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“By believing passionately in something that still does not exist, we create it. The nonexistent 

is whatever we have not sufficiently desired.” 

― Franz Kafka 
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Abbreviations and Symbols 

UV/Vis                         Ultravoilet/visible 

IR                                  Infrared 

Ar                                  Argon 

Ne                                 Neon 

Kr                                  Krypton 

Xe                                  Xenon 

FVP                               Flash vacuum pyrolysis 

EPR                               Electron paramagnetic resonance 

ISC                                 Intersystem crossing 

PES                                Potential energy surface 

PAL                               Photoaffinity labeling. 

cat                                 catecholato 

pin                                 pinacholato  

NIPES                            Negative ion photoelectron spectroscopy          

OG                                 Orange glass    

sccm                              Standard cubic centimeters per minute 

CASSCF                         Complete active space self-consistent field  

HF                                  Hartree-Fock 

MRPT                            Multireference perturbation 

NEVPT2                        N-electron valence state perturbation 

CC                                 Coupled cluster 

MECP                           Minimum energy crossing point 

CI                                  Conical intersection 

FIC                                 Full internally contracted 

TS                                  Transition state 
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Abstract 

Matrix isolation studies of the reactivity of a donor stabilized borylnitrene, 2-nitreno-1,3,2-

benzodioxaborole (catBN; cat = catecholato), with reactants such as dioxygen (O2), carbon 

dioxide (CO2), ethene (C2H4), etc. were carried out which comprised of exploring the 

mechanistic aspects and product identification. The computational data obtained using 

density functional theory (DFT) and ab-initio methods corroborated the experimental results. 

 The matrix isolation studies of the thermal reaction of catBN with O2 resulted in the 

formation of two products: an anti-nitroso-O-oxide and a nitritoborane catBONO at 

temperatures as low as 7 K. In the next step, the irradiation with  = 254 nm resulted in the 

conversion of previously formed anti-nitroso-O-oxide to catBONO. Computational studies 

were performed at a high level of theory to explain the experimental observation.  

On the other hand, the photoreaction ( > 550 nm) of matrix isolated catBN with CO2 

resulted in a 1,2-oxaziridin-3-one derivative, catBNCO2. The computational and heavy isotope 

studies using the heavy isotopologues of CO2 showed that the CO vibrational mode is 

unusually shifted in 18O and 13C isotopologues of catBNO2 due to its involvement in Fermi 

resonance with ring deformation vibrational mode. 

 In a separate computational study, the high photoreactivity of catBN with closed-shell 

molecules upon  > 550 nm irradiation was explained. The study showed that upon 

photoirradiation with  > 550 nm, catBN relaxes to the lowest singlet electronic state. The 

lowest singlet electronic state is highly electrophilic, and therefore, evidence is provided by 

this study that explains the high photoreactivity of catBN. Furthermore, the reaction of 
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borylnitrene catBN with ethene C2H4 was investigated under matrix isolation conditions both 

thermally and photochemically. In the thermal reaction (T = 35 K), the products of the reaction 

were assigned as aziridine and syn isomers of imine. Meanwhile, both the syn and anti isomers 

of imine were identified in the photoreaction in addition to aziridine. 
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Zusammenfassung 

Es wurden Studien zur Reaktivität eines donorstabilisierten Borylnitrens, 2-Nitreno-1,3,2-

benzodioxaborol (catBN; cat = catecholato), mittels Matrixisolation mit Reaktanten wie 

molekularem Sauerstoff (O2), Kohlendioxid (CO2), Ethen (C2H4) usw. durchgeführt, die die 

Erforschung mechanistischer Aspekte sowie die Produktidentifizierung umfassten. 

Computerchemische Berechnungen mit Dichtefunktionaltheorie- (DFT) und ab-initio-

Methoden wurden zum besseren Verständnis der experimentellen Ergebnisse zu Hilfe 

genommen. 

 Die Untersuchungen der Reaktion von catBN mit O2 unter den Bedingungen der 

Matrixisolation ergaben die Bildung von zwei Produkten: ein anti-Nitroso-O-oxid und ein 

Nitritoboran, catBONO, bei Temperaturen von nur 7 K in Neon. Im nächsten Schritt führte die 

Bestrahlung mit  = 254 nm zur Umwandlung des zuvor gebildeten anti-Nitroso-O-oxids in 

catBONO. Um die experimentellen Beobachtungen weiter zu erklären, wurden 

computerchemische Untersuchungen auf hohem theoretischen Niveau durchgeführt. 

 Die Photoreaktion ( > 550 nm) von matrixisoliertem catBN mit CO2 führte zu einem 

1,2-Oxaziridin-3-on-Derivat, catBNCO2. Die computerchemischen und 

Isotopensubstitutionsstudien unter Verwendung der schweren CO2-Isotopologe zeigten, dass 

die CO-Schwingungsfrequenz in den 18O- und 13C-Isotopologen von catBNO2 aufgrund von 

Fermi-Resonanz mit einer Ringdeformationsschwingung ungewöhnlich verschoben ist. 

 In einer separaten Computerchemiestudie wurde die hohe Photoreaktivität von catBN 

mit geschlossenschaligen Molekülen bei einer Bestrahlung mit  > 550 nm aufgeklärt. Die 

Studie zeigte, dass catBN bei einer Bestrahlung mit  > 550 nm in den niedrigsten 
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elektronischen Singulett-Zustand relaxiert. Die Zusatnd ist hoch elektrophil, was die hohe 

Photoreaktivität von catBN letztlich erklären kann. Außerdem wurde die Reaktion von 

Borylnitren catBN mit Ethen C2H4 unter Bedingungen der Matrixisolierung sowohl thermisch 

als auch photochemisch untersucht. Bei der thermischen Reaktion (T = 35 K) wurden die 

Reaktionsprodukte als Aziridin und syn-Isomere eines Imins identifiziert. Bei der 

photochemischen Reaktion wurden neben dem Aziridin auch die syn- und anti-Isomere des 

Imins identifiziert. 
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1  Introduction 

1.1 Nitrenes: A General Overview 

Reactive intermediates are short-lived chemical species whose involvement in many chemical 

reactions is well understood. In a multistep chemical reaction, reactive intermediates are 

formed and converted to other reactive intermediates or the final product.[1] Examples of 

some of the well-studied reactive intermediates are radicals, ions, arynes, carbenes, nitrenes, 

etc.[1-6] Out of these reactive intermediates, nitrenes are highly important for introducing a 

nitrogen atom into a chemical moiety. A nitrene is a monovalent and sp hybridized nitrogen 

atom containing a reactive intermediate as it exhibits only a sextet of electrons on the 

nitrogen atom and not a full octet.[1, 7] The nitrogen center displays three non-bonding 

orbitals: two unhybridized orbitals, py and px, and one sp hybridized orbital represented as nLP 

(Figure 1a).[1] The chemical behavior of nitrenes can be understood in terms of the distribution 

of four electrons over the three non-bonding orbitals. The orbital px is usually referred to as 

p because it is perpendicular to the plane of the nitrene, and the in-plane py is referred to as 

p. The four electrons are then filled in different ways into these non-bonding orbitals, which 

leads to four different types of electronic configurations (Figure 1c) exhibiting overall triplet 

or singlet spin multiplicities.[8] Due to the high s character of sp hybridized orbital nLP, it is 

lower in energy than p and p and remains doubly occupied in these electronic 

configurations.[8] These electronic configurations account for the chemically relevant lower 

electronic states in nitrenes. Depending on the electronic configuration of a specific state, the 

reactivity of nitrene changes.[8]  

In the simplest case of a nitrene, called imidogen 1 (HN), the high molecular symmetry 

leads to degenerate, unhybridized py and px orbitals.[1] 
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Figure 1. a) Frontier non-bonding orbitals in a nitrene. b) Lifting of degeneracy between the p 

orbitals because of substituting the H atom with other substituents. c) Different electronic 

configurations of nitrene that are responsible for lower electronic states. 

This degeneracy is lifted once the H atom gets replaced with electron donating substituents 

like -CH3, -NH2, -OCH3, etc., by stabilizing or destabilizing the px orbital through the interaction 

with electron-filled donor orbitals (Figure 1b). The degeneracy can also be affected by the 

discriminatory interactions with in-plane py orbitals, e.g., in acylnitrenes.[9] The magnitude of 

the energy gap Epx-py between the px and py orbitals in a nitrene is a function of the electron-

donating power of the substituent (-R group) attached to the nitrogen atom as indicated in 

Figure 2 (R1 < R2 < R3). Epx-py, in turn, affects the singlet-triplet energy splitting ES-T (ES -ET) 

and, hence, the reactivity of a nitrene. Another determining factor for the relative energy 

ordering of singlet and triplet states is the magnitude of exchange energy Eex in the triplet 

state. A higher Eex than the Epx-py leads to a triplet ground state and a positive ES-T, and a 

lower Eex than the Epx-py leads to the singlet being the ground state and a negative ES-T 

(Figure 2).[8] Similarly, the lifting of degeneracy between px and py by different substituents 
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can explain the relative energetic ordering within different types of singlet states (Figure 1b). 

In the case of small energy splitting between px and py, the pair of electrons prefer to minimize 

the Coulomb repulsion between each other with a slight energetic penalty by promoting one 

of the electrons into the higher energy p orbital. This results in the singlet state having the 

lowest energy with an electronic configuration of type ii (Figure 1c). In the high energy 

splitting case, the energetic penalty of promoting one of the electrons into a higher energy p 

orbital is prohibitively high compared to the energetic stabilization gained by reducing the 

Coulomb repulsion. In this case, electronic configurations of type iii or iv (Figure 1c) are 

preferred and, therefore, present in the lowest singlet state in a nitrene.[8]  

 

Figure 2. The interplay between energy splitting, Epx-py, between px and py orbitals, and 

exchange energy Eex determining the ground state multiplicity of a nitrene.[8] 

The history of nitrenes dates back to 1891 when Tiemann first proposed them as a 

reactive intermediate in the Lossen rearrangement reaction.[10] One of the earliest and 

simplest studied nitrenes, HN 1, was first proposed as a reactive intermediate by Beckman 

and Dickinson. In their study, they used the hydrazoic acid HN3 2 as a precursor that would 

release 1 upon high energy UV light irradiation (Scheme 1, eq. 1). They concluded that 27 % 
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of the photodecomposition products of 2 correspond to dihydrogen H2 and dinitrogen N2, 

while ammonia (NH3) accounts for the remainder.[11] Until this point, there was no 

experimental evidence for the direct detection of nitrene 1, which was observed for the first 

time in 1936 using UV-VIS spectroscopy targeting a strong absorption at 336 nm.[12] HN 1 was 

also formed during ammonia pyrolysis at very high temperatures exceeding 2000 oC (Scheme 

1, eq. 2). Later, in 1960, under very low temperature conditions (4.2 K), Keyser isolated 2 in 

frozen xenon and krypton and formed 1 photochemically, which could be analyzed using UV-

VIS spectroscopy (Scheme 1, eq. 3). Furthermore, their experimental finding also concluded 

the formation of NH2 radical 4 as a minor product in the photoreaction.[13] 

 

Scheme 1. Early studies of imidogen 1 (HN) under different reaction conditions and using 

different precursors. 

