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Summary 

In Scheme 1 the main results of this thesis are presented. Appropiate references for the 

published work involving the author of this thesis as author (or co-author) is not given in the 

summary but in the corresponding chapters together with the copyright statement. 

Scheme 1. Species and reactions studied in this work. 
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In this thesis, triplet phenylnitrene 3a was produced in high yields by Flash vacuum 

thermolysis of phenylazide 6 and isolated in low-temperatures matrices. O2-doped xenon 

matrices containing 3a proved to be ideally suited for studying the oxygenation reaction of 3a 

with O2, Scheme 2. Nitrene 3a reacts slowly in O2-doped matrices even after prolonged 

annealing at 30 – 35 K, in contrast to the oxygenation reactions of triplet carbenes for which 

the reaction rates approach the diffusion limit. Even more striking is the lack of thermal 

reactivity of 3a in solid O2, where diffusion is not necessary. Even photochemical excitation 

of 3a results only partially in the reaction with O2 (formation of nitrobenzene 19a), while 

some 3a rearranges to 8a indicating a low reactivity with O2 not only for the ground state of 

3a but also for its excited state. 

Scheme 2. Reaction of phenylnitrene 3a with O2 under cryogenic conditions. 

 

For the first time the intermediate product of the oxygenation reaction of the parent 

phenylnitrene was isolated and spectroscopically characterized. The reactions of derivatives 

of 3a like the p-aminophenylnitrene 3d and the p-nitrophenylnitrene 3c with O2 are reported 

to result in the formation of both syn and anti-phenylnitroso oxides 17d1 and 17c2. In contrast, 

for the oxygenation reaction of 3a, only the syn-conformer of 17a is formed, and photolysis 

under various conditions exclusively results in the rearrangement to nitrobenzene 19a. The 

assignment was confirmed by isotopic labeling. At the B3LYP/aug-cc-pVTZ level of theory 

the syn-conformer is predicted to be energetically favored by 1 kcal/mol compared to the anti-

conformer, which might explain the preference for the syn-conformer observed here.  

In addition, another topic where nitrenes play an important role was also investigated: 

molecular magnetism. Among the many high-spin states of organic molecules that have been 

experimentally investigated over the years, the sextet spin state remains far less studied; 

motivated by this, two new sextet ground state molecules 44 and 45 were synthesized by 

photolysis in argon matrices at cryogenic temperatures, Scheme 3. These new organic high-

spin species exhibit stronger magnetic properties than the previously reported organic sextets 

with D values more than 10 times larger. The parent quintet nitrenes 49 and 52 are formed as 
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major products of the photolysis of 46 and 51. Both pentaradicals 44 and 45 were observed by 

EPR after further photolysis with shorter wavelengths. The photolysis of the corresponding 

diazido precursors produced also triplet nitrenes and quartet radical species. In the case of 46, 

the chlorine substituents inhibit the photochemical rearrangement of the phenylnitrene 

derivatives 44, 47, 48, or 49 to the corresponding ketenimines, and therefore high yields of the 

high-spin species are achieved. Both sextet species could lead to new sources for building 

blocks to synthesize organic magnetic materials. 

Scheme 3. Formation of sextets 44 and 45. 

 

 

 

Apart from exploring the higher spin states of nitrenes, three new 2H-benzazirines species, 

36, 39 and 42 were isolated and characterized by IR spectroscopy. Before this work only two 

2H-benzazirines had been isolated in cryogenic matrices and spectroscopically characterized 

by their clear-cut IR spectra. The three new benzazirines were formed from the corresponding 

azide precursors by irradiation with UV light. Moreover, 36, 39 and 42 undergo ring 

expansion reactions to the corresponding ketenimines 37, 40 and 43 in the dark below 25 K, 

at rates that ranged from 10-5 s-1 to 10-6 s-1. The calculated activation barriers for these 

processes are between 4 and 6 kcal/mol, meaning that if the reactions would proceed at these 

temperatures over the calculated barriers, the rate constants would be several orders of 

magnitude smaller than the observed ones. The experimental rate constants show a nearly 

temperature-independent behaviour below 25 K. Based on the experimental observations it 
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was concluded that the ring expansion reactions from 36 to 39 and 37 to 42 and from 40 to 43 

and   occur by heavy-atom tunneling at cryogenic temperatures, Scheme 4.  

