s. 

Chemical 

Compound 

2o 2p 2q 2s 3o 3s 

Empirical formula C13H19BF2

N2 

C15H23BF2N

2 

C14H21BF2

N2 

C22H28B2F4N

4 

C14H20BF3N2

O4S 

C24H30B2F6N

4O8S2 

Formula weight 

(g·mol–1) 

252.11 280.16 266.14 446.1 380.19 702.26 

Temperature (K) 293 (2) 100.0(3) 293 (2) 293 (2) 100 100 

Radiation, λ (Å) Mo-Kα, 

0.71073 

Mo-Kα, 

0.71073 

Mo-Kα, 

0.7107 

Mo-Kα, 

0.71073 

Mo-Kα, 

0.7107 

Mo-Kα, 

0.7107 

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic 

Space group P21/n P21/n P21/c C2/c P21/c P21/c 

a (Å) 9.5921(4) 9.1264(3) 9.3405(5) 13.3386(5) 9.2942(2) 10.3086(4) 

b (Å) 12.0880(4) 10.1090(3) 16.8314(11

) 

13.1647 (5) 9.5311 (3) 17.8125(6) 

c (Å) 12.5853(5) 16.2580(5) 9.4240(5) 12.9062(5) 10.2050 (3) 16.8591(6) 

α (°) 90 90 90 90 85.267(2) 90 

β (°) 109.985(4) 96.589(3) 91.636(5) 92.361 (4) 84.014(2) 90.111(3) 

γ (°) 90 90 90 90 78.471(2) 90 

Volume (Å3) 1371.38(10

) 

1490.04(8) 1480.98 

(15) 

2264.39(15) 879.16 (4) 3095.69(19) 

Z 4 4 4 8 2 4 

Calculated density 

(g·m–3) 

1.221 1.249 1.194 1.309 1.436 1.507 

F(000) 536.0 600.0 636.0 936.0 396.0 1448.0 

Reflections 

collected 

15987 13212 23244 10429 23605 26904 

Independent 

reflections 

3335 3792 2898 2747 3090 6513 

Refinement 

method 

Full-matrix 

least-

squares on 

F2 

Full-matrix 

least-

squares on 

F2 

Full-matrix 

least-

squares on 

F2 

Full-matrix 

least-squares 

on F2 

Full-matrix 

least-squares 

on F2 

Full-matrix 

least-squares 

on F2 

Goodness-of-fit on 

F2 

1.067 1.079 1.054 1.374 1.028 1.073 

Rint 0.0372 0.0311 0.0567 0.0347 0.0309 0.0292 
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R indices (all data) R1 = 0.0509

, 

wR2 = 0.19

03 

R1 = 0.0380, 

wR2 = 

0.1004 

R1 = 0.061

3 

wR2 = 0.20

10 

R1 = 0.0721 

wR2 = 0.203

0 

R1 = 0.0410 

wR2 = 0.1117 

R1 = 0.0497 

wR2 = 0.137

7 

CCDC Number 2400926 2380077 2380076 2414316 2380341 2414328 
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5.1 Introduction 

N-heterocyclic carbenes (NHCs) a neutral carbon donor ligands and 

strong σ donors and weak π-acceptors. Later on, Ardungo and his co-

workers reported another class of N-heterocyclic carbene, which is 

known as cyclic alkyl amino carbenes (CAACs). These carbenes have 

strong σ donor properties and better π-accepting ability than the classical 

carbenes. CAACs and NHCs chemistry is well explored in stabilization, 

low-valent, and as well as cationic complexes of (semi)metals across the 

periodic table.   N-Heterocyclic olefins (NHOs), represent themself as 

comparatively young and emerging carbon-based donor ligand, and their 

characteristics and properties are similar to their well-known N-

heterocyclic carbene counterparts.[1-10]  N–N-Heterocyclic olefins 

(NHOs) can be defined as a class of simple molecules that possess an 

alkylidene moiety incorporated at the terminal position on a heterocyclic 

carbine scaffolding. [11,12] This architecture induced the polarization 

in the exocyclic C=C double bond and increased the nucleophilicity at 

the ylidic carbon atom. [13,14] The term NHO was coined in the 

chemical community in 2011, pioneering work started by Kunh and his 

co-workers since 1993, and they developed the general synthetic route 

for the carbon-based nucleophile ImMe4=CH2 (ImMe4 = MeCNMe)2C). 