1.2 Typical Reactions of Nitrenes and Different Methods of Generation 

The neutral monovalent nitrogen-centered reactive intermediates, namely nitrenes, are 

frequently used species to introduce nitrogen containing functional groups into a stable 

molecule. Because of high electron deficiency, nitrenes react ferociously by intermolecular 

insertion, even into very strong bonds (Scheme 2). One of the well-known reactions of 

nitrenes correspond to the addition to the unsaturated bonds to form aziridine 5[14-16] and the 

insertion into the stable C(sp3)−H bond of a molecule that results in amine 6.[16-20] Furthermore, 

the insertion reactions into the strong O−H bond of alcohol and the N−H bond of an amine to 
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the form products 7 and 8, respectively, were also reported. In the case of O−H bond 

insertions, nitrenes such as alkoxycarbonylnitrene 14 and sulfonylnitrene 17, when generated 

photochemically or thermally from the corresponding azides 13 and 16, respectively, have 

shown considerable reactivity.[21] p-Cyanophenylazide 19 photochemically forms a nitrene 20 

that inserts into the N−H bond of dimethylamine to form 21; this reaction pathway is 

preferred only for a particular wavelength of light used to generate the nitrene.[22]   

 

Scheme 2. a) General reactions of nitrenes. b) Examples of nitrene insertion into the O−H 

bond of alcohol and the N−H bond of amine. 

Regarding the triplet state reactivity of nitrenes, the reaction with dioxygen (O2) is 

widely studied with different nitrenes. The nature of the final product (9a or 9b) formed in 

this reaction strongly depends on the type of nitrene employed. For instance, phenylnitrenes 
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give the nitro product as the thermodynamic product, and borylnitrenes are known to form 

the nitrito product (Section 1.7.1 for details).[23-26] Also, depending on the substituent 

attached to the nitrene, intramolecular rearrangements can be highly competitive with the 

often-desired intermolecular reactivity. In this regard, some of the well-known reactions are: 

1) Intramolecular C−H bond insertion to form cyclic amines 10;[27] 2) 1,2-shift of an alkyl group 

or H atom that forms imines 11; and [27, 28] 3) Ring expansion reactions in phenylnitrenes that 

result in the formation of ketenimine products 12.[29] Moreover, there are several methods 

to characterize and study the reactivity of nitrenes using different precursors used to produce 

them.  

Studies related to nitrenes mainly constitute: 1) Kinetically trapping nitrenes under 

cryogenic conditions using inert gas matrices and their characterization using spectroscopic 

methods, e.g., the matrix isolation technique; 2) time-resolved spectroscopy; and 3) the 

trapping of nitrenes with a suitable scavenger in the solution. Several precursors to nitrenes 

have been used to characterize and study their reactivity using these techniques. Scheme 3 

illustrates some of these precursors, such as azides,[9, 29-32] isocyanates,[33, 34] 

alkanamidates,[35, 36] and sulfinilimines.[37] Organic azides are primarily used as precursors for 

the generation of nitrenes. In matrix isolation studies, these precursors are co-deposited with 

the inert matrix host (e.g., Ar, N2, etc.) on a cold window, and the deposited mixture is 

photolyzed to give the corresponding nitrenes.[9, 23, 38, 39] These precursors are known to yield 

nitrene upon flash vacuum pyrolysis (FVP), which can then be trapped by co-deposition with 

the matrix host on the cold window.[26] The nitrenes produced in these ways are characterized 

by different spectroscopic methods, e.g., UV-VIS, infrared (IR), electron paramagnetic 

resonance (EPR) spectroscopies, etc. In addition, time-resolved spectroscopy combined with 
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UV-VIS detection plays an instrumental role in deciphering the reactivity of nitrenes and their 

characterization. In this technique, the precursor of the nitrene is photoexcited, and then, a 

change in the absorption wavelength is monitored using a pulsed laser as time evolves. 

Different absorption patterns at different points indicate the precursor's temporal evolution 

in different excited states and, eventually, the formation of nitrene and other products.[9, 30, 

32, 40] 

 

Scheme 3. Various known precursors for the generation of nitrenes. 

In the solution phase, nitrenes are generated by photolyzing a suitable azide precursor 

dissolved in a hydrocarbon solvent (e.g., cyclohexane, cyclohexene, etc.). These nitrenes are 

then trapped by reaction with the hydrocarbon solvents, resulting in C−H insertion products 

or aziridines in the case of unsaturated hydrocarbon solvents.[14, 17, 20, 41, 42] Depending on the 

substituent attached to the nitrene center, there are alternative reaction channels that 

compete with the intermolecular trapping reactions. For example, the photodecomposition 

of phenylazide in solution results in the formation of polymeric tars despite the presence of 

trapping reagents.[29] In contrast, fluorinated phenylazide results in an efficient C−H insertion 

in the presence of a scavenger.[18, 43] Also, sulfonylazides,[44] carbonylazides,[45] and 

phosphorylazides[46] show similar reactivity and are known for their intermolecular trapping 

reactions.     
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Scheme 4. Transition metal mediated enantioselective nitene transfer reactions. 

Using transition metal complexes as nitrene surrogates and utilizing them for C−H 

bond amination and unsaturated C=C bond aziridination is also one of the critical aspects of 

nitrene from a synthetic chemist’s point of view.[47] This kind of nitrene transfer reaction dates 

back to the work of Groves and Takahashi, where they used a manganese-nitrene complex 

for the aziridination of an olefin.[48] Later on, a similar idea was used for C−H bond amination 

as well by Breslow, where he used a different nitrene precursor [N-(p-

toluenesulfonyl)imino]phenyliodinane (TsN=IPh) together with iron and manganese TPP  

(tetraphenylporphyrin) complexes.[49]  Furthermore, Jacobsen et al. demonstrated the high 

tendency of these transition metal nitrene complexes to react enantioselectively when a 

chiral ligand is employed.[50] They reported an enantioselective aziridination of several 

alkenes using a copper-based catalyst and TsN=IPh as a nitrene source. In the case of 6-cyano-

2,2-dimethylchromene, the enantioselective aziridination of 22 with a high enantiomeric 

excess of >98 % was obtained (Scheme 4a). Similarly, enantioselective C−H bond amination 

was also attempted using a transition metal-based surrogate. The first of such reactions was 
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reported by Müller using a combination of ArSO2N=IPh and a di-rhodium(II) complex.[51] The 

C−H insertion of indan 24 resulted in enantioselective amination with an enantiomeric excess 

of 31 % (Scheme 4b). Efforts to improve the enantioselectivity were made after that by using 

different types of coordinating groups to the rhodium(II) metal center, e.g.,  Rh2(TCPTAD)4 

[TCPTAD =N-tetrachlorophthaloyl-(1-adamantyl)glycinate] was able to give an excellent 

enantioselectivity for the C−H amination reaction.[52]  

1.3 Comparison Between the Reactivity of Carbenes and Nitrenes 

Nitrenes are usually considered as the nitrogen analogs of carbenes due to their comparable 

electronic properties.[53] Consequently, a comparison between the two types of reactive 

intermediates is often provided in the literature.[53-57] In the case of reactivity, carbenes and 

nitrenes differ significantly even though they differ only in terms of replacing a lone pair with 

a C−R bond (such as in HN and H2C or comparably substituted carbenes and nitrenes ). [55, 58] 

As an example, the reaction rate of triplet phenylnitrene with dioxygen is much lower than 

that of triplet phenylcarbene. The initial interaction of carbenes and nitrenes with O2 gives 

carbonyl O-oxides 27 and nitroso-O-oxide 29, respectively, as shown in Scheme 5a.[59]  A study 

by Sander has shown that, even under cryogenic conditions, the rate of the reaction of 

phenylcarbenes with O2 can approach the limit of diffusion control.[59] In contrast, the rate for 

the reaction of p-substituted phenylnitrenes and O2 amounts to only 10−6 L mol−1 s−1 in 

solvents such as toluene and hexane.[60] A detailed computational study by Borden et al. has 

explained the lower reactivity of triplet nitrenes compared to that of carbenes using the 

thermodynamical argument.[57] For comparison, the study was carried out on isoelectronic 

carbene 31 and nitrene 31. According to the study, the enthalpy of triplet 32 is lower than 

that of triplet  31 by 25−26 kcal mol−1, which reflects the relatively lower bond dissociation 
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energies (BDE) of 30 than 33. Separately calculated difference of BDEs of N−H and C−H bonds 

for 30 and 33, repectrively(Scheme 5b) came out to be around 20 kcal mol−1, which 

qualitatively matches their relative enthalpies. The enthalpy calculations and BDE calculations 

point towards a higher thermodynamical stability of triplet 32 compared to triplet 31 and, 

therefore, an opposite trend in the triplet state reactivity.  

 

Scheme 5. a) Comparison of triplet state reactivity of carbenes and nitrenes. b) Equation to 

calculate the relative BDEs of 30 and 33. 

Another point of contrast between phenylcarbenes and phenylnitrenes is their singlet 

state reactivity. In solution, both phenylcarbenes and phenylnitrenes are produced 

photochemically from their precursors, which usually correspond to diazo derivatives and 

azides, respectively (Scheme 6). This photochemical extrusion of dinitrogen from the 

precursors 34 and 39 results in the lowest singlet state of phenylcarbene (𝑎̃1A’) 35 and 

phenylnitrene (𝑎̃1A2) 32, respectively. So formed phenylcarbene 35 and its derivatives are 

known to be efficiently trapped by various trapping agents, such as alcohols, alkanes, etc., 

and hence, relevant from an organic synthesis point of view.[61, 62] A high kinetic barrier for 

the ring expansion of 35 in the 𝑎̃1A’ electronic state to form 1,2,4,6-cycloheptatetraene 37 
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makes this step possible only in the gas phase, which results from the inability of 

phenylcarbene to dissipate its vibrational excess energy.[56]  On the contrary, the singlet state 

(𝑎̃1A2) of phenylnitrene 32 yields polymeric tars in solution, which result from the 

polymerization of an intramolecularly rearranged ketenimine 1-aza-1,2,4,6-

cycloheptatetraene 41.[29, 63] In the presence of trapping reagents, such as diethylamine, 41 

can be trapped, forming an azepine derivative 42 (Scheme 6).[64] At low temperatures, 

rearrangement reactions are frozen out, and the intersystem crossing (ISC) step becomes 

favorable, resulting in the formation of triplet phenylnitrene 𝑋̃3A2-32.[29] 

 

Scheme 6.  A comparison of the reactivity of phenylcarbenes 35 and phenylnitrene 32.  
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1.4 Applications of Nitrenes  

Regarding the application of nitrenes, these highly reactive species have been exploited in 

diverse fields of chemistry in different ways and for different purposes. Physical organic 

chemists tend to explore the structure-property relationship of these species, which is further 

used in synthetic organic chemistry to introduce the nitrogen atom into a stable molecule.[65] 

On the other hand, nitrenes find their application in chemical biology and drug discovery, 

where they are used as photoprobes for photoaffinity labeling (PAL). In this technique, the 

photoprobe containing an azide moiety (e.g., polyfluorinated arylazides) is prone to bind 

covalently to the target biomolecule (a protein molecule, usually) upon photoirradiation via 

nitrene formation. In this way, the technique can help in identifying a new binding site for 

proteins, providing structural information, identifying conformational changes, and others.[66, 

67] Azides, precursors to nitrenes, are used as photoresists in the fabrication of semiconductor 

circuits in photolithography processes.[68] Furthermore, nitrenes (oxycarbonyl nitrenes) are 

also used to functionalize carbon nanotubes and fullerenes.[69, 70] In recent times, the 

potential of nitrenes as magnetic materials has been recognized. High-spin nitrenes have 

been employed as model systems to create metal-free magnetic materials.[71-73] These high-

spin nitrenes, which have strong ferromagnetic coupling,  are produced from aromatic 

molecules containing multiple azide moieties.[73-75] 

1.5 Borylnitrenes 

Vinylidenes are a type of carbene known for their high reactivity.[2, 76-83] Such high reactivity 

arises from the high electrophilicity of these species. They are known to activate very stable 

C−H bonds by inserting into them (e.g., the C−H bond of the methane molecule, Scheme 
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7a).[80] Also, the insertion into the H−H bond is well known for these carbenes.[80] On the 

contrary, a typical singlet ground state carbene containing an electronegative substituent 

displays a reduced electrophilicity and, hence, faces high enough barriers to impede the 

insertion reactions at low-temperature conditions.[84] The reason for such a high 

electrophilicity and reactivity of vinylidenes is understood by visualizing the electronic 

structure of these species (Scheme 7a). Vinylidenes exhibit a singlet ground state (𝑋̃1A1), 

unlike typical carbenes such as H2C, PhHC, etc., which have triplet ground states 

(𝑋̃3A2/(𝑋̃3A”).[2, 85, 86] Due to the higher s-character of the doubly occupied sp hybridized orbital 

in vinylidenes as compared to the lower s-character of the doubly occupied sp2 hybridized 

orbital in a typical carbene, the singlet state is more stable than the triplet state in vinylidenes. 