Scheme 4. Photochemistry and heavy-atom tunneling processes observed for 36, 39, and 

42 

 

In the case of the ring expansion of 39, an isomer-specific tunneling reaction was observed. 

The tunneling probability for the ring expansion of 39 is not only sensitive to the position of 

the nitrogen with respect to the methoxy group, but also to the relative conformation of the 

methoxy group itself.  

Stabilization of singlet nitrenes have also attracted much attention since the reactivity of these 

species is less far understood than that of triplet nitrenes. Singlet nitrenes are key species in 

photoaffinity labeling in proteins and therefore new insights on the chemistry of these states 

are of high importance.The isolation and spectroscopic characterization of one of the very few 

examples of a singlet complex of a nitrene was reported in this work. Here, the 

pentafluorophenylnitrene 56 switched its spin state from triplet to singlet when interacting 

with BF3, Scheme 5.  

Scheme 5. Reaction of T-56 with BF3. 

 

Quantum chemical calculations showed that two molecules of BF3 are necessary to stabilize 

the singlet state which lies more than 27 kcal/mol above the triplet ground state in 56 at the 

CCSD(T)/cc-pVDZ//M06-2X/6-311++G(d,p) level of theory. The interaction between 56 and 
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BF3 occurs thermally and below 25 K only traces of the complex S-56...(BF3)2 are formed, 

while at higher temperatures, the main product of the reaction is the singlet complex. In the 

EPR experiments, no new signals appeared after annealing at 30 K, demonstrating the 

diamagnetic character of S-56...(BF3)2. The BF stretching vibrations in the complex showed 

evidence of a moderate negative charge at one of the BF3 molecules, while the other BF3 

molecule resembles the neutral BF3 species. Stabilization of a singlet complex of any aryl 

nitrene is a rare phenomenon since the singlet-triplet gap is usually very large. 

Motivated by these results, a similar reaction using diphenylcarbene instead of 56 was 

investigated. The triplet diphenylcarbene T-60 interacts with BF3 switching its spin like in the 

case of 56; however, calculations predict that one BF3 molecule is enough to produce the 

singlet complex. The new complex formed can be rationalized as a reverse ylide with a 

positive charge at the carbene center (thus resembling the benzhydryl cation) and a negative 

charge at the BF3 fragment. Upon irradiation with UV light, the carbene insertion into the BF 

bond of the BF3 occurs. This process was found to be photochemically reversible by 

irradiation with UV light. The overall process occurs according to Scheme 6. The insertion of 

the carbene into the BF bond should be accessible thermally at room temperature according to 

the calculated energetic barrier for this process, being of potential use for synthetic 

applications. This constituted the first experimental report of a reversible fluorine shift. 

Scheme 6. Reaction of T-60 with BF3 under cryogenic conditions. 

 

Finally the stability of nitrenes and radicals in reactive matrices like water and p-H2 was 

studied. Phenylnitrene 3a proved to be stable not only in solid oxygen (see above) but also in 

pure p-H2 at 2.8 K. Other reactive intermediates like the benzyl radical 67, the phenyl radical 

68 and the 1,3,5-trimethylenebenzene radical 69 were also studied under similar conditions. 

The first reported photochemical formation of the benzyl radical 67 in matrices at low 

temperatures was achieved using p-H2 as matrix material. The previous reports on matrix-

isolation of benzyl radical 67 were using FVT as the preferred method to obtain the radical. 

The analogous experiment to produce the phenyl radical 68 only yielded traces of the radical 

because of the reaction with the matrix. As expected, the p-H2 as matrix host material proved 
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to be more efficient than argon in the diffusion process of radicals like iodine radicals, 

allowing the formation of the triradical 69 that was not possible before in argon using 

photolysis. In addition, the 1,3,5-tritertbutylphenylnitrene 70 was also studied in water matrix. 

Surprisingly, the nitrene was stable up to 160 K were the water matrix starts to evaporate. The 

stability of nitrenes in these reactive media is a nice result in favor of the triplet nitrenes to be 

potentially used as a building block for organic magnetic materials at low temperatures, in 

environments where species like O2, H2 or H2O are present. 