[15] Beller and his co-workers synthesized sterically encumbered NHOs 

in situ and used those species for the isolation of cationic phosphine 

ligands such as [IPr-CH2-PR2 (I)] (IPr = (HCNDipp)2C; Dipp = 

iPr2C6H3; R = Cy, tBu, and Ph); the resulting complexes were active and 

recoverable catalysts for C-N, C-C, and C-C bond formation reactions. 

[16,17] 

 

Figure 5.1 Resonating structure of N-heterocyclic olefin. 
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N-heterocyclic olefins exhibited similar coordination patterns such as 

phosphenes and their counterparts, N-heterocyclic carbenes. N-

heterocyclic olefins are considered soft donor ligands compared to the 

NHCs because they have highly polarized exocyclic olefinic (C=C) 

double bonds, which receive the electron density from the nitrogen 

atoms present in the imidazole rings. NHO-based organo-catalysts are 

used in various catalytic transformations and effectively activate small 

molecules like CO2, CO, O2, N2O, and CS2. [18-21] Lu and co-workers 

have demonstrated a simple and practical procedure for synthesizing 

numerous NHO-CO2 adducts from known structures of N-heterocyclic 

olefins in good yields up to 87 %.  Due to this, NHOs might exhibit more 

affinity towards the metals that are present in low oxidation states, such 

as Ni(0), Pd(0), and group 14 elements present in the second oxidation 

state. [22-23] The electronic and steric properties are inherently tunable 

(procurable by either methylene carbon or in the ring) and might be 

utilized to advance both transition metal and main group element-based 

catalysis. Eric Reward and his co-workers reported the dihydride 

complex of group 14 elements in low oxidation states, GeH2 and SnH2 

stabilized by the NHO (IPrCH2=[(HCNDipp)2C=CH2]; Dipp = 2,6-

iPr2C6H3). [24] They tried to isolate the EH2 complexes ( E = Ge and 

Sn) with widely utilized phosphine donors, but they failed to isolate the 

dihydride complexes of Ge and Sn. This signifies that NHOs are 

superior ligands to the traditional donors. E. Revard and others have 

been potentially preparing the NHOs and utilizing them in the isolation 

of electron-deficient main group species and their application in the 

activation of small molecules and various organic transformation 

reactions.[25-27] 

In the recent couple of decades, electron-deficient species of main group 

elements, especially group 13 and 14, have been diligently considered 

as possible candidates for this role. The main issues hindering the 

practical use of the main group low valent species are not have more 

than one oxidation state, and they are unstable in low valent states. In 

this context, NHOs play a crucial role in the stabilization of low-valent 
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species across the periodic table. [28-30] Chiu and Ghadwal group 

explored the chemistry of boron dications supported by the NHOs 

[IPrCH2.H2B(miu-H)BH2.IPrCH2]+ and Cp*-substituted boron 

dications [IPrCH2.BCp*]2+.  By following a similar protocol, Eric 

Revard and his co-workers reported the first base-free germylene 

supported by the NHO ligands. They treated NHO.GeCl2 adduct with 

KC8 facilitates the sterically encumbered germylene. [21] 

 

Figure 5.2 Previously reported boroxilates and NHO-boranes. 

Although NHOs are strong donor ligands but their chemistry with boron 

derivatives is less explored in comparison to the NHC-borane 

counterparts.   NHC-borane, an adduct of N-heterocyclic carbenes and 

boranes, is a versatile reagent and catalyst in organic synthesis, acting 

as a hydrogen donor source, in photopolymerization, radical reactions, 

as a reducing agent, and as a source of surface ligands in nanoparticle 

chemistry. [32-34] In recent years, N-heterocyclic olefins, strongly 

polarized, nucleophilic alkenes, have found a new role in small molecule 

activation, including CO2 as organocatalysts, ligands for transition 

metals, as well as in main group elements. The most significant 

applications of NHOs are polymerization initiators or catalysts, either 

themselves or as frustrated Lewis pairs (FLPs), that are suited for the 

ring-opening polymerization (ROP) of worthwhile sourced lactones to 

yield biodegradable polyhydroxyalkanoates (PHAs). 

Herein, we successfully synthesized the NHO-borane complex and 

treated it with the various diacids such as oxalic, malonic, phthalic, and 

glutaric acids, facilitating NHO-boryl oxalates. Further, all NHO-boryl 
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oxalates were characterized by various spectroscopic techniques, along 

with high-resolution mass spectrometry (HRMS). Moreover, we explore 

the reactivity of the NHO-borane complex with nitrogen-based triflate 

reagents. The formation of substituted NHO-boryl triflate complexes  6t 

and 7t highlights the versatility of the NHO-borane scaffolds provide 

diverse functionalization routes for the synthesis of NHO-stabilized 

boron-based reagents. 