This can also be understood by the relationship between the bond angle R−C−R of a carbene 

with regard to the singlet-triplet gap. The lowest singlet state of a carbene gets stabilized 

upon a decrease in the bond angle; vinylidenes can be viewed as displaying a zero degree 

bond angle.[81] To use the high reactivity of vinylidenes, they must display a long enough 

lifetime. In the prototype of a vinylidene 44, the barrier for intramolecular [1,2] H-shift was 

calculated to be only 1.3 kcal mol−1. Hence, it prefers to convert into acetylene 45 rather than 

react intermolecularly with stable C−H bonds.[87] In contrast, replacing the two H substituents 

with two F atoms results in metastable vinylidene 46, with a calculated barrier of around 36 

kcal mol−1 to undergo the [1,2] F-shift.[76] The origin of the barrier was shown to be the 

antiaromatic nature of the transition state (TS) involved, where the migrating F atom is 

unbound in the TS.[88]  Therefore, 46 shows high bimolecular reactivity towards stable 

chemical systems (e.g., Xe, CH4, H2, etc.) under cryogenic conditions.[77-80] 
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In addition to this, borylnitrenes (Scheme 7b) display a BN unit that is isoelectronic to 

the CC unit of vinylidenes. Therefore, similar properties of borylnitrenes and vinylidenes can 

be expected.[31] Additionally, a compound like borazine is isoelectronic to benzene, where 

three CC units are replaced by three BN units. It has been established that borazine has 

comparable properties to benzene and is often referred to as “inorganic” benzene.[89-92] Using 

a similar analogy, iminoborane 49 can be related to acetylene 45, as shown in Scheme 7a. 

 

Scheme 7. The isoelectronic relationship between vinylidenes and borylnitrenes leading to a 

similar reactivity. 

Further, in borylnitrenes, the similarity in the chemical behavior compared to vinylidenes is 

reflected by the similarity in the electronic structure of their lowest 1A1 state. The prototype 
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of borylnitrene 48 has a singlet ground electronic state 𝑋̃1A1, which closely resembles the 

ground electronic state of 44. The resemblance is due to the empty in-plane p orbital 

electronic states on both species, which results in their high electrophilicity.[31, 93, 94] 

Computationally, it was found that borylnitrene 48 is a first-order saddle point within the C2v 

point group, which relaxes iminoborane 49 upon removing the symmetry constraint.[95] The 

computational findings were supported by the experimental data, which showed that the 

thermolysis of dialkyl and diaryl azidoborane forms iminoboranes without the observation of 

trapping products resulting from potentially forming borylnitrene intermediates.[96] This kind 

of chemical behavior of borylnitrenes is reminiscent of the reactivity of vinylidene 44. 

Nevertheless, the diamino derivatives of 48 with bulky substituents were successfully trapped 

in a photolysis experiment of precursors (R2N)2BN3.[97] Compared to 48, the stronger B−N 

bonds between the amino substituents and the boron atom, along with the reduced 

electrophilicity, helped evade the intramolecular rearrangements. Another similar type of 

borylnitrenes with two oxygen donor atoms attached to the boron atom could also show 

similar chemical behavior, such as the 2-nitreno-1,3,2-benzodioxaborole 50 (catBN; cat = 

catecholato) and the 2-nitreno-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 93 (pinBN: pin = 

pinacholato).[19, 20, 31, 94, 98-100] Matrix isolation studies have shown that 50 in its 𝑋̃3A2  state 

gives insertion reaction photochemically with CH4 to form 51.[19] In solution, nitrene 93 was 

observed to be trapped by hydrocarbons such as cyclopentane and cyclohexane.[19, 99] In this 

way, there is a distinct category of borylnitrenes where the intramolecular rearrangement 

can be effectively suppressed by the addition of an electron donor, leading to what is known 

as donor stabilized borylnitrenes. 
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1.6 Donor Stabilized Borylnitrenes vs. Other Nitrenes: Comparison of the Electronic 

Structure  

The electronic state of a nitrene is characterized by its spin multiplicity (triplet and singlet) 

and constituent electronic configurations. The reactivity of a nitrene is influenced by the type 

of electronic state of the nitrene that is participating in the reactivity.[8] Therefore, it becomes 

very important to know the characteristics and relative energy ordering of the lower energy 

electronic states that are important from a practical point of view.  

In imidogen 1 (HN), the lowest electronic state,  𝑋̃3- has triplet spin multiplicity and 

is characterized by one configuration of electrons, where two unpaired electrons occupy the 

unhybridized p orbitals, as shown in Figure 3.[1] The triplet ground state is possible due to the 

low Coulomb repulsion between the electrons when they are present in the two separate 

orbitals (px and py) and the high exchange energy between the unpaired electrons. This 

electronic state is followed by a singlet state, ã1, which is relatively higher in energy by 36 

kcal mol−1 determined experimentally and encompasses four different electronic 

configurations.[1, 7, 8, 101] This situation arises from the high symmetry of 1 that leads to the 

degeneracy of the non-bonding py and px orbitals, as discussed in Section 1.1. The third 

electronic state, b̃1+, is of singlet multiplicity and made up of two closed-shell 

configurations,[1, 7] as determined by the computational studies, which is higher in energy by 

61 kcal mol−1 according to the experimental data. In the case of phenylnitrene 32, which has 

been subject to many experimental and computational investigations, the ground state, 𝑋̃3A2, 

is of triplet spin multiplicity. Following that, there is a singlet state, ã1A2, with a leading 

configuration similar to the ground triplet state but with unpaired electrons arranged in 

opposite spins. According to negative ion photoelectron spectroscopy (NIPES) data, this state 
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is higher in energy by 15.1 kcal mol−1 compared to the ground triplet state.[102] Next in the 

energetic order is another singlet state, b̃1A1, in which the leading electronic configurations 

exhibit a doubly occupied py orbital and an empty px orbital. Energetically, the state is 

approximately 30 kcal mol−1 above the ground state, according to the NIPES data.[29, 58, 102]  

 

Figure 3. Major electronic configurations of the lowest three electronic states in nitrenes 1, 

32, 48, and 50.  

 The energy ordering in borylnitrene 48 is unusual among the nitrenes discussed so far. 

As mentioned in Section 1.5, 48 being a first-order saddle point in the ground singlet state, 

there is only computational data available related to the relative energy ordering of its 

electronic states. The lowest state, 𝑋̃1A1, is a singlet with a doubly occupied px orbital, 

resulting from a Lewis acidic boron atom attached next to the nitrogen center.[31] The empty 

p orbital of the boron atom results in the electron-withdrawing effect from the nitrogen 

center that moves the px and py orbitals far in terms of energy. The energy difference is high 

enough that nitrene 48 is more stabilized by having two electrons paired in the low-energy px 
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orbital despite the associated Coulomb repulsion. ã3A2 is the next electronic energy level in 

the energetic order, which is similar in terms of electron occupation as the ground state 

triplets of 1 and 32. The electronic state ã3A2 lies 7-9 kcal mol−1 higher in energy than the 

ground electronic state 𝑋̃1A1. The next energy level, Ã1A2, lies 28 kcal mol−1 higher in energy 

with both the opposite spin electrons unpaired in the px and py orbitals.[31]   However, in 

borylnitrene 50, due to the presence of two electron donor oxygen atoms, the energy order 

alters compared to 48. The reduced Lewis acidity of the boron atom due to the two electron 

donor oxygen atoms destabilizes the ã1A1 state as compared to that of 𝑋̃1A1 in 48. Due to this 

reason, 50 favors the triplet state 𝑋̃3A2 as the ground state.[31, 103] The relative energy order 

for 50 is 𝑋̃3A2 < ã1A1 < b̃1A2 where ã1A1 and b̃1A2 lie 33 kcal mol−1 and 34 kcal mol−1 above the 

ground state, respectively.[31, 103] 

As mentioned above, the reactivity of nitrene is strongly affected by the nature of the 

electronic state participating in the reaction. Access to a particular electronic state for a 

reaction depends on various factors, such as temperature, medium of reaction, and 

concentration of the precursor used.  Wirz and Platz, using transient absorption spectroscopy, 

observed that the solution phase photoirradiation of phenylazide 39 resulted in 

phenylnitrene 32, whose preferred singlet state reactivity on the ã1A2 surface finally results 

in the formation of ketenimine 41 in the presence of a trapping reagent (Scheme 6).[104, 105] 

Whereas, if the reaction is executed at lower temperatures (<170 K), ISC is favored, leading 

to the formation of the nitrene dimer, an azo compound.[106] In a glass matrix at 77 K, one of 

the earliest detections of triplet 32 was accomplished by photodecomposition of precursor 

39. It was observed that the presence of the EPR signal was dependent on the temperature 

at which 39 was photolyzed.[107] The rate constants for ISC (ã1A2 to 𝑋̃3A2) for 32 at 170 K and 
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77 K were found to be 3.2 ± 0.3 × 10-6 s−1 and 3.8 ± 0.3 ×10−6 s−1, respectively.[108] The 

concentration also plays a significant role in terms of the reactivity of 32 as it was found that 

photolysis of highly diluted solutions of 39 led to the formation of azobenzene, which again 

was the result of the dimerization of triplet phenylnitrene 32. Also, photolysis gave 

azobenzene in a highly concentrated solution of 39, which could be traced back to a reaction 

of triplet 32 and phenylazide 39.[109] Regarding the reactivity of 32 in the gas phase, it 

undergoes rearrangements on the singlet surface ã1A2 but with a different final product, 

namely cyanocyclopentadiene 43.[110] The difference in final product formation occurs due to 

the excess energy in the nascent hot vibrational states of ã1A2 electronic state of 32. The hot 

vibrational states allow the molecule to fully explore the potential energy surface (PES) and 

even surmount high energy reaction barriers. Product 43 is the global minimum of the PES of 

C6H5N, which has a > 30 kcal mol−1 kinetic barrier of formation from the singlet state ã1A2 of 

32.[55]  

1.7 Donor Stabilized Borylnitrenes vs. Other Nitrenes: Comparison of Reactivity  

1.7.1 Reactivity in the Triplet State  

The reactivity of the triplet state of nitrenes is mainly observed under low-temperature 

conditions (matrix isolation). As mentioned in Section 1.3, the low temperature favors the ISC 

for phenylnitrene 32; and hence, the yield of the triplet becomes higher.[106] A substantial 

yield of triplet 32 is possible if the precursor azide 39 is irradiated in the presence of a triplet 

photosensitizer.[111] Similarly, borylnitrene is known to show similar chemical behavior. On 

the one hand, in the solution phase, the reactivity of 93, which is a pinacholato analog of 

borylnitrene 50, is produced from the corresponding azide 92 and is known to be trapped by 
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the cycloalkane solvents as discussed later in Section 1.7.2 (Scheme 17). This room-

temperature photoreactivity gives amino-boranes, the C-H insertion products of the singlet 

borylnitrene, into the C-H bond of cycloalkane.[19, 20, 31, 94, 98-100] However, in the low-

temperature matrices, triplet state 𝑋̃3A2 of borylnitrene 50 was obtained in high yields, as 

confirmed by the UV-VIS, IR, and EPR spectroscopy.[31, 39, 98, 99] 

 

Scheme 8. The reactivity of p-substituted phenylnitrenes with dioxygen O2 in their respective 

triplet ground state. 