 

Finally, precursors 6f, 46, 73 and 75 were photolized inside Nafion (previously neutralized) to 

produce the corresponding high-spin nitrenes. The nitrenes generated inside the polymer were 

observed up to temperatures between -45 °C  to -20 °C. At these temperatures this spcecies 

survive only for some minutes; however, it is an important step forward to ultimatlely produce 

organic magnetic materials based on nitrenes. 
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General 

Nitrenes 

According to IUPAC3, nitrenes are “The neutral compound HN꞉ having univalent nitrogen, 

and its derivatives RN꞉.” In contrast to the stable nitrogenated compounds, nitrenes are 

usually very reactive intermediates, a characteristic behaviour that comes mostly from the 

univalent character of the nitrogen center, two valences fewer than the most stable compounds 

of nitrogen4.  

 

Figure 1. Nitrenes valency vs. stable nitrogenated compounds valency. 

Nitrenes have attracted much attention since they are key species in multiple real-life 

applications5,6. In photoaffinity labeling, for example, an azide (which is the most common 

nitrene precursor) can be attached to a ligand of a biomolecule and then by subsequent 

irradiation it is possible to covalently bind the ligand to the macromolecule.5 The mechanism 

of this process involves the formation of a nitrene intermediate in the binding process. The 

main idea is to derivatize the active site at which the biomolecule binds its natural ligands.5 

Another application is in lithography, in which nitrenes are produced in the photochemistry of 

the azides used as a photoresist.6 In organic chemistry, nitrenes act as intermediates in many 

synthetic approaches as well7-11.  

One of the most exciting features of nitrenes are its magnetic properties. High-spin organic 

molecules had attracted much attention since its potential use as building blocks in organic 

magnetic materials.12-18 Because of its strong ferromagnetic coupling, high-spin nitrenes are 

commonly used as models to study molecular magnetism; the ultimate goal would be to 

produce a magnetic material completely free of metals, using the nitrene centers as the only 

source of magnetization.  

In order to understand better its chemical behavior lets first take a closer look to its electronic 

structure. They can exist in three different electronic states: singlet (S), triplet (T) and open-

shell singlet (OSS) state, depending on which orbitals describe better the behavior of the non-

bonding electrons in the nitrene.  
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In the triplet state (T), both electrons occupy separate orbitals with parallel spins; in the 

closed-shell singlet state (S), the nonbonding electrons are in the same orbital with antiparallel 

spins while for the open-shell singlet state (OSS), both non-bonding electrons occupy 

different orbitals with antiparallel spins.  

These electronic configurations are represented in Figure 2 for the simplest nitrene, the 

imidogen (1). In 1, both singlet electronic configurations S-1 and OSS-1 have the same 

energy and therefore, in this specific case, they represent the two components of a double 

degenerate singlet state19.   

 

Figure 2. Triplet and Singlet electronic states of Imidogen. This is a modified version based on the figure 

appearing if ref.
19 

It is important to realize that even for nitrenes where the closed-shell singlet and the open-

shell singlet states are not degenerate, both states are a linear combination of two degenerated 

configurations (a and b for OSS-1 and c and d for S-1) as shown in Figure 2. 

The electronic configuration of a nitrene will strongly influence its reactivity. In this regard, 

the energy difference between the triplet and the singlet states, the 'singlet-triplet splitting' 

(ES-T) is of key importance to understand its chemical behavior. In Figure 3, a series of 

nitrenes bearing different substituents is presented together with their experimental ES-T.  
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From 1 to 5 (where the H has been substituted by NH2), the ES-T varies more than 50 

kcal/mol, altering the energetic ordering of the electronic states. As result, 1 exists as a triplet 

ground state while 5 is a singlet ground state nitrene. The effects of the substitution on the 

ES-T can be analyzed in qualitative terms based on two contributions20: the effect of the 

electron-electron repulsion in the orbitals overlap region, between both unpaired electrons in 

the triplet state, (equal to the magnitude of the exchange integral) and the difference in energy 

between the nitrene’s frontier orbitals, Figure 3.  