5.2 Results and Discussion  

5.2.1 Synthesis and characterization NHO-boryl-oxalates 

Boranes exhibit Lewis acidity, due to the electron deficiency of the B 

atom, which readily accepts electron pairs from the donors to form a 

Lewis acid−base adduct. Taking advantage of this inherent borane 

chemistry has been well exploited as a neutral Lewis acid and utilized 

in hydroboration reactions of alkenes and alkynes.  In 2008,  Curran and 

his co-workers reported the N-heterocyclic corbene (NHC)-borane 

adduct, a new class of radical hydrogen atom donor source for the 

synthesis of hydrocarbons from the xanthates. [36] Notably, the rate of 

radical hydrogen atom transfer observed in this study is significantly 

enhanced compared to the earlier findings reported by Robert and co-

workers involving amine-boranes and phosphine-boranes. NHC-borane 

adducts based reagents have witnessed tremendous development and 

reduced the various functional groups, such as carbonyls and amine 

derivatives.  NHC-boaranes are good precursors of boryl anion synthesis 

and are involved in various reactions leading to the formation of 

boracycles. Based on the previous reports, we conceptualized that NHOs 

are stronger σ donor ligands than the amines and phosphine ligands.  

Due to this, NHOs tend to transfer their electron density to the vacant 

orbital of the BH3 unit and make more hydridic in nature of B-H bond 

which may provide an alternative source of hydrogen donor for various 

applications. Furthermore, this reactivity may enable the formation of 

various boron-containing oxalate derivatives upon treatment with 

diacids. To achieve our goal, we synthesized the N-heterocyclic olefin 

(NHO) by following the previously reported protocols. N-heterocyclic 
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carbene (NHC) is treated with the (chloromethyl)trimethyl silane to give 

N-heterocyclic olefin and it is characterized by various spectroscopic 

techniques. In 1H NMR, a singlet signal appears at ( 2.5 ppm) for the 2H 

proton, which is attached to the exocyclic carbon, and also supported by 

the 13C NMR, a peak appears at (  30 ppm), which is consistent with the 

exocyclic carbon of the N-heterocyclic ring. Furthermore, NHO was 

treated with (BH3·SMe2) to facilitate the N-heterocyclic olefine borane 

conjugate. Further, it is characterized by the 1H, 13C NMR along with 

the heteronuclear NMR. In 1H NMR, a quartet signal for exocyclic -

CH2- proton appeared at (2H, 2.09 ppm) due to the presence of B atom 

(I = 3/2). In 11B NMR, a quartet signal is observed at (30.32 ppm), which 

indicates the tetra-coordinate nature of the boron center. 

 

Scheme 5.1 General procedure of NHO-boryl oxalate synthesis. 

For the synthesis of NHO boryl oxalate, we followed the well-stabilized 

NHCs-boryl oxalates procedures, diacids (oxalic, malonic, and phthalic 

acid) treated with NHO-borane adduct in acetonitrile and heated the 

reaction mixture at 80˚C for 3h, but we were unable to isolate 

analytically pure products or obtain the mixture of products. 

Further, we changed our synthetic approach after several unsuccessful 

attempts. Oxalic acid is treated with NHO-borane at room temperature 

overnight; surprisingly, the product is isolated with a good yield of 60%. 

NHO-boryl oxalate was characterized by 1H, 13C NMR, heteronuclear 

NMR, and high-resolution mass spectrometry. In 1H NMR, a doublet 

signal appeared at (2.5 ppm),  for the -CH2- unit olefin, which is 

comparatively downfield (̴0.30 ppm) than the NHO-borane.  In 13C 
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NMR, signals appeared slightly deshielded from the parent N-

heterocyclic olefin borane complex. 

Table 5.1 Reactivity comparison of NHO-Borane and NHC-borane with 

diacids. 