The reactivity of nitrenes and carbenes with O2 is also a qualitative indication of the 

spin state of the involved species. The reaction of dioxygen with phenylnitrene 32 and its 

substituted variants has been studied thoroughly under low temperatures and with different 

frozen media (Scheme 8). The reaction of a stilbene derivative of arylnitrene (p-

nitrenostilbene) with O2 was thermally carried out in frozen methyltetrahydrofuran (MTHF). 

[23] The triplet nitrene was photochemically produced from the azidostilbene precursor at 77 

K, and after that, the frozen solution was heated up to 95 K to induce a thermal reaction. The 

heating resulted in the formation of singlet nitroso-O-oxide 52a, which, upon 

photoirradiation, gave nitro compound 54a, assumed to be forming via dioxaziridine 

intermediate 53. A much more detailed study of such a reaction was done with p-

aminophenylnitrene using matrix isolation and argon as the host material.[24] The thermal 
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reaction between the nitrene and O2 at 30 K leads to the formation of syn- and anti-p-

aminophenylnitroso-O-oxide (syn-52b and anti-52b) as the kinetic products. The two isomers 

of p-aminophenylnitroso-O-oxide oxide were interconvertible at different wavelengths of 

light. Eventually, they could photoreact to give the thermodynamic product p-nitroaniline 

54b. The case of p-nitrophenylnitrene was also similar, whose reaction with O2 was studied 

with Xe as the host material, and hence, the reaction could have access to higher 

temperatures.[25] The reaction resulted in nitroso-O-oxide products syn-52c and anti-52c, 

detected for the first time with IR spectroscopy, finally giving the 4,4’-dinitroazobenzene 54c. 

Notwithstanding the results discussed so far, phenylnitrene 32 does not undergo a thermal 

oxygen addition reaction even in solid O2.[26] Considering the higher barrier for the addition, 

the reaction was performed in an Xe matrix at 50 K, but still, only 40 % conversion was 

achieved even after 12 h. The reaction gave nitroso-O-oxide product syn-52d, which was 

converted photochemically to nitro product 54d. The experimentally determined activation 

barriers for the reaction of phenylnitrene 32 with O2 were found to be 4.3 ± 0.5 kcal mol−1 

using flash photolysis experiments, which supports the experimental findings where a slow 

reaction of phenylnitrene with O2 was observed.[112] In the case of solution phase studies of 

the reactivity (in solvents such as toluene and hexane), Gritsan and Pritchina reported that p-

substituted phenylnitrene reacts much slower than the phenylcarbenes.[113]  

In contrast, some nitrenes are as reactive as carbenes in their triplet state, as reflected 

by their reactivity studies with O2. In the gas phase, HN 1 is known to react with O2 to form 

NO and OH as the major products, which hints at the involvement of one or more 

intermediates during the reaction.[114] Computational studies have explored the potential 

energy surface for this reaction (HN + O2) and found several possible minima, as shown in 
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Scheme 9a.[115, 116] Furthermore, the thermal reaction of triplet HN 1 with O2 was carried out 

in Ar and Xe matrices.[117] It was found that in the Xe matrix, the reaction between 𝑋̃3--1  and 

O2 began at 20 K and continued until all the NH was consumed at 50 K, forming a new product. 

The formation of nitrous acid 55 and hydrogen nitryl 56 was ruled out based on their already- 

known IR spectra. 

 

Scheme 9. a) Possible minima in the reaction of 1 in 𝑋̃3- electronic state with O2. b). The 

ground state reactivity of 1 with O2. c) The ground state reactivity of triplet 50 with O2.   

Also, due to high energy barriers of reaction to form dioxaziridine 57,[116] it could not be the 

possible product forming at such low temperature conditions. Moreover, the computed IR 

stretches and their respective intensities of nitroso-O-oxide anti-58  were in good agreement 

with that of newly observed stretches in the reaction, and therefore, it was assigned as the 

product of the reaction between 𝑋̃3--1 and O2 upon annealing.[117] Computational results 
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have shown that the reaction resulting in anti-58 should take place without any energy 

barrier.[116, 117] In the Ar matrix, the formation of anti-58 started at 12 K and continued until 

33 K, after which the matrix started losing its rigidity.[117] According to the thermodynamical 

argument given in the study, the observation of only anti-58 is due to the equilibrium 

distribution between anti-58 and syn-58, with anti-58 being lower in energy by 3 kJ mol−1. On 

the other hand, in another computational study by Talipov et al., it was argued that the 

preference for the formation of anti-58 has a lower energy barrier of formation than syn-

58.[115] Also, the potential energy scans were performed in both singlet and triplet 

multiplicities with N-O bond distance as the parameter, and singlet anti-58 was shown to have 

the lowest energy barrier of formation. [115, 117] The resulting anti-58 was photolabile and, 

upon photoirradiation with UV or visible light, converted to two geometric isomers of nitrous 

acid anti-55 and syn-55.[117] Based on the calculated ground state (PES), the photoconversion 

to anti-55 was proposed to happen via intermediates 59 and 60, but there was no 

experimental evidence to prove their formation. Therefore, 1 showed higher reactivity with 

O2 compared to arylnitrenes in their triplet state. It resulted in a different final 

thermodynamic product, anti-55, instead of nitro product 56, as in the case of arylnitrenes.  

Later on, it was found that borylnitrene 50 was one of the arylnitrenes that showed 

high reactivity in their ground state, 𝑋̃3A2, towards O2 in matrix isolation (Scheme 9c).[31] The 

reactivity of 50 with O2 in its ground state is reminiscent of that of 1 with O2. In the thermal 

reaction of 50 with O2, there was the formation of nitroso-O-oxide anti-61 and nitritoborane 

anti-62, in contrast to the case of 1, where nitroso-O-oxide was the sole product.[31] After 

that, the photoreactivity of the product formed was explored, and 254-nm-irradiation of the 
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matrix resulted in the conversion of  anti-61 into anti-62. The mechanistic aspects of this 

reaction were covered in a separate study discussed in Section 4.1. 

1.7.2 Reactivity in the Singlet State  

Nitrenes in the lowest singlet state are prone to intramolecular rearrangements. Depending 

on the substituents attached to an azide precursor, there can be a competing concerted 

thermal or photochemical pathway leading to intramolecular rearrangements without the 

involvement of a nitrene (Scheme 10a).[45, 118] In the case of photochemical or thermal 

pathways, resulting in the corresponding nitrene from the azide,  the lowest energy singlet 

state is populated.[40, 104, 105, 107] On the lowest singlet state PES, nitrenes usually undergo 

intramolecular rearrangements that compete with the relaxation (ISC) to the lower ground 

triplet state (Scheme 10a).[29, 63, 119] The intramolecular rearrangements occur on a faster time 

scale compared to that of ISC, and this trend can be reversed in some special cases, e.g., in 

phenylnitrene 32 at lower temperatures.[106] 

 
Scheme 10. a) Different reaction channels of a photochemically generated nitrene. b) 

electronic configurations of the lowest energy singlet state of different types of nitrenes. c) 

Donor-acceptor type intramolecular interaction in the ground singlet state of a 

carbonylnitrene. 

The electronic configuration of the lowest singlet state is also a significant factor influencing 

the rate of ISC. Phenylnitrenes, unlike the rest of the nitrenes shown in Scheme 10b, have 



Introduction 

 
25 

unpaired electrons in the unhybridized p orbitals.[29, 102] This makes the ISC crossing from ã1A2 

to the ground triplet state 𝑋̃3A2 El-Sayed disallowed and hence leads to slower ISC. Moreover, 

the intramolecular rearrangements can also be suppressed by including some adequate 

chemical moieties in the nitrene.[17, 44, 120] Also, the singlet state of the nitrene can be shifted 

to the lowest energy in cases of very strong intramolecular interactions.[9, 121] For instance, in 

carbonylnitrenes, donor-acceptor interactions between the in-plane lone pair of the carbonyl 

oxygen atom and the unhybridized p orbital of nitrogen enforce an overall singlet ground 

state (Scheme 10c). An unusually short N-O bond in the carbonylnitrenes is another evidence 

of such an interaction, which leads to a singlet ground state, as in the case of benzoylnitrene.[9, 

121]  

One of the earliest reports on intramolecular rearrangements in the lowest singlet 

electronic state was presented by Milligan for alkylnitrenes, which were prepared from the 

photolysis of methylaizde 67i isolated in Ar and CO2 in separate experiments (Scheme 

11a).[119] The photochemistry of the 67i at 4.2 K and 50 K for Ar and CO2 matrices, respectively, 

was analyzed using IR spectroscopy, and methyleneimine 68i was found to be the 

photochemical product.[119] To some extent, computational studies could explain the 

experimental findings. Whereas the earlier experimental studies suggested that the ã1A’-63i 

is a saddle point on the PES,[122] recent studies have shown the ã1A’-63i is a minimum on the 

PES that has a very low barrier of a few kcal mol−1 for the [1,2]-H shift.[123] This also explains 

the absence of bimolecular reactivity of singlet 63i and being undetectable in femtosecond 

spectroscopy.[124] In an attempt to suppress the intramolecular rearrangements, different 

substituents were attached to the carbon atom of 63i.[124] In the case of tert-butylazide 67ii,  

photolysis in matrix isolation led to the formation of trimethylimine 68ii, which indicates 
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similar photochemistry as in the case of 67i.[28] The case of trifluoromethyl azide 67iii gave 

different results, and the product was identified as a triplet (𝑋̃3A’’) trifluoromethylnitrene 63iii 

in an argon matrix.[120] A higher kinetic barrier for the 1,2-fluorine shift led to a slower 

rearrangement on the S1 PES compared to the ISC.   

In the early studies on intramolecular rearrangements of carbonylnitrene, called 

Curtius rearrangement (Scheme 11b), the reaction mechanism remained unclear. 

 

Scheme 11. Singlet state reactivity of alkylnitrenes (a) and carbonylnitrenes (b). 

Both the possibility of a concerted mechanism and a step-wise mechanism with the 

involvement of acylnitrene 64 were considered. Thermolysis experiments by Lwowski on the 

pivaloylazide 69 in cyclohexane, cyclohexene, and 2-methylbutane led to the observation of 

the corresponding isocyanate 70 only, and no trapping product was observed.[118] Later, in 

more advanced experimental studies by Lwowski on the photolysis of 69, it was found that 

nitrene 64 could be trapped by solvents such as cyclohexene, resulting in an aziridine 72 
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(Scheme 11b). Another important observation was that the yield of isocyanate 70 was not 

affected by the amount of trapping reagent in the photolysis experiments.[45] Hence, it was 

concluded that the Curtius rearrangement occurs in a concerted way without the involvement 

of nitrene 64. This also reflected the relatively higher potential of carbonylnitrenes for 

bimolecular reactivity than their alkyl counterparts. Further, trapping of -naphthoylnitrene 

in the presence and absence of a triplet sensitizer resulted in the same products, which is an 

experimental evidence for the singlet ground state of carbonylnitrenes. The absence of EPR 

signals for the nitrene at 77 K supports this conclusion.[125] 

Sulfonylnitrenes are another class of nitrenes that have been widely explored. EPR 

studies on 65 have shown a triplet ground state, but they are known to be generated in their 

lowest singlet state, ã1A1, from methanesulfonylazide precursors 73 upon photolysis or 

thermolysis.[126, 127] The singlet state ã1A1 of sulfonylnitrene 65 was found to insert into the 

C−H bonds of 2,4-dimethylpentane, resulting in three different products 74, 74’, and 74’’ 

(Scheme 12a).[44] Moreover, the intramolecular rearrangement pathways are very slow on the 

lowest singlet PES compared to the previously discussed nitrenes.[21] There was no conclusive 

evidence for a Curtius-type rearrangement in sulfonylnitrenes unless the traces of FN=SO2 

were detected after photolysis of thermally generated nitrene FSO2N.[32, 128] Additionally, 

trifluoromethylsulfonylnitrene (CF3SO2N) 76 was studied using matrix isolation and was 

shown to be isolated in the triplet ground state.[38] The further photoirradiation of this nitrene 

leads to the formation of CF3N=SO2 77 and CF3S(O)NO 78 through a Curtius-type 

rearrangement.[38] 
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Scheme 12. a) Singlet state reactivity of sulfonylnitrenes 65. b) Curtius-type rearrangement in 

sulfonylnitrenes 76. 