 

Figure 3. Exchange vs. Orbital energy difference. Effect of the electron donation on the S-T gap.aRelative 

energies of the p orbitals of the nitrogen in each nitrene shown. bT=Triplet, S=Singlet. This figure is based on the 

one appearing in ref20. 

For singlet nitrenes the energy difference between the frontier orbitals is larger than the 

exchange integral. Therefore, the energy needed to place one electron into the higher-energy 

orbital (to produce a triplet state) is not compensated by the favorable energetic effect of 

having both electrons with alligned spins in different orbitals. On the contrary, when the 

exchange integral is larger than the energy separation between the corresponding orbitals, 

then the nitrene will exhibit a triplet ground state as represented in Figure 3.  

Based on these two factors, the effect of the substituent on the ES-T can be understood if one 

considers the fact that the substituent will interact differently with two p orbitals that are 

differently oriented in space. The extent in which the substituents can break the degeneracy 

between both non-bonding orbitals, will determine if the ground state will be triplet or singlet. 
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In the case of 1, both orbitals are degenerated as mentioned earlier, however, the introduction 

of a substituent with stronger electron-donating properties like the amino group in 5 produces 

the lift of the degeneracy. The interaction between the lone pair of the amino substituent and 

the p orbital of the nitrene which is in the same plane, destabilizes this p orbital with respect 

to the one that is orthogonal to the lone pair and therefore interacts much less with it. In this 

case, the interaction is so strong that the exchange stabilization is not enough to contrarest it, 

and this is why 5 exists as a singlet nitrene.   

One of the reasons why it is so important to characterize the ground state of a nitrene and to 

know if it is either singlet or triplet, is to some extent due to the fact that triplet nitrenes will 

react differently from singlet nitrenes.5 Triplet nitrenes can get involved in reactions like aza- 

coupling reactions, thermal reactions with other triplet molecules like oxygen and insertion 

into alkyl C-H bonds, by hydrogen-atom abstraction and radical recombination. On the other 

hand, singlet nitrenes can undergo ring expansion reactions to benzazirines, insertion into aryl 

C-H bonds (by addition and rearrangement) and formation of nitrenium ions in acidic media 

among other reaction pathways.5 

In Figure 3 the only aryl nitrene is the phenylnitrene 3a; this nitrene and its derivatives have 

attracted a large attention in the study of nitrenes21-25. To understand why, one can think of the 

practical applications of nitrenes as mentioned before. In all of them the photochemistry of a 

suitable precursor is needed, and azides are by far the most used ones. The photoproducts can 

be generated by exciting the phenyl ring and part of the energy will be then transferred to the 

azide group. In this regard, aromatic azides have the advantage that the irradiation can be 

performed at higher wavelengths than if a diferent type of azide like an alkyl azide is used, 

reducing the potential damage to macromolecules or other systems present. On top of that, as 

it will be covered in Chapter 4, aryl nitrenes exhibit the highest D values and ferromagnetic 

coupling among organic polyradicals, making it very attractive to study its magnetic 

properties. The parent arylnitrene is, in fact, the phenylnitrene 3a, therefore 3a and its 

derivatives are the main systems that this thesis is focused on. The formation of T-3a and 

related intermediates involved in this process is discussed in the next section.  
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Photolysis and thermal decomposition of phenylazide 

By far, the most common precursor of T-3a is Phenylazide 6, phenylisocyanate has also been 

used but in less extent. Phenylnitrene 3a is formed by photolysis or thermolysis of 

phenylazide 6, according to Scheme 7,24, 25. The first step is the formation of 3a in an excited 

singlet state S-3a which can undergo intersystem crossing (ISC) to the triplet ground state T-

3a. However, the singlet state formed may possess enough energy to overcome the activation 

barrier to the ring expansion products, the benzazirine 7a and ketenimine 8a or to explore 

further the C6H5N hypersurface and to find the minimum 9. 