S.N.  Diacids  Room Temp.  80˚C 

 

Oxalic, 

malonic, 

glutaric  

Good Yield Not isolated 

 

Oxalic, 

malonic, 

glutaric  

Not isolated Good Yield 

 In the heteronuclear NMR 11B spectrum of isolated oxalate showed a 

doublet was observed at 2.2 ppm, for the tentatively attributed to the 

NHO-boryl oxalate 2t. In high-resolution mass spectrometry, the 

experimental value of the compound (mass) matches the calculated 

values of NHO-boryl oxalate of malonic acid. Curran and coworkers 

isolated several NHC-boryl ketones, and their 11B NMR chemical shifts 

are close to our findings. Furthermore, his group also synthesized NHC-

boryl oxalates of various acids (oxalic, malonic, glutaric, phthalic, and 

2-hydroxybenzoic acid), We found that the 11B chemical shift value of 

NHC-boryl is close to the Curran and coworkers’ observations. This 

result is key to ensuring that we get our desired oxalate compound 

formations. We try to grow crystals for single-crystal structure analysis, 

but our several attempts are unsuccessful due to sensitivity issues.  

The initial results of the modified synthetic protocol motivated us to test 

the reactivity of the NHO-borane adduct with various kinds of diacids 

having pKa values close to that of oxalic acid (malonic acid pKa = 2.83, 

phthalic acid pKa = 5.51). Treatment of complex 1t with diacids in a 

ratio of 1:1 in acetonitrile afforded the respective NHO-boryl oxalates 

in good yields. The 11B NMR of complexes (3t - 5t) exhibits resonance 

at 1.5 and 1.3 ppm, and this reflects a tetracoordinate environment 
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around the boron center.   In 11B NMR of complex 3t-5t t we observed 

that the signal appeared in a slightly shielded region in comparison to 

the five-membered NHO-boryl oxalate. This is due to the lower ring 

strain in the case of six-membered NHO-boryl oxalares.  

 

Scheme 5.2 General procedure for the synthesis of complexes 6t and 7t. 

NHC-boranes are weak bases like traditional adducts with ammonia 

boranes and phosphine boranes so NHC-boranes do not react with weak 

acids like acetic acid at room temperature or elevated temperature, so 

they appear to be a weaker base than borohydrides. Later on, Solovyev 

and Lindsay NHC-boranes react with strong acids having pKa values 

ranging from 1-2 to give the substituted products. These kinds of 

reactions are very crucial for making less reactive NHC-borane to more 

active NHC-borane reagents. NHC-borane gave the three different types 

of substituted products on treatment with the trifluoromethanesufonic 

acid. It is known that NHC-borane treated with trifluoromethanesulfonic 

acid in a ratio of (1:1, 1:2.5, and 1:5) facilitates the monotrifluoformate 

NHC-BH2(OTf), ditrifluoromethane-sulfonate NHC-BH(OTF)2, and 

tritrifluoromethane-sulfonate NHC-B(OTf)3, respectively. NHC-

boranes reacted with various halogenating reagents such as (NIS) 

Niodosuccinimide, (NBS) N-bromosuccinimide, bromine, and iodine, 

resulting products were mono- and trisubstituted NHC-boranes that 

were isolated.  Getting motivation from the previous acid-base type of 

reaction of NHC-boranes, we also tested the reactivity of NHO-borane 
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with strong acids, trifluoromethanesulfonamide, and triflic acid. We 

treated both acids with NHO-borane (1t) complex at room temperature 

in acetonitrile in the ratio of 1:1 afforded the NHO-borane complexes 6t 

and 7t, respectively. The reaction between NHO-borane, sulfonimide, 

and sulfonamide is very similar to its counterpart, NHC-borane acid-

base type reactions in terms of fundamental mechanism.  Complexes 6t 

and 7t are well characterized by 1HNMR and 13CNMR, along with 

heteronuclear NMR including 11B and 19FNMR. Respectively.  In the 

11B NMR spectrum, the disappearance of the (30 ppm) quartet signal 

and the appearance of new signals at 29.57 and 29.87 ppm indicated the 

formation of triflate-substituted NHO-boryl complexes 6t and 7t, 

respectively. The 11B chemical shift suggests the formation of a 

tricoordinated borane complex instead of a tetracoordinated boron 

complex. The tricoordinated environment around the boron atom is also 

supported by the 19FNMR. 19FNMR signals appear at 78.81 ppm and 

78.67 ppm, respectively, which indicates that the triflate groups are 

present as a counter anion. Previous studies support our findings. 