Another type of nitrenes is the phosphorylnitrenes, known for eluding intramolecular 

rearrangements and showing significant bimolecular reactivity. According to the results from 

ultrafast spectroscopy, when photochemically produced from the (diethoxyphosphoryl)azide 

79, the lowest singlet electronic state, ã1A1, of (diethoxyphosphoryl)nitrene 66 is initially 

formed. The singlet state (Scheme 13) then bifurcates into two channels: 1) bimolecular 

reactivity with the trapping agents on the ã1A1 PES, and 2) ISC to the ground triplet state 

𝑋̃3A2.[40] For 66, an efficient insertion by the ã1A1 singlet state into the C−H bonds of 2,3-

dimethylbutane, giving amines 80 and 80’, with a yield of almost 60% (Scheme 13).[46] The 

minor product was identified as an amide 81, which resulted from the triplet state reactivity 

(𝑋̃3A2) of 66 by radical pair formation and recombination.[46] 
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Scheme 13. Singlet state reactivity of (diethoxyphosphoryl) nitrene 66. 

Phenylnitrene 32, also referred to as the prototype of aromatic nitrene,[26] is one 

reactive intermediate that has been the subject of research for many decades.[29, 58] In 

Sections 1.3 and 1.6, reactivity aspects of the singlet state, ã1A2, have already been discussed. 

In these sections, It has been shown that there is a preference for forming a ring expansion 

product, ketenimine 41, which could form an insertion product 42 or a polymeric tar, 

depending on the availability of the trapping reagent (Scheme 14a).[29, 63] Therefore, ã1A2 

electronic state of phenylnitrene 32 is known to have poor bimolecular reactivity and is prone 

to high intramolecular reactivity. The explanation for such a poor bimolecular reactivity of 

ã1A2 in 32 lies in its electronic configuration. Whereas for other nitrenes, the electrons in the 

lowest singlet state are paired, leaving one of the orbitals vacant, phenylnitrene exhibits 

unpaired electrons in the unhybridized p orbitals (Scheme 10b).[102] The empty orbitals on 

nitrenes make them highly electrophilic and hence reactive towards, e.g., intermolecular C−H 

bond insertions, which is not possible in the case of phenylnitrene 32 due to a lack of empty 

p orbitals. Also, the ISC from ã1A2 to the ground triplet state 𝑋̃3A2 is slower due to ISC being 

El-Sayed disallowed (Scheme 14b),[58] and hence, no pathway can compete with the 

intramolecular reactivity on the ã1A2 PES. Computational studies have successfully added to 
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the knowledge explaining the reactivity of ã1A2. According to the computational study by 

Karny and Borden, starting from 32, the formation of benzazirine intermediate 40 precedes 

the formation of trappable ketenimine 41, with an activation barrier of 9 kcal mol−1 (Scheme 

14a).[56] The barrier obtained for further reaction to form 41 was calculated to amount to 

around 3 kcal mol−1.[56] 

 

Scheme 14. a) Singlet state reactivity of phenylnitrenes 32. b) El-Sayed disallowed intersystem 

crossing between the lowest energy singlet (ã1A2) and triplet (𝑋̃3A2) electronic state of 

phenylnitrenes 32. 

Hence, due to the lower kinetic barrier for the conversion of 40 to 41, only 41 is trappable. 

Also, under low temperatures, such activation barriers are too high to be surpassed, and, 

therefore, ISC to the 𝑋̃3A2 state becomes the favorable pathway.  

Borylnitrenes, as discussed in Section 1.5, are BN analogs of highly reactive 

vinylidenes. In the singlet state, borylnitrenes have an electronic structure like that of the 

highly reactive ground state of vinylidenes. Therefore, similar reactivity in borylnitrenes in the 
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singlet state is expected and, in fact, also observed. However, the high electrophilicity in the 

borylnitrenes can lead to intramolecular rearrangements and, hence, can suppress the 

bimolecular reactivity of borylnitrenes. In addition to the already discussed borylnitrene 48 in 

Section 1.5, which tends to undergo [1,2] H-shits, there are other examples of borylnitrenes 

that prefer such intramolecular rearrangements. The dibenzo derivative of borylazide (9-

azido-9-borafluorene) 82, when irradiated in benzene solvent at room temperature, gave the 

dibenzo derivative of 1,2-azaborinine 83, which is a BN analog of 9,10-phenanthryne (Scheme 

15). This reactive intermediate, in the absence of trapping reagents, undergoes cyclo-

oligomerization but can be trapped by the large excess of trapping reagents, as shown in 

Scheme 15.[129-132] Based on computational studies of the ground state potential energy 

surface, the ring enlargement was proposed to happen via concerted pathways without the 

involvement of nitrene upon photolysis of 82.  

 

Scheme 15. Photochemical reactivity of 9-azido-9-borafluorene 82. 

On the other hand, as discussed in Section 1.5, the reduced electrophilicity by adding 

electron donor (oxygen, nitrogen, etc.) atoms with their strong bonding to the boron atom 
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promotes the bimolecular molecular reactivity of the lowest singlet state ã1A1 of borylnitrenes 

(Scheme 16).[19, 31, 39, 94, 98] For this reason, these borylnitrenes are also called donor stabilized 

borylnitrenes.[19, 20, 31, 39, 94, 98-100, 103] Also, in the relative energy ordering of various electronic 

states in borylnitrene 50, the lowest singlet electronic state ã1A1 moves higher in energy as 

compared to the lowest electronic triplet state 𝑋̃3A2.[31] This type of energy ordering is 

another consequence of the reduced electrophilicity of the boron atom.  

Similar to other nitrenes, the reactivity and characterization of donor stabilized 

borylnitrenes have been studied under low temperatures, using matrix isolation, and in the 

solution phase under ambient conditions.[19, 31, 39, 94, 98] The characterization and extensive 

reactivity studies of donor stabilized borylnitrene 50 have been done using matrix isolation. 

 

Scheme 16. Matrix isolation study of the singlet state reactivity of borylnitrene 50 with stable 

compounds.   
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EPR spectroscopy confirmed the triplet ground state 𝑋̃3A2 of 50 with | D / hc | = 1.492 cm−1 

and | E / hc | = 0.004 cm−1.[31, 39] Further characterization of the triplet ground state has been 

done using UV-VIS and IR spectroscopy. Regarding the reactions of 50, no transformations 

were observed with closed-shell species, such as N2, D2, CO, CH4, etc., in the triplet ground 

state, which was induced by heating the matrix to a certain temperature depending on the 

material of the host matrix.[19, 31, 98] The reaction of N2 with 50 in the Ar matrix, for example, 

could not proceed even after evaporating most of the Ar host at 55 K. However, UV-VIS and 

IR spectroscopy gave some indication in favor of forming a dimer or an oligomer of 50 at such 

a temperature.[99] Nevertheless, from the low-temperature UV-VIS spectrum of 50, it could 

be seen that it absorbs an extended region of visible light from 400 nm <  < 600 nm.[31] With 

this in mind, 50 was made to react photochemically with closed-shell molecules by irradiating 

the matrix with a wavelength  > 550 nm. 

One of the first photochemical reactions observed was the photoreaction of 50 with 

N2, which is present from the borylazide 2-azido-1,3,2benzodioxaborole 86.[31] The size of N2 

does not allow it to diffuse away from its production site in most of the matrices. Hence, the 

initially cleaved N2 from azide 86 (using  = 254 nm) is present in the vicinity of 50 and 

photochemically reacts to undergo a reverse reaction to form 83 (Scheme 16). The trapping 

of 50 with other closed-shell molecules (CO, D2, CH4, C2H2, and CF4) was attempted 

photochemically by using them as dopants in the matrix host. The dopant CO (1.5%) reacted 

with 50 isolated in an Ar matrix upon irradiation with  > 550 nm, resulting in the formation 

of isocyanate 90. The product was identified using IR spectroscopy with its signature N=C=O 

stretch at 2301 cm−1.[31] Similarly, borylnitrene 50 isolated in D2 or neon matrices doped with 

deuterium (D2) or H2 reacted photochemically, forming borylamine 91.[31] 
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A  computational investigation to explain such a high photochemical reactivity of 50 

with D2 was carried out, and it was found that the reaction of 50 in its ã1A1 electronic state 

has a very small activation barrier of 1.3 kcal mol−1, which could be easily surpassed under the 

experimental conditions provided during the reaction.[98] Hence, a presumption was made 

that 50 (with  > 550 nm), when photoexcited from the ground, the electronic state  𝑋̃3A2   

eventually relaxes to the highly reactive ã1A1. The resemblance of ã1A1-50 with the highly 

reactive vinylidenes has been discussed in detail in Section 1.5. Further, nitrene 50 has the 

potential to activate the sp3 hybridized C–H bonds in CH4. The reaction was performed at 10 

K by doping the Ar matrix with 1-2% of CH4 and photoactivating the isolated nitrene 50. The 

N−H stretch of the resulting amine 51 has a characteristic N−H vibration at 3480 cm-1, which 

was red-shifted to 2572 cm-1 for the heavy isotopically labeled amine 51-d4 which was formed 

in the photoreaction of 50 with CD4.[19]  In contrast, the photoactivated nitrene 50 was not 

reactive enough to activate CF4 and C2H2, as the concentration of nitrene was unchanged 

during the experiment.[99]  In this way, borylnitrene 50 was found to be highly reactive once 

it was irradiated with  > 550 nm, and it was presumed that the reaction was happening at 

the PES of the ã1A1 state, which is getting populated during the irradiation.  

Considering the feasible photoreactions of borylnitrene 50 in matrix isolation,[31, 98] 

the reactivity studies of borylnitrenes were also investigated in solution. Attempts were made 

to react borylnitrene 50 with cyclohexane, also used as the solvent.[99]   It was observed that 

the photolysis of azide 86 resulted in uncharacterized polymeric tars.[99]   The polymeric tars 

were supposedly the result of the oligomerization of the expected primary product 

(catBNHR), as catBNHR is known to tend to oligomerize.[133] Later on, borylnitrene 93 was 

investigated for its reactivity in different hydrocarbon solvents.[19, 20, 99] The azide 92, when 



Introduction 

 
35 

irradiated in hydrocarbon solvents, resulted in aminoboranes 94(i-iv) formed by the insertion 

of nitrene 93 into the C−H bonds of the hydrocarbon solvents (Scheme 17). 

 

Scheme 17. Solution phase study of the borylnitrene 93 with different hydrocarbons. 

The yield for the formation of aminoboranes 94(i-iv) was reported to be as high as 85%. 