Scheme 7. Photolytic and thermal decomposition of Phenylazide 6. (This scheme is based on the 

schemes appearing in refs [24] and [25]) 

 

 

In Scheme 7, the photolytic and thermal decomposition of 6 is depicted together with some of 

the techniques that allowed identifying the decomposition products.  
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This Scheme is the summary of decades of research and the effort of many experimental 

groups.24, 25   

The first comprehensive studies on the decomposition pathways of 6 were done by Huisgen26, 

27 and by Doering and Odum28. Huisgen explored the thermal decomposition of 6 in aniline, 

observing the extrusion of N2 and formation of a trapping product 12. Doering and Odum28 on 

the other hand studied the photochemical decomposition of 6; they observed also extrusion of 

N2 and formation of 12 when using diethylamine as trapping reagent. In both studies, the 

formation of an intermediate that finally leads to 12 was suggested. Over the years, 

experimental and theoretical works29-46 supported the existence of four intermediates involved 

in the photochemical and thermal decomposition of 6: S-3a, T-3a, 7a and 8a.  

As seen in Scheme 7, the singlet phenylnitrene S-3a plays a key role in the decomposition of 

6. From S-3a all the other species can be obtained. Singlet phenylnitrene S-3a was detected 

using Laser Flash Photolysis (LFP) by its transient absorption λmax = 350 nm with a lifetime 

of 1 ns at ambient temperature24, 42, 43. Experiments in the presence of diethylamine showed 

that the fate of S-3a after being formed strongly depends on the temperature31 and below 160 

K, the intersystem crossing (ISC) to T-3a is favored. The rate of the ISC was found to be 

temperature independent, the rate constant is 3.2 ± 0.3 ∙10-6 s-1 at 170 K18 and 3.8 ± 0.3 ∙10-6 s-

1 at 77 K44.  

The formation of T-3a as one of the intermediates in the decomposition process shown in 

Scheme 7, has been supported by means of several spectroscopic techniques, including 

Infrared (IR), Ultraviolet-visible (UV-vis) and Electron Paramagnetic Resonance (EPR) 

spectroscopy37, 40, 45. The triplet character of T-3a was established by Smolinsky et al.37 from 

the temperature dependency of its EPR signals. The first UV-vis spectrum of T-3a was 

reported by the Reiser group45, although it was demonstrated later31 that the reported spectrum 

also contained features assigned to 8a. The IR absorptions of T-3a were reported by Hayes 

and Sheridan23 as result of the photolysis of matrix isolated 6 which also produced 8a as a 

product in the matrix. Triplet phenylnitrene T-3a can react further to form azobenzene 10 in 

highly diluted or in concentrated solutions of phenyl azide. At high dilutions,  10 is probably 

formed by dimerization of T-3a while in concentrated solutions  the reaction of T-3a with 6 

occurs.24
 However, this dimerization reaction has never been directly monitored by time-

resolved techniques, in contrast to substituted triplet phenylnitrenes like p-nitrophenylnitrene 
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and 2,4,6-tribromophenylnitrene, where the dimerization products were found to obey second-

order kinectics24. 

On the other hand, at temperatures above 200 K, in solution31, 34, the fate of S-3a, is to form 

ketenimine 8a. The barrier for the cyclization from S-3a to 8a was determined to be 5.6 ± 0.3 

kcal/mol by using LFP and monitoring the decay of S-3a. The Arrhenius preexponential 

factor for this reaction was determined43 as A = 10(13.1±0.3) s-1. 8a was confirmed as the species 

that reacts with anilines when the photolysis of 6 is performed in solution35. Levya et al.31 

pointed out that 8a was also formed by irradiation of T-3a at low temperatures. Ketenimine 

8a is the ring expansion product of S-3a and T-3a not only in solution but also in inert gas 

matrices, where its formation was demonstrated by both IR46 and UV-vis spectroscopy23. 

Chapman reported46 the observation of a strong IR band at 1880±10 cm-1 assigned to the 

formation of 8a by irradiation with λ = 350 nm of matrix isolated T-3a in argon at 10 K. 

Later, Hayes40 presented the UV-vis spectrum of matrix isolated 8a formed under similar 

conditions. More recently, in a very nice study, 8a could be stabilized inside an 

hemicarcerand and its lifetime was found to be of 32 min at 194 K 36. The ketenimine 

ultimately formed S-3a, which relaxes to T-3a and reacts with the surroundings.  