Notably, D. Lindsay and co-workers reported NHC-stabilized borenium 

cations, wherein the cationic boron center [37,38] was paired with a 

triflate counteranion; they found a chemical shift in 19F NMR of 78.9 

ppm, while in the case where triflate was bound covalently, it appeared 

at 76.68 ppm. Complexes 6t and 7t are highly air sensitive in 

comparison to the NHO-boryl oxalates. We attempted to obtain single 

crystals of all the synthesized NHO–borane complexes; however, 

repeated efforts were unsuccessful. Within three days, the solutions 

consistently transformed into a gel-like (jelly) material, preventing the 

nucleations.  

5.3 Conclusion 

In summary, we have successfully synthesized N-heterocyclic olefin 

borane adducts. Further, we treated the NHO-borane adduct with various 

diacids, leading to the formation of NHO-boryl oxalates with good 

yields at ambient temperature. All the boroxilates were characterized by 

the 1HNMR, 13CNMR, and heteronuclear NMR along with the high-
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resolution mass spectroscopy. Moreover, we tested the reactivity of 

NHO-borane with N-based triflates. Interestingly, they facilitate the 

mono-substituted NHO-boryl triflate complexes, and further, they are 

characterized by various spectroscopy techniques. The B–H bond 

enthalpy in NHO–borane adducts is lower than that in the corresponding 

amine- and phosphine–borane complexes, owing to the strong σ-

donating ability of NHOs. This enhanced σ-donation weakens the B–H 

bond, potentially making NHO–boryl oxalates promising candidates as 

hydrogen donor reagents 

5.4 Experimental Section 

General Methods 

The reactions were performed either under an atmosphere of argon using 

standard Schlenk techniques or in the open air. Chemicals were 

purchased from Spectrochem, Sigma-Aldrich, and TCI and used as 

received. All the solvents were purified by distillation using the 

appropriate drying agents, deoxygenated using three freeze–pump–thaw 

cycles, and stored over molecular sieves under dry argon before use. The 

deuterated solvents used for NMR spectroscopy were deoxygenated by 

freeze–pump–thaw cycles and stored under an argon atmosphere over 

molecular sieves. NMR chemical shifts are reported in ppm and 

coupling constants in Hz. 1H, 11B, 13C, and 19F NMR spectroscopy data 

were obtained at ambient temperature using a Bruker 500 NMR 

spectrometer (operating at 500 MHz for 1H, 126 MHz for 13C, 160 MHz 

for 11B and 471 MHz for 19F). 1H NMR spectra were referenced via 

residual proton resonances of CDCl3 (1H, 7.26 ppm) and 13C NMR 

spectra were referenced to CDCl3 (
13C, 77.16 ppm) and BF3·OEt2 used 

as an internal standard used for 11B. HRMS spectrum was obtained by 

Bruker micrOTOF-Q II Daltonik.  

Synthetic Details 

General Synthesis of N-heterocyclic olefin 

In a Schlenk tube, 1,3-bis(2,6-diisopropylphenyl)-1H-imidazol-3-ium-

2-ide (2 g, 3.86 mmol, 1 eq.)  dissolved in toluene was reacted with 
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trimethylsilyl methyl chloride (2.58 ml, 18.50 mmol, 4.79 eq.). After 

stirring for seven days, a minor residue formed, and the mixture was 

filtered through a Celite pad. The filtrate was then concentrated under a 

vacuum to afford the product. 

1H NMR (500 MHz, C6D6) δ 7.24 (dd, J = 8.5, 6.9 Hz, 2H), 7.17 (s, 

4H), 5.86 (s, 2H), 3.37 (hept, J = 6.9 Hz, 4H), 2.44 (s, 2H), 1.38 (d, J = 

6.9 Hz, 12H), 1.23 (d, J = 6.9 Hz, 12H). 13C  NMR (126 MHz, C6D6) δ 

149.01, 134.99, 129.34, 124.60, 114.71, 28.78, 24.36, 23.91. HRMS 

(ESI) calculated for [C28H38N2+H+] 524.4293 (C28H38N2, found 

524.4305. Yield: 66% 

General procedure for synthesis of NHO-borane adducts (1T) 

In a Schlenk tube, Borane dimethylsulfide (0.35ml, 3.6 mmol, 1.5 eq.) 