Furthermore, aminoboranes 94(i-iv) displayed a high propensity to undergo alcoholysis and 

acylation to form amides 95(i-iv) and primary amines 96(i-iv). 
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2 Objective and Expected Outcomes 

Reactive intermediates are short-lived species, and therefore, their study demands a special 

technique such as matrix isolation. Matrix isolation provides very low temperature and 

pressure conditions that increase their stability and allow their spectroscopic detection. In 

addition, computational chemistry has proved to be an integral part of matrix isolation studies 

that supplement the identification of isolated reactive intermediates. 

 This thesis contributes to the existing knowledge regarding the reactivity of donor 

stabilized borylnitrenes. The reactivity studies focused on product identification and 

elucidating the reaction mechanism involved in product formation. Aromatic nitrenes are 

known to have slow thermal reactivity with dioxygen, so the thermal reaction between 

borylnitrene and dioxygen was studied in detail under matrix isolation. Additionally, 

computational studies were conducted to understand the formation of the final product, 

nitritoborane, which differs from the nitro products formed in the case of aromatic nitrenes. 

Constrained geometry and unconstrained optimization were performed to comprehend the 

initial interaction between the borylnitrene and dioxygen and the final product formation. On 

the other hand, considering the ability of catBN to photochemically activate stable molecules 

such as methane, the reactivity of catBN was tested against another stable and closed-shell 

species, carbon dioxide CO2. Although CO2 can be a potential candidate for a C1 building block 

in organic synthesis, its high stability makes it difficult to activate. Further, catBN presumably 

attains a highly electrophilic electronic state upon irradiation with  > 550 nm. Therefore, 

catBN was assumed to be a good candidate to activate CO2 photochemically. The matrix 

isolation experiments and computational studies proved that catBN could react 



Objective and Expected Outcomes 

 
37 

photochemically with CO2 to form cycloaddition product 3-oxaziridinone. Furthermore, 

attempts were made to understand the reactivity of catBN with unsaturated hydrocarbons, 

and for simplicity, ethene, C2H4, was chosen as the suitable candidate. Preliminary data 

showed that catBN could thermally react with C2H4 to form an aziridine and a syn-imine. On 

the other hand, the photochemical reaction between catBN and C2H4 resulted in the 

formation of the aziridine and the two geometric isomers of imine, syn and anti. 

 In past studies on the reactivity of catBN with closed-shell species such as CO2, CH4, 

H2, etc., its lowest singlet state was assumed to be taking part in the photoreaction. Therefore, 

efforts were made to find evidence regarding the relaxation of catBN to the lowest singlet 

state upon photoexcitation ( > 550 nm). Electronically, the lowest singlet state of catBN is 

found to be in close resemblance with a highly electrophilic species called vinylidines. In the 

study, using a model borylnitrene, it was found that there is an energy-favorable pathway in 

catBN that could relax it to its lowest singlet upon photoexcitation so that it can take part in 

the reactivity. 
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3 Methodology 

3.1 Matrix Isolation Setup 

The involvement of reactive intermediates like radicals, ions, carbenes, nitrenes, etc., in 

chemical reactions has led to the invention of many sophisticated techniques that enable us 

to study them. The short lifetime of the reactive intermediates is one of the factors that make 

it difficult for the analytical tools to characterize the reactive intermediate. Therefore, there 

are special analytical tools, which are required to study the reactive intermediates. Matrix 

isolation is a technique developed by George C. Pimentel to study reactive intermediates.[134-

136] This technique works on the principle of kinetically trapping the reactive intermediate by 

isolating it in a huge excess of an unreactive host gas under very low temperature and 

pressure conditions, increasing its lifetime. The kinetically trapped reactive intermediates can 

then be analyzed using different spectroscopic methods, such as UV-VIS, infrared (IR), and 

electron paramagnetic resonance spectroscopy (EPR).[135, 136]   

In matrix isolation, the reactive intermediates are produced by two different methods. 

The first is the photochemical in-situ generation of reactive intermediates from their 

precursors using a UV-VIS light source. The second method is called flash vacuum pyrolysis 

(FVP), in which precursors are passed through a hot oven maintained at a high enough 

temperature to produce the reactive intermediates prior to their deposition on the cold 

spectroscopic window. Depending on the method of generation of a reactive intermediate, 

the percussor, or reactive intermediate (in FVP), and the host gas are co-deposited on the 

cold spectroscopic window (approximately in the ratio of 1:2000). [135, 136] The excess of host 
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gas ensures that the reactive intermediates are well separated from each other (Figure 4a) 

and do not have intermolecular interactions.  

 

Figure 4. a) Reactive intermediate Isolated in the matrix host at the cold spectroscopic 

window. b) Output of a spectroscopic method applied on the cold window. c) Redshift in the 

IR stretch of heavier isotopologues (R’ and P’) of reactant, R, and product, P. d) Comparison 

of the experimental and computed IR shifts of the heavier isotopologue, P’, with respect to 

the product, P.  

Low temperatures (as low as 4 K) are maintained using a closed-cycle cryostat, which 

maintains the rigidity of the matrix and prevents any diffusion of the isolated molecules. The 

reactive intermediates are then analyzed using different spectroscopic methods. The choice 

of matrix host gases (Ar, Ne, Xe, N2, etc.) is made in such a way that it should be transparent 

to the spectroscopic method used and also be unreactive towards the reactive 
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intermediate.[135, 136] In addition, matrix isolation is also used to study the reaction of a 

reactive intermediate with another reactant. In this case, the matrix host is doped with a 

certain amount (2-5%) of reactant, and this mixture is then co-deposited with the precursor 

or the reactive intermediate. The reaction is then induced, thermally or photochemically, 

between the reactant and the reactive intermediate present in close proximity to each other. 

The thermal reaction is induced by warming the matrix up to a certain temperature 

(depending on the matrix host), within which the rigidity of the matrix is maintained. 

However, the photochemical reaction is triggered by photoirradiation of the matrix in the 

region of UV-VIS light absorbed by one of the two reacting species. Regarding the 

identification of products formed in the reactions, computational chemistry plays an 

important role. The experimental spectra obtained from the spectroscopic methods are 

compared to the simulated spectra of the potential products, which is evidence to support 

the product assignment. Product assignment is further strengthened by using isotopically 

labeled reactants. In these studies, the heavier isotopologue (R’) of a reactant, R, reacts with 

the reactive intermediate, I, as shown in Figure 4c. The resulting heavier isotopologue (P’) of 

a reactant, P, gives a redshifted IR spectrum, which is then compared with the corresponding 

shift of the computed spectra (Figure 4d). A good match in experimental and computed IR 

shifts is an additional indication for the formation of product P in the reaction. 

 

Scheme 18. Synthetic procedure for the synthesis of 2-azido-1,3,2-benzodioxaborole. 

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

helium cryostat was used to obtain a temperature as low as 4 K. The species were analyzed 
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with IR spectroscopy and Brucker’s Vertex 70 FTIR spectrometer, in the range 400-4000 cm−1, 

with a standard resolution of 0.5 cm−1. The precursor compound 86, for borylnitrene 50, was 

synthesized using the procedure described in the literature (Scheme 18).[137] The reactive 

intermediate, borylnitrene 50, was generated from its percussor 86 using a low-pressure 

mercury lamp ( = 254 nm, PenRay). The photochemical reactions of borylnitrene 50 with 

different reactants were carried out using a high-pressure mercury lamp (USHIO, USH-508S) 

along with a Schott cutoff filter (550 OG). Different matrix host gases of very high purity were 

used, including Ar, N2, and Ne (Messer-Griesheim, 99.9999% purity), and reactants such as O2 

(Westfalen, 99.999% purity), CO2 (Westfalen, 99.999% purity), and cyclopropane (abcr, 99% 

purity) were used. To maintain the constant flow (usually 2.0 sccm) of matrix host gases 

during the deposition, an MKS mass flow PR400B controller was used. 

3.2 Computational Methods 

Computational chemistry tools were used to get more insights into the experimental results 

obtained from the matrix isolation studies. These computational tools were employed using 

various quantum chemistry packages, including Gaussian 16,[138] ORCA (4.2 and 5.0),[139-141] 

Molpro 2021.3,[142] Gamess-US,[143, 144] and CFOUR v2.00beta.[145] The visualization of the 

computational results from these packages was done using different graphical user interfaces 

(GUIs): GaussView 6,[146] Chemcraft,[147] and MacMolplt.[148] 

Two different types of approaches were used to calculate different molecular 

properties. One of them is wavefunction based theories (post-Hartree-Fock), also called ab-

initio methods, that solve the Schrödinger equation with a molecular Hamiltonian operator 

(to calculate energy) without any experimental parameters and contain only fundamental 
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physical constants. In ab-initio methods, the complete active space self-consistent field 

(CASSCF) method is one of the methods that has been widely used to describe the electronic 

structure of a molecule that has a multireference wavefunction or to study the reaction 

mechanisms that involve bond breaking and formation. The CASSCF method can be 

considered an extension of the Hartree-Fock (HF) method, which takes care of a particular 

kind of correlation effect called static correlation, which is not taken care of by the HF 

method.[149-151]  The lack of dynamic correlation effects in CASSCF calculations makes this 

method only qualitatively relevant. The dynamic correlation on top of CASSCF as a zeroth 

order wavefunction can be included using multireference perturbation methods (MRPT). Two 

of the widely used MRPT methods are complete active space second-order perturbation 

theory (CASPT2)[152, 153] and N-electron valence state perturbation theory (NEVPT2).[154] 

Another post-Hartree-Fock ab-initio method is the coupled cluster method, which takes the 

HF wavefunction as the reference wavefunction and includes the dynamic correlation effect 

in describing the electronic structure of a chemical system.[155-157] In addition to this, for the 

molecules that do not show a multireference character, ab-initio methods employing 

coupled-cluster theory were used. Coupled-cluster methods are known for providing a highly 

correlated wavefunction and, hence, predicting molecular properties very accurately, such as 

energy.[158, 159] In this method, the exponential of a cluster operator, T, acts on a reference 

wavefunction, which is usually obtained from the HF method (eq. 1).[158, 159] The cluster 

operator T, when acting on the reference wavefunction ΦHF, gives a linear combination of 

excited determinants containing single, double, triple, etc., excitations from the reference 

determinants.[158, 159]  

                                                            |𝜓⟩ =  𝑒𝑇𝜙𝐻𝐹                                                          (1) 



Methodology 

 
43 

In addition to the ab-initio methods, density functional theory (DFT) is widely used to 

calculate different molecular properties.[160-162] DFT is a type of method that uses the electron 

density of a molecule instead of its wavefunction to calculate molecular properties. [160-162] 

The ground state electron density ρ is used to predict the ground state wavefunction Ψ[ρ] 

and, hence, used to predict the ground state properties (such as energy 𝐸[𝜌]) of a molecule, 

as shown in eq.2. [160-162]  

                         𝐸[𝜌] =  ⟨Ψ[ρ]|𝑇 + 𝑉 + 𝑈|Ψ[ρ]⟩                                                         (2) 

T, V, and U in eq.2 refer to the quantum mechanical operators for kinetic energy, nuclear 

potential energy, and electron-electron repulsion energy, respectively.  

Detailed information on different computational tools used throughout the work can 

be found in the published data.[39, 94, 103] 
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4 Results and Discussion 

4.1 Mechanism for the reaction of Dioxygen with Triplet Borylnitrene 

As mentioned in Section 1.7.1, borylnitrene 50, in its triplet ground state, shows reactivity 

towards O2, which is similar to that of 1.[31, 39] Further computational and matrix isolation 

studies explained the contrastingly high reactivity and formation of different thermodynamic 

products anti-62 in this reaction compared to arylnitrenes.[39] In matrix isolation studies, the 

reaction was carried out using Ar, Ne, and N2 as matrix host material.  