From a theoretical point of view, Borden studied the cyclization reaction to form 8a in the gas 

phase, and showed that it may be a two-step process involving 7a as intermediate. This 

supports the experimental results showing that when phenyl azide 6 is photolyzed in the 

presence of ethanethiol, benzazirine 7a can be intercepted.47 However, 7a has never been 

isolated or spectroscopically detected, in contrast to other analogues like the perfluorinated 

benzazirine48, 4-methoxyphenyl benzazirine and 4-methylthiophenyl benzazirine49. 

The other product that was identified in the decomposition of 6 is 9, by Wentrup50 in the gas 

phase thermolysis of 6 and was detected by its IR band at 2224 cm-1. 9 is the ring contraction 

product of S-3a and the global minimum of the C6H5N hypersurface25. The formation of 9 

also explains the UV-vis of the decomposition products of 6 in the gas phase. Cullin et al.51 

showed that the species responsible for the UV-vis spectrum in the gas phase is actually the 

cyanocyclopentadienyl radical which is formed from 9. Sumaring, the thermal and 

photochemical decomposition of 6 yields several products, which were observed or trapped 

either in the gas phase, in solution or in solid inert matrices. In the gas phase, S-3a isomerizes 

to 9 while in solution above 200 K it isomerizes to 8a (most likely through 7a). In matrices at 

cryogenic temperatures, S-3a undergoes ISC to triplet phenylnitrene T-3a.  
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Phenylnitrene 

Following the same reasoning from Figure 3, the phenyl substituent in T-3a lifts the 

degeneracy between both p orbitals of the nitrogen. The π orbitals of the phenyl ring interacts 

more strongly with the p orbital of the nitrogen that is perpendicular to the plane of the 

molecule, however it is not enough to produce a singlet ground state molecule, thus phenyl 

nitrene 3a exists as a triplet ground state 3A2, Figure 4.  

 

Figure 4. Experimental relative energies from negative ion photoelectron spectroscopy52, 53 and calculated C-C 

and C-N bond distances54 at the CASSCF(8,8)/cc-pvtz level of theory of the three lowest electronic states of 3a.  

The first excited singlet state, 1A2, is an open-shell singlet state with the same orbital 

occupation as in 3A2 and located 14.8 ± 0.2 kcal mol-1 above the ground state triplet, Figure 4. 

In 1A2, unlike in the case of 3A2 both non-bonding electrons have an opposite spin and 

therefore the geometries are quite different. The first singlet state of the phenylnitrene 3a can 

be seen as a cyclohexadienyl radical-like structure with an iminyl radical attached to C-622. 

This is reflected in the C-N bond distance for both states, which is shorter for the first singlet 



General 

    

state due to a partially double bond character, Figure 4. In this way, both unpaired electrons 

(with different spin) are localized to different regions of the molecule minimizing their mutual 

Coulombic repulsion energy. 22 In other words, in 1A2 one unpaired electron is delocalized 

into the phenyl ring and the other one is at the nitrogen p- orbital, while in 3A2 both electrons 

are located at the nitrogen atom. In 3A2 the high exchange integral resulting from having both 

electrons with the same spin keeps low the electron-electron repulsion between them. At the 

end, the reason for the first singlet state having this geometry is a consequence of the Pauli 

Exclusion Principle and the Hunds rules.  

The electronic structure of 1A2 also explains the drastic reduction of ES-T in the phenylnitrene 

compared to the imidogen, as the presence of the benzene ring allows placing both electrons 

with different spin in disjointed regions of space while for the imidogen this is not possible.  

In 3a, the next higher-lying excited state is a closed-shell singlet 1A1 located 30 ± 5 kcal/mol 

above the ground state triplet. Both electronic configurations contributing to 1A1 are 

represented in Figure 4. For the electronic states above 1A1, the best estimates for the energy 

placed the next singlet states at 57 and 71 kcal/mol above 3A2.
54 While for the next triplet 

states, the vertical excitations are 71 and 77 kcal/mol. 54  
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Cyclization to benzazirines and ketenimines 

As explained before the ring expansion of T-3a and S-3a to ketenimine 8a is one of the main 

photochemical pathways of T-3a at low temperatures and in solution. Theoretical calculations 

from Borden55 showed that the cyclization to form 8a is a two-step process through 

benzazirine 7a, Figure 5.  