was added to a hexane solution of compound 2-methylene-2,3-dihydro-

1H-imidazole (1 g, 2.4 mmol, 1 eq.). The mixture was allowed to stir at 

room temperature for three hours. Upon completion of the reaction, the 

mixture was filtered through a filter cannula, resulting in a white solid  

1H NMR (500 MHz, C6D6) δ 7.22 (t, J = 7.8 Hz, 2H), 7.08 (d, J = 7.8 

Hz, 4H), 6.33 (s, 2H), 2.90 (hept, J = 6.8 Hz, 4H), 2.08 (q, J = 5.8 Hz, 

2H), 1.32 (d, J = 6.8 Hz, 12H), 0.99 (d, J = 6.9 Hz, 12H).  13C NMR δ 

165.04, 146.05, 131.09, 124.69, 120.92, 29.03, 25.89, 22.82. 11B NMR 

(160 MHz, C6D6) δ 1.55, -30.50 (dd, J = 80.0, 54.6 Hz). HRMS (ESI) 

calculated for [C28H41BN2-H
+] 415.3289(C28H41BN2-H

+) found 

415.328. Yield: 76% 

General procedure of NHO-boryl-oxalate synthesis 

The NHO·BH3 adduct (1 eq.) was dissolved in acetonitrile in a Schlenk 

tube, and diacids  (1eq.) were introduced under a continuous flow of 

argon gas, and the mixture was stirred for three hours under an argon 

atmosphere. After the reaction time, the mixture was allowed to cool to 

room temperature. The solvent was removed under reduced pressure, 

and the residue was washed with hexane, yielding the white solid 

product  
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Complex 2t (Oxalic acid) 

Complex 2t was prepared by using 1t (0.070 g, 0.16 mmol) and oxalic 

acid (0.015 g, 0.16 mmol) 

1H NMR (500 MHz, CDCl3) δ 7.83 (s, 2H), 7.52 (t, J = 7.8 Hz, 2H), 

7.29 (d, J = 7.8 Hz, 4H), 2.20 (hept, J = 7.7, 6.9 Hz, 4H), 2.01 (s, 3H), 

1.16 (d, J = 6.8 Hz, 12H), 1.09 (d, J = 6.9 Hz, 12H). 13C NMR (126 

MHz, CDCl3) δ 162.08, 159.02, 145.39, 145.13, 132.75, 129.12, 125.76, 

125.56, 29.30, 24.64, 23.50, 10.88. 11B NMR (160 MHz, CDCl3) δ 9.54, 

7.57, 5.19, 4.79. HRMS (ESI) calculated for [C30H39N2BO4+H+] 

503.3081 [C30H39N2BO4+H+] found: 503.3113. Yield: 60% 

Complex 3t (malonic acid) 

Complex 3t was prepared by using 1t (100 mg, 0.24 mmol) and malonic 

acid (0.025 g, 0.24 mmol)  

1H NMR (500 MHz, CDCl3) δ 8.13 – 8.04 (m, 2H), 7.68 – 7.58 (m, 2H), 

7.54 (q, J = 7.4, 6.9 Hz, 1H), 7.40 (d, J = 7.7 Hz, 4H), 2.30 (hept, J = 

7.2 Hz, 4H), 2.10 (d, J = 2.3 Hz, 3H), 1.27 (d, J = 6.7 Hz, 13H), 1.19 (d, 

J = 6.9 Hz, 12H). 13C{1H} NMR (126 MHz, CDCl3) δ 173.52, 144.82, 

132.47, 128.90, 125.74, 125.28, 125.26, 124.71, 38.29, 29.05, 24.36, 

23.21, 10.60. 11B{1H} NMR (160 MHz, CDCl3) δ 3.34 (d, J = 97.1 Hz).  

Complex 4t (phthalic acid) 

Complex 4t was prepared by using 1t (0.180 g, 0.43 mmol) and pathalic 

acid (0.070 g, 0.43 mmol)  

1H NMR (500 MHz, CDCl3) δ 8.26 (dt, J = 7.8, 3.9 Hz, 1H), 8.06 (s, 

1H), 7.78 (dd, J = 5.8, 3.4 Hz, 1H), 7.58 (t, J = 7.8 Hz, 1H), 7.50 (t, J = 

7.8 Hz, 1H), 7.45 (dd, J = 6.0, 3.4 Hz, 1H), 7.42 – 7.38 (m, 1H), 7.36 (d, 

J = 7.8 Hz, 2H), 7.29 (d, J = 7.9 Hz, 2H), 7.12 (s, 1H), 2.64 (hept, J = 

6.8 Hz, 2H), 2.28 (hept, J = 6.9 Hz, 2H), 1.98 (s, 2H), 1.23 (dd, J = 6.8, 

3.5 Hz, 12H), 1.15 (dd, J = 10.1, 6.9 Hz, 12H). 13C{1H} NMR (126 

MHz, CDCl3) δ 170.67, 170.61, 157.78, 145.83, 145.03, 133.84, 133.53, 

133.10, 132.71, 131.73, 131.06, 131.00, 130.86, 130.82, 130.77, 129.10, 

125.94, 125.49, 124.95, 122.45, 29.27, 28.92, 25.99, 24.56, 23.44, 

22.77, 10.84. 11B{1H} NMR (160 MHz, CDCl3) δ 2.12 (d, J = 31.8 Hz). 
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Complex 5t (glutaric acid) 