 

Scheme 19. Mechanism for the reaction of triplet borylnitrene 50 with O2 in matrix isolation. 

In the first step, the borylazide 86 was photolyzed, resulting in new photoproducts. 

Using computed IR spectra at a high level of theory (CCSD(T)/DZP), the photoproducts were 

identified as triplet borylnitrene 50 and nitritoborane anti-62. The triplet ground state 𝑋̃3A2 

of 50 is well described by the EPR, US-VIS, and IR spectroscopy.[31] In the next step, the thermal 

reaction was carried out between the so-formed triplet 50 and O2. The matrices were 

annealed to specific temperatures for the thermal reaction depending on the matrix host. The 
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reaction resulted in the consumption of 50 and the concomitant formation of new products, 

as reflected by the new IR bands that appeared during the reaction. Remarkably, the reaction 

could happen at temperatures as low as 7 K in the Ne matrix. The new IR bands were assigned 

to products anti-61 and anti-62. In the final step, the product formed in the previous step was 

photoirradiated with  = 254 nm, which led to further reaction of anti-61. The photoproduct 

was identified as anti-62 as the new IR bands matched the previously formed anti-62. In order 

to support the assignment of products in every step discussed so far, a similar step was 

repeated with a heavy isotope containing dioxygen 18O2.   

To support the experimental findings, a detailed computational study was carried out. 

Firstly, to explain the high reactivity of triplet 50 and O2, relaxed potential energy scans were 

carried out using the distance between the nitrogen atom of 50 and one of the oxygen atoms 

of O2 as the scan parameter. The complex electronic structure of different PES points was 

handled by the multireference method NEVPT2. Although three geometric isomers of 61 were 

identified as minima on the PES (Scheme 19), potential energy scans resulted in the formation 

of anti-61 and bisec-61. The potential energy scan for the formation of anti-61 suggested a 

shallow energy barrier of formation that could easily be surpassed in the cryogenic conditions, 

as presented in the matrix isolation experiments. This explains the observation of anti-61 as 

the result of thermal reaction but does not explain the formation of anti-62. The ground state 

potential energy surfaces were investigated for the reactivity of three geometrical isomers of 

61 to find a low energy pathway for the formation of anti-62. The PES showed that bisec-61 

is a starting point for a very low energy demanding reaction resulting in the formation of the 

final product anti-62. According to the PES, bisect-61 undergoes the breaking of B-N and O-O 

bonds in a single step, resulting in the formation of complex 97, which recombines to form 
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syn-62, finally isomerizing to anti-62, as shown in Scheme 19. In addition, despite being similar 

in energy, the ground state PES showed a high energy barrier for the interconversion of anti-

61 and bisec-61. Due to the high energy barrier, the anti-61 was kinetically trapped in thermal 

reaction and could react further using photoirradiation with  = 254 nm, which finally 

converted it into anti-62. 

4.2 Reaction of Singlet Borylnitrene with Carbon Dioxide 

Borylnitrene 50, in past studies, has shown photochemical reactivity with closed-shell 

molecules (N2, CO, D2, and CH4).[19, 31, 98] Similarly, the reactivity of borylnitrene 50 with 

another closed-shell singlet molecule, carbon dioxide (CO2), was also tested in a different 

study.[94] The borylnitrene 50 was produced from the azide precursor 86 in matrix isolation 

conditions using different matrix host materials (Ne, N2, and Ar) doped with 5 % CO2. Initially, 

an attempt was made to react 50 with CO2 in its ground state 𝑋̃3A2-50 by annealing the matrix, 

but no reaction was observed as the measure IR spectrum indicated. Similar observations 

were made while reacting 50 in the  𝑋̃3A2-50 electronic state with closed-shell species (CH4, 

D2, N2, and CO). [19, 31, 98]  However, a similar reaction became feasible upon photoirradiation 

of the matrix with  > 550 nm (Scheme 20).[94] The photoreaction resulted in the formation 

of a 1,2-oxaziridin-3-one derivative 98, the first report for isolating the smallest possible cyclic 

carbamate. 

In order to further support the formation of cyclic carbamate 98, a similar reaction 

was carried out with the two other isotopologues of 12C(16O)2, 
13C(16O)2, and 12C(18O)2. 

According to the experimental results, only carbonyl stretch 5 (Scheme 20b) showed an 

isotopic shift for 18O and 13C isotopologues of 98 with a shift of 35 cm−1 and 34 cm−1, 
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respectively. On the other hand, harmonic frequency calculations at the B3LYP/6-

311++G(2d,p) level of theory suggested an isotopic shift of 33 cm−1 and 53 cm−1 for 18O and 

13C isotopologues, respectively. 

 
Scheme 20. a) Reaction of borylnitrene 50 with CO2. b) IR stretching modes involved in Fermi 

resonance in 98. 

To get insights into the unusually shifted stretching mode of 5, anharmonic IR stretching 

modes were calculated at MP2/6-311 ++ G(2d,p) level of theory. According to these 

calculations, unexpected isotopic shifts for 13C and 18O isotopologues of 98 were observed 

due to Fermi resonance between the 5 stretching mode and overtones of ring deformation 

mode 20. 

Computationally, efforts were made to understand the photoreactivity of 50 with CO2. 

It was again presumed, as previously (during photochemical reaction), [19, 31, 98]  that 50 upon 

 > 550 nm irradiation attains the highly electrophilic state ã1A1-50 (Scheme 20a). Having this 

in mind, a relaxed energy scan was calculated at the B3LYP/6-311++G(2d,p) level of theory 

with the distance between the nitrogen atom of 50 in ã1A1-50 electronic state and one of the 



Results and Discussion 

 
48 

oxygen atoms of CO2 as the scan parameter. The relaxed energy scan came out to be downhill 

right from when the two reacting moieties were at a large distance and gave the minimum 

98. Moreover, similar calculations at NEVPT2//CASSCF/def2-SVP level of theory were in 

unison with the DFT results. Therefore, computational results provided another piece of 

evidence in favor of photochemical reactivity, resulting in the formation of 98. In addition, 

strain energy was also calculated for 98, which was 36.7 kcal/mol, less than that of a -lactone 

and -lactam. 

4.3 Photoexcitation of Borylnitrene to ã1A1 electronic state 

High photochemical reactivity of borylnitrene 50 upon irradiation with  > 550 nm was 

presumed to occur on ã1A1-50 PES. An assumption was made that 50 upon irradiation with  

> 550  from its ground electronic state 𝑋̃3A2-50 was excited to a highly electrophilic state ã1A1-

50 (Scheme 21a).[19, 20, 31, 94, 98]  Moreover, the energy barrier for the reaction of ã1A1-50 with 

closed-shell molecules such as CO2 and D2 was accessible under cryogenic conditions.[94, 98] 

Experimental studies in the solution phase, as discussed in Section 1.7.2, show efficient C−H 

insertion by borylnitrene 93 with a small measured kinetic isotope effect.[20] This 

experimental observation, in turn, points towards the insertion reaction and, hence, 

participation of a closed-shell electronic state in the reactivity.  

The main goal of this study was to provide supporting evidence for the involvement 

of ã1A1-50 electronic state in the photochemical reactivity of 50. Such evidence could be a 

low-energy photophysical pathway connected via various critical points that could relax 𝑋̃3A2-

50 to ã1A1-50 electronic state. To properly characterize the pathway involving the 

electronically excited pathways, having a multiconfigurational character of their 
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wavefunction, complete active space self-consistent field (CASSCF) theory was used in the 

study.[103] 

 

Scheme 21. a) Photochemical reactivity of borylnitrene 50. b) Relaxation of model 

borylnitrene 99 to the minimum of ã1A1 upon irradiation. 

Considering the high computational cost of doing CASSCF calculations on borylnitrene 50, a 

similar but smaller borylnitrene 99 was used as a model system. In the first part of the study, 

the choice of model borylnitrene 99 was tested by comparing the relative energy and 

character of the five lowest electronic states with that of 50. In this comparison, relative 

energies and the character of the electronic states considered were similar, which 

substantiates the choice of model borylnitrene 99 for the study. The next part of the study 

was to search for a low-energy photophysical pathway. The first step in any possible pathway 

was believed to be the Franck−Condon (FC) excitation to 𝐴̃3B2-99 electronic state based on 

the non-negligible oscillator strength calculated for this excitation for 50 and 99 (Scheme 

21b). Based on the following steps, two different pathways were obtained connecting 

different critical points (Scheme 21b, designated by curly blue and red arrows for pathway 1 

and pathway 2, respectively).  
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In pathway 1, the FC excitation to the 𝐴̃3B2-99 electronic state is followed by ISC to the  

𝑏̃1A2-99 electronic state via optimized minimum energy crossing point (MECP) named MECP1. 

Qualitatively, the ISC step was feasible as it follows El-Sayed’s rules.[163, 164] According to these 

rules, ISC between a singlet and a triplet is feasible, which involves flipping the electron spin 

and moving it to a perpendicular orbital.[163, 164] Also, a calculated spin-orbit coupling of 34.5 

cm−1 at MECP1 between the states involved in the ISC further supports the feasibility of this 

step. The potential energy surfaces for 𝐴̃3B2-99 and 𝑏̃1A2-99 near MECP1 showed a slopped 

topology, which indicates a high probability of relaxation from the triplet to the singlet state. 

After that, the next step was the relaxation of the 𝑏̃1A2-99 electronic state to minimum of 

ã1A1-99 electronic state, which was happening at the conical intersection CI1. Regarding the 

energy demand of pathway 1, from FC to MECP1, there was a barrier of 7-8 kcal mol−1 involved 

in the process, and the next steps were downhill in energy till the minimum of ã1A1-99. In 

pathway 2, steps that followed FC to 𝐴̃3B2-99 were: 1) relaxation to c1̃A1-99 at MECP2. 2) 

relaxation to 𝑏̃1A2-99 via CI2. 3) finally, relaxation to ã1A1-99 at CI1 and eventually to its 

minimum. Comparatively, the calculated energy demand in the first step was almost double 

that of pathway 1, and the calculated spin-orbit coupling at MECP2 was only 21.5 cm−1, which 

is also less than the spin-orbit coupling at MECP1. Therefore, pathway 1, obtained using 

model borylnitrene 99, was assigned as the probable pathway that could relax ground state 

𝑋̃3A2-50 to ã1A1-50 electronic state upon irradiation with  > 550 nm.  

4.4 The reaction of Borylnitrene with Ethene 

Matrix isolation experiments were carried out to study the reactivity of borylnitrene 50 with 

ethene, C2H4. The reactivity of borylnitrene 50 was studied in both the ground electronic state 

𝑋̃3A2 and the lowest singlet electronic state ã1A1, as shown in Scheme 22. In both cases, the 
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generation of borylnitrene 50 from the azide precursor 86, isolated in the argon matrix doped 

with 2-3 % of C2H4, is the common step. This step is also common to the previous reactivity 

studies of 50.[19, 31, 39, 94, 98, 103]   

 

Scheme 22. Photochemical generation and thermal and photochemical reaction of 

borylnitrene 50 with ethene.  

The reaction of 50 in the ground electronic state 𝑋̃3A2 was carried out by annealing 

the matrix at 35 K for 30 min. The annealing of the matrix resulted in the consumption of 

borylnitrene 50 and C2H4, as indicated by IR bands pointing downward in the difference IR 

spectrum (Figure 5a). Along with the IR bands pointing downward, there are IR bands pointing 

upward in the difference spectrum, corresponding to one or more products. For the product 

identification, a comparison was made between the computed anharmonic IR spectra of the 

possible products, as shown in Figure 6. Based on the comparison, the formation of enamines, 

anti-102, and syn-102 could be ruled out as the candidates for the obtained products in the 

thermal reaction. Aziridine 100 was assigned as one of the products based on the comparison 

between the computed and the experimental difference IR spectra. In the experimental 

spectrum (Figure 5a), IR bands at 1504 and 1521 cm−1 were identified as the signature IR 

modes involving both the B-N bond and aziridine ring, according to the computed IR modes. 
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Similarly, the ring breathing IR mode of 100, mostly localized at the three-membered ring, 

was identified at 1215 cm−1.  