 

Figure 5. Cyclization reaction of S-3a to form 8a calculated at the CASPT2(8,8)/6-311G(2d,p)//CASSCF-

(8,8)/6-31G(d) level of theory.
55, 24. 

The first step is facilitated by the cyclohexadienyl radical type of structure for the first singlet 

state of the phenylnitrene 3a, as the nitrogen just has to bent in order that the σ non-bonding 

orbital (formerly the σ-p orbital on the nitrogen) can interact with the single occupied π non-

bonding orbital.22 In fact, the reaction from S-3a to 4 can be interpreted as cyclization of a 1,3 

biradical, Scheme 8.   

Scheme 8. First step of the ring cyclization reaction of S-3a. (This scheme is based on the scheme 

appearing in ref [22]) 

 

This first step is predicted to be the rate determining step at the CASPT2(8,8)/6-

311G(2d,p)//CASSCF-(8,8)/6-31G(d). The calculated activation energy is 9.1 kcal/mol while 
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for the second step, the ring opening of 7a, the activation energy is 3.1 kcal/mol at the same 

level of theory. However, the calculated value for the first step differs by more than 3 

kcal/mol from the experimental value reported by Platz of 5.6 ± 0.3 kcal/mol43 which may be 

attributed to over stabilization by the CASPT2 method of open-shell species relative to 

closed-shell species.24, 56 

The second step is mildly exothermic; 8a is 5.0 kcal/mol lower in energy than 7a, while for 

the overall process 8a is only 1.6 kcal/mol lower in energy than the singlet phenylnitrene 3a at 

this level of theory. However, considering that the singlet nitrene is probably over stabilized 

at the level of theory reported by Borden, it is to expect that the experimental value is larger. 

The small energy barrier for the second step (Figure 2) is in agreement with the very short 

lifetime of 7a in solution (<< 1 ns), although it has been reported that the yield of the trapping 

product in the reaction of 7a with ethanethiol is surprisingly high (38 %) 24. Both observations 

can be reconciled if the reaction with ethanethiol actually proceeds at a rate that approaches 

the diffusion limit, so >109 s-1. 24 

On the other hand, the calculated value of 10.8 kcal/mol for the energy difference between 

TS1 and 8a, at the CASPT2(8,8)/6-311G(2d,p)//CASSCF-(8,8)/6-31G(d) level of theory, is in 

fair agreement with the experimental reported energy difference of 12.8 kcal/mol by 

Wartmuth et al.36 

The reaction from S-3a to 7a and to 8a is drastically influenced by substitution on the phenyl 

ring. In Table 1 the lifetimes of several para-substituted singlet phenylnitrenes derivatives are 

presented.25 

Table 1. Lifetimes of some para-substituted phenylnitrenes. 

p-substituent τ295K (ns) 
a p-substituent τ295K (ns)

a 

H ~1 Cl ~1 

Me ~1 Br ~3 

CF3 1.5 OMe <1 

C(O)Me 5.0 CN 8 ± 4 

F ~0.3 Ph 15 ± 2 

                                            Values from Ref.
25 

This table nicely shows that the most pronounced effect on the lifetimes is observed for the 

the singlet p-phenyl and p-cyanophenylnitrenes. The lifetime for the phenyl-substituted is 15 
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times larger than for the parent phenylnitrene 3a while the cyano-substituted phenylnitrene 

species has a lifetime of 8 ns, considerably longer than 7a.  

This stabilization effect of the substituents on the corresponding singlet nitrene is closely 

related to the electronic structure of the nitrene itself. As pointed out above, the first step of 

the cyclization reaction can be described as a 1,3-diradical addition, therefore, the stability of 

the singlet nitrene against cyclization depends on how much the substituent can decrease the 

spin density in the ortho positions respect to the nitrene center25, Scheme 8. Both cyano and 

phenyl substituents stabilize the radical by conjugation, reducing the spin density in the 

carbon atoms in ortho position respect to the nitrene. As result the cyclization rates decrease, 

which is reflected in the longer lifetimes of these substituted nitrenes.25  

On the other hand, ortho-substitution also increases the lifetime of singlet nitrenes when both 

positions are substituted. However, it has another important effect on the ring expansion 

reaction, and is to favor the attack of the nitrogen radical to the carbon that is farther away 

from the substituent. A nice example comes from comparing the two aforementioned 

substituted nitrenes. In the case of 13, the reaction to form the benzazirine 15 proceeds much 

faster than the reaction to form 1457, 58, Scheme 9. 