Complex 5t was prepared by using 1t (0.100 g, 0.24 mmol) and glutaric 

acid (0.032 g, 0.24 mmol) 

1H NMR (500 MHz, CDCl3) δ 7.97 (s, 2H), 7.60 (t, J = 7.8 Hz, 2H), 

7.42 – 7.33 (m, 4H), 4.64 – 3.99 (m, 3H), 2.34 – 2.21 (m, 4H), 1.99 (s, 

2H), 1.25 (d, J = 6.7 Hz, 12H), 1.16 (d, J = 6.9 Hz, 13H). 13C{1H} NMR 

(126 MHz, CDCl3) δ 177.99, 145.64, 145.10, 132.72, 129.22, 126.22, 

125.53, 124.79, 35.57, 29.32, 25.83, 25.79, 25.69, 24.62, 23.51, 21.62. 

11B NMR (160 MHz, CDCl3) δ 1.31. 

General procedure for NHO-boryl synthesis (6t and 7t) 

The NHO–borane complex was subjected to evacuation under high 

vacuum for 30 minutes to ensure the removal of residual volatiles and 

moisture. Subsequently, anhydrous acetonitrile was added to the flask 

under an inert atmosphere, and the resulting solution was stirred briefly 

to ensure complete dissolution. Nitrogen-based triflate reagents were 

then introduced dropwise at room temperature, and the reaction mixture 

was stirred continuously for an additional 3 hours. Upon completion of 

the reaction, all volatiles were removed under reduced pressure. The 

resulting residue was washed with hexane to afford the desired 

substituted NHO–boryl complex as an off-white solid. 

Complex 6t 

1H NMR (500 MHz, CDCl3) δ 8.89 (s, 1H), 7.56 (dt, J = 26.8, 7.7 Hz, 

2H), 7.34 (dd, J = 20.7, 7.9 Hz, 4H), 7.20 (s, 1H), 2.41 (p, J = 6.8 Hz, 

3H), 2.21 (p, J = 6.8 Hz, 1H), 2.06 (s, 2H), 1.21 (t, J = 6.9 Hz, 12H), 

1.13 (dd, J = 21.1, 6.9 Hz, 12H). 11B NMR (160 MHz, CDCl3) δ 

29.54.19F NMR (471 MHz, CDCl3) δ -78.67. Yield: 65% 

Complex 7t 

1H NMR (500 MHz, CDCl3) δ 7.59 (t, J = 7.8 Hz, 2H), 7.38 (d, J = 7.9 

Hz, 4H), 7.23 (s, 2H), 2.50 – 2.39 (m, 4H), 2.15 (s, 2H), 1.27 (d, J = 6.7 
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Hz, 12H), 1.16 (d, J = 6.8 Hz, 12H). 11B NMR (160 MHz, CDCl3) δ 

29.16. 19F NMR (471 MHz, CDCl3) δ -78.81. 

Spectroscopic details of Ligands and Complexes 

 

Figure 5.3 1HNMR of NHO. 

 

Figure 5.4 13C{1H}NMR of NHO. 
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Figure 5.5 1HNMR of 1t. 

 

Figure 5.6 13C{1H}NMR of 1t. 

 

Figure 5.7 11BNMR of 1t. 
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Figure 5.8 1HNMR of 2t. 

 

Figure 5.9 13C{1H}NMR of 2t. 

 

Figure 5.10 11BNMR of 2t. 
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Figure 5.11 High-resolution spectra of 2t. 

 

Figure 5.12 1HNMR of 3t. 

 

Figure 5.13 13C{1H}NMR of 3t. 
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Figure 5.14 11BNMR of 3t. 

 

Figure 5.15 High-resolution mass spectra of 3t. 

 

Figure 5.16 1HNMR spectra of 4t. 
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Figure 5.17 13C{1H}NMR of 4t. 

 

Figure 5.18 11BNMR of 4t. 

 

Figure 5.19 High-resolution mass spectra of 4t. 