 

Figure 5. (a) Difference experimental spectrum after annealing the Ar matrix doped with 2-3 

% of C2H4 at 35 K for 30 min. (b) and (c) Calculated anharmonic spectrum (fundamental bands) 

for 11B isotopologue of 100 and syn-101, respectively, at (U)B3LYP/6311+G(d,p) level of 

theory.     IR bands present in 10B isotopologues as the result of large shift compared to similar 

IR bands in 11B isotopologues. 

In addition, the presence of IR bands at 1305 cm−1 and in the region from 1730 to 1800 cm−1 

in the experimental spectra indicates the presence of isomeric imine syn-101 and anti-101. 

Based on computed spectra, the IR band at 1305 cm−1 corresponds to N-C-H angle bending, 
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and those between 1730 and 1800 cm−1 correspond to N=C bond stretching, combination, 

and overtone bands. Due to the overlapping IR bands of syn-101 and anti-101 an assignment 

is difficult.  

 

Figure 6. Calculated anharmonic spectra (fundamental bands) for 11B isotopologues of the 

probable products for the thermal and photochemical reaction of triplet borylnitrene 50 and 

ethene at (U)B3LYP/6311+G(d,p) level of theory. 

Multireference calculations for imine formation pathways were performed to find the 

most likely imine product forming in the experiment. The multireference calculations were 

performed on model system 99, considering the high computational cost for borylnitrene 50 

and the previous identification of 99 as a good model system for 50.[103] Four different 

potential energy surface scans were considered for the reaction steps in the computational 

studies, as shown in Figure 7. The first step corresponds to the initial reaction of 99 in the 
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𝑋̃3A2 electronic state with ethene, resulting in the formation of triplet 1,3-diradical species 

syn-104’ (Figure 7a). The initial reaction has an energy barrier of 4 kcal mol−1 obtained from 

the PES scan, which is likely an upper bound for the barrier. Such a low barrier reflects the 

feasibility of a similar reaction for catBN 50 in the matrix isolation conditions.  

 

Figure 7. Potential energy surface corresponding to the reactivity of the triplet borylnitrene 

50 with ethene calculated at FIC-NEVPT2/def2-TZVPP//SA-(1S,1T)-CAS(n,m)/def2-SV(P) level 

of theory. (a) The initial reaction of triplet borylnitrene 99 and ethene. (b), (c), and (d) 

Reaction of triplet biradical syn-104’ leading to the formation of syn-101’, 100, and syn-102’, 

respectively. The (n,m), where n stands for the number of electrons and m stands for the 

number of orbitals, is (10,10) except for the potential energy surface in (c), for which the value 

is (8,9). 



Results and Discussion 

 
55 

Thereafter, there are three different PES scans (Figure 7b, 7c, and 7d) with syn-104’ as the 

starting geometry showing the conversion of triplet spin syn-104’ into stable singlet spin 

species syn-101’, 100, and syn-102’. A similar approach was used in computational studies 

studying the reaction of triplet HN and C2H4, and it was found that the cyclization of 1,3-

diradical 1053 into the more stable singlet species 106 happens via an MECP without an energy 

barrier (Scheme 23a).[165, 166] Furthermore, the PESs Figure 7b, 7c, and 7d were obtained by 

calculating the single points at the FIC-NEVPT2/def2-TZVPP level of theory with SA-CASSCF 

wavefunctions averaged over the lowest singlet (S1) and the lowest triplet (T0) electronic 

state. The geometries for the single points in the three PES scans correspond to the one 

obtained by performing relaxed scans of the S1 PES at the CASSCF/def2-SV(P) level of theory. 

The relaxed PES scans were calculated with one geometry constraint, which is used as the 

scan parameter as mentioned on the x axis in Figure 7b, 7c, and 7d. In each of the three cases, 

there is the possibility of energy-favorable population transfer from the triplet syn-104’ to 

singlet syn-101’, 100’, and syn-102’ via MECPs as S1 and T0 are very close in energy near the 

geometry of syn-104’ (Figure 7b, 7c, and 7d). Energy barriers for the formation of 100’ and 

syn-101’ are less than one kcal mol−1 (0.04 kcal mol−1 and 0.66 kcal mol−1, respectively), and 

that of syn-102’ is only 1.8 kcal mol−1. In addition, efforts were made to calculate the PESs for 

the formation of anti-104’, but during the early steps of the scan calculation, the system 

adopted the geometries that resulted in syn-104’. On the other hand, DFT studies at 

(U)B3LYP/6-311+G(d,p) level of theory gave an energy barrier of 13.9 kcal mol−1 for the direct 

H abstraction from ethene which makes this reaction unfeasible under matrix isolation 

conditions. Hence, a computational argument is provided that favors the formation of 100 

and syn-101 and disfavors the formation of other possible products as shown in Figure 6 in 

the experiment. 
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Scheme 23. Reaction of triplet nitrene 1 with ethene. 

The formation of aziridine 100 from the reaction of triplet 50 with ethane follows 

known triplet nitrene reactivity patterns and is further supported by computational 

investigations of the HN + C2H4 system by Fueno and Zhang.[165, 166] The barrier for the 

formation of the diradical 1053 is higher (8-11 kcal mol−1) for NH + C2H4, but, as observed by 

Cornell et al. using flash kinetic absorption spectroscopy, the reaction is feasible at 1000-1500 

K and at room temperature.[167] Diradical 1053, in this case, eventually converts to CH3CN and 

HCN. According to Fueno and Zhang’s study, CH3CN and HCN are the secondary product of 

the reaction between triplet NH and C2H4. They are formed via aziridine 106 (Scheme 23a) 
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with a high energy barrier that can be surmounted under the conditions of Cornell’s 

experimental study but cannot be passed under the matrix isolation conditions.[165]  

Imine formation is unexpected. Sulfonylimine 110 was suggested in a computational 

study of the reaction of sulfonylnitrenes with C2H4 as a viable product from 1,3-diradical 1083 

that in turn can from without barrier (Scheme 23b).[168] An alternative fate of 1083 is 

formation of aziridine 109. The only experimental observation of imine formation is the 

reaction of the cobalt complex 111 with excess ethylene to give 112 (Scheme 23c). [169] 

Moreover, there are reports on forming imine products as the secondary products in thermal 

1,3-dipolar cycloaddition reaction of aziridines with olefins, where 1,2,3-triazolines form as 

the primary products.[170-172] 

The reaction of borylnitrene 50 in the lowest singlet ã1A1 state with ethene was carried 

out by photoexcitation ( > 550 nm) of its 𝑋̃3A2 electronic state, as discussed above. The 

photoirradiation resulted in new IR peaks and a decrease in the intensity of the IR bands 

corresponding to borylnitrene 50, as shown in the difference spectrum in Figure 8a. Two sets 

of peaks were similar to the one that appeared after the annealing step, indicating the 

formation of 100 and syn-101 in the photoreaction of 50 with ethene. Also, the two sets of 

peaks were in good agreement with the computed spectra of 100 and syn-101 (Figure 8b and 

Figure 8c). The formation of aziridine 100 is supported by a study from Jacox et al., who 

showed that the photolysis of HN3 isolated in an Ar matrix doped with C2H4 resulted in the 

formation of aziridine by reaction of the lowest singlet state of HN, which was produced 

initially, with C2H4.[173] In addition to the two sets of peaks, there was another set of peaks 

that shifted slightly compared to syn-101 and closely matched with the computed IR spectrum 

of anti-101 (Figure 8d).           
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Figure 8. (a) Difference experimental spectrum after photoirradiating the Ar matrix doped 

with 2-3 % of C2H4 with  > 550 nm for 180 min. (b), (c), and (d) Calculated anharmonic 

spectrum (fundamental bands) for 11B isotopologue of 100, syn-101, and anti-101 at 

(U)B3LYP/6311+G(d,p) level of theory.     IR bands present in 10B isotopologues as the result 

of large shift compared to similar IR bands in 11B isotopologues. 

Computational investigations were performed using density functional theory to 

understand the experimental findings in the photochemical reaction of the lowest singlet 

state of 50 with ethene (Figure 9). The PES shows a very low energy barrier of 1.3 kcal mol−1 

for the formation of 100. This is so low that the reaction can proceed under matrix isolation 

conditions. In contrast, no low energy barriers for the formation of the two isomers of 101 
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were found. Indirect pathways, via aziridine 100, to syn-101 and anti-101 were obtained with 

very high energy barriers but lower than the energy of reagents.  

 

Figure 9. Potential energy surface corresponding to the reactivity of the singlet borylnitrene 

50 with ethene calculated at B3LYP/6-311+G(d,p) level of theory. 

According to the UV-VIS spectrum calculated at CAM-B3LYP/6-311+G(d,p) level of theory, 

aziridine 100 does not absorb light at  > 550 nm. Therefore, the syn and anti isomers of 101 

cannot be assigned as the photodissociation products of 100. On the other hand, the 

photochemical reaction ( > 550 nm) could lead to the formation of vibrationally hot aziridine 

molecules, a portion of which could break into the imine products while the matrix 

environment vibrationally cooled the rest of them. Hence, the utilization of vibrational hot 

states by 100 can be used as an argument to support the formation of isomeric imines syn-

100 and anti-100 in the photoreaction. Furthermore, matrix isolation experiments were 

performed with borylnitrene 50, and heavy isotopologue of ethene doped in the Ar matrix 



Results and Discussion 

 
60 

(C2D4). Due to the appearance of broad bands in the IR spectra, the heavy isotope experiments 

were repeated with the Ne matrix. In these experiments, sharper IR bands of the products 

were obtained, which helped assign the shifted IR bands in the case of d4 labeled products, as 

shown in Figure 10.  

 

Figure 10. Isotopic shifts of the IR bands of d4 isotopomer of 100, syn-101, and anti-101. 

Difference IR spectra A and B showing the IR bands of the products formed upon 

photoreaction ( > 550 nm) of borylnitrene 50 with C2H4 and C2D4 respectively. Shifted IR 

bands are named from a-f (black: correspond to 100, red: correspond to both the isomers of 

101).      IR bands observed only in one of the isotopomers. 

The band shifts in cm−1 for the bands a-f was observed as 4 cm−1, 13 cm−1, 235 cm−1, 70 cm−1, 

22 cm−1, 259 cm−1, and 146 cm−1, which, within a certain degree of error, match with the 

computed shifts (10 cm−1, 6 cm−1, 220 cm−1, 76 cm−1, 22 cm−1, 255 cm−1, and 164 cm−1). Hence, 

isotopic studies support the assignments of the products formed in the matrix experiments. 
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The results for the reaction of borylnitrene 50 with C2H4 are summarized in Scheme 

24. Matrix isolation studies related to the reactivity of 50 in the triplet state with ethene 

provide evidence for the formation of aziridine 100 and imine syn-101. The experimental 

observations have been supported by multi-reference computational studies. Similar studies 

for the singlet state reactivity of the borylnitrene 100 with ethene hint towards the formation 

of aziridine 100 and two geometrical isomers of imine syn-101 and anti-101. Computational 

studies could explain the formation of aziridine 100 in the singlet electronic state reaction of 

50 but remained unconvincing in explaining the formation of the isomeric imines.  

 

Scheme 24. Reaction of Borylnitrene 50 with ethene in singlet and triplet electronic state.  
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