Scheme 9. First step of the ring cyclization reaction of S-3a. (This scheme is based on the scheme 

appearing in ref [25]). 

 

However, for the singlet ortho-cyanophelynitrene, both benzazirines are formed in 

comparable amounts, as reported by Lamara et al59. These results can be explained by 

considering the steric effect of the substituents. The methyl group is  bigger than the cyano 

group and therefore by steric repulsion is able to direct the attack of the nitrogen radical away 

from the substitution, while for the smaller cyano group, the effect is not that pronounced 

resulting in the formation of both benzazirines.25  
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Theoretical methods for studying nitrenes 

The use of approximate theoretical methods to describe species like nitrenes, or any other 

reactive intermediate discussed in this thesis, comes from the impossibility of solving the 

Schrödinger equation for multi-electronic systems.  

The Schrödinger equation in its time-independent form (1) allows to find the eigenfunctions 

of the stationary states of a quantum system. 60 

                                                 �̂�Ψ(r, R) =  𝐸Ψ(r, R)                         (1) 

Where �̂� is the Hamiltonian operator, r represents the coordinates of the electrons, R  

represents the coordinates of the nuclei, Ψ is the wavefunction of the system and 𝐸 is the 

energy of the system.  

Because the mass of the nuclei is much bigger than the electrons mass and the electrons move 

much faster, both movements can be separate and study the electrons as moving under the 

effect of a fixed nuclear configuration, approximation is known as the Born-Openheimer 

approximation. This corresponds to eliminate the kinetic energy contribution of the nuclei and 

to consider the nucleus-nucleus repulsion energy constant and depending on a static geometry 

of the nuclei.  

Under this consideration, the Schrödinger equation in its time-independent form can be 

rewritten as in (2). 

                             
  �̂�𝑒𝑙(r, R)Ψ𝑒𝑙(𝑟) =  𝐸(R)Ψ𝑒𝑙(𝑟)               (2) 

Where �̂�𝑒𝑙 is the electronic Hamiltonian operator and Ψ𝑒𝑙 is the electronic wavefunction  

With the total energy  

                                       

 𝐸𝑡𝑜𝑡 = 𝐸 + ∑ ∑ 𝑉𝐴𝐵
𝑁
𝐵,𝐴

𝑁
𝐴=1

      

    (3) 

Where  𝑉 is the potential energy operator from the electron-electron repulsion, 

The second term in equation 3 is the main reason why it cannot be solved exactly for multi-

electronic systems. This electron-electron repulsion term cannot be factorized and 
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therefore, the wavefunction cannot be expressed exactly as a product of uni-electronic 

functions60. Then, to circumvent this problem, numerous approximate methods had appeared. 

Approximate solutions of the Schrödinger equation can be obtained from the Hartree-Fock 

method by substituting the exact term of the electron-electron repulsion by an average 

interaction term.60, 61 In this way, the obtained energy is a part of the total energy of the 

system. However, this fraction of the energy that the method cannot account can be of key 

importance when studying chemical phenomena. The energy difference between the HF 

energy and exact nonrelativistic energy of a system is known as the correlation energy. The 

methods that try to recover this correlation energy going beyond HF are known as post-HF-

methods or correlation methods. Examples of these methods that are of great interest for 

studying nitrenes are the Coupled Cluster (CC) methods and the Complete Active Space Self-

Consistent Field (CASSCF) methods. 

The choice of the method is usually based on the electronic configuration of the nitrene to 

investigate. The main challenge is to deal with the open-shell singlet states because it requires 

multi-configurational methods20, 54 which are usually computationally expensive. In this thesis 

the open-shell systems were studied by using multi-configurational Self-Consistent Field 

Methods (MCSCFs) implemented using the CASSCF procedure in the Molpro program62. 

The energies can then be corrected using second-order perturbation theory to include the 

dynamical correlation outside of the active space.62 

In the CASSCF method, the orbitals and configuration coefficients are changed in order to 

optimize the multiconfiguration wavefunction. A key point is the selection of the active space, 