 

280 

 

 

Figure 5.20 1HNMR of 5t. 

 

Figure 5.21 13C{1H}NMR of 5t. 

 

Figure 5.22 11BNMR of 5t. 
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Figure 5.23 High-resolution mass spectra of 5t. 

 

Figure 5.24 1HNMR of 6t. 

 

Figure 5.25 11BNMR of 6t. 
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Figure 5.26 19FNMR of 6t. 

 

Figure 5.27 1HNMR of 7t. 

 

Figure 5.28 11BNMR of 7t. 
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Figure 5.29 19FNMR of 7t. 
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Conclusions  

This work provides a comprehensive exploration of N, O, and N, N-

based mono and bi-nuclear borane complexes, offering significant 

variation in their photophysical and stimuli-responsive behaviour. It 

presents innovative and highly efficient synthetic methodologies to 

prepare bi-nuclear Schiff bases and aminotroponiminate ligands in good 

to excellent yields, which serve as versatile scaffolds for the stabilization 

of reactive main-group metal centers. A series of mono and binuclear 

boron complexes derived from these ligands has been successfully 

synthesized and thoroughly characterized, showcasing their structural 

diversity and stability. 

Further, we investigate the reactivity of mono and bi-nuclear boron 

complexes with fluoride-abstracting reagents. Interestingly, six-

membered N, O chelated borane complexes were inactive towards 

fluoride abstracting reagents, while N, N chelated borane complexes 

facilitate the tricoordinated borenium cations. Notably, mono-nuclear 

aminotroponiminate-based BF2 boranes facilitated the mono-nuclear 

borenium cations, bi-nuclear aminotroponiminate borane facilitates the 

novel oxy-bridged bore(boro)nium cation in a seven-membered ring 

scaffold. Moreover, 2-aminotropone was treated with boron trifluoride 

(BF₃) led to the formation of a neutral boron complex, whereas its 

reaction with boron tribromide (BBr₃) resulted in the generation of a 

boronium cation, highlighting the influence of the halide on the nature 

of the boron-containing species. In conclusion, N, N chelated boranes 

facilitate the tricoordinate boron cations, while N, O facilitates the 

boronium cations, highlighting the decisive role of ligand’s steric aspect 

in the isolation of boron cations. In addition, we synthesised NHO-

borane adducts and investigated their reactivity with diacids and 

triflates.  Collectively, this work not only establishes a foundation for 

photoluminescent boron compounds and/or Lewis acidic boron cations, 

but it also provides a scope of their broad utility in catalysis and 

materials science.  
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Future research directions 

BF2-chelated dyes represent a promising class of functional materials 

owing to their remarkable photophysical properties, including high 

molar absorptivity, tunable fluorescence emission, large Stokes shifts, 

and notable thermal and chemical stability. The present documents 

reveal that the N, N and N, O donor ATIs ligands are versatile ligands 

and hold a broad range of chemistry with the boron. So our main focus 

is on modifying the ATIs ligands in terms of steric and electronic 

properties by changing the spacers and N-(alkyly) arylated substituents 

in bis and tris(aminotroponiminate) ligands, with their extended 

conjugation and tunable electronic properties (fluorescence quantum 

yields, shifting in emission blue to green with large Stokes shifts), are 

expected to influence by the geometry and electronic environment of 

boron complexes. By fine-tuning these ligand architectures, we aim to 

achieve greater control over metal–ligand interactions, ultimately 

leading to improved reactivity for the isolation of trinuclear boron 

cations.  

Beyond photophysical properties, the synthesis of BF2 complexes and 

the novel (borenium) cation highlights the promising potential of these 

ligand systems in main-group Lewis acid chemistry. A key area of future 

research will focus on expanding this by synthesizing (oxoborane) 

species from the (borenium) cation. These cationic species offer exciting 

opportunities for cooperative catalysis, where the metal center and boron 

fragments work in concert to activate small molecules such as CO₂ and 

H₂. Their unique electronic properties hold the potential to enable novel 

bond activation processes, providing a pathway for innovative and 

sustainable chemical transformations. 

Overall, the continued development of tris(aminotroponiminate) and 

bis(aminotroponiminate) ligands, along with their corresponding metal 

complexes, will play a crucial role in advancing main-group catalysis. 

By systematically tuning ligand properties, we can unlock new reactivity 
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patterns and design highly efficient catalytic systems, further expanding 

the frontiers of main-group chemistry. 

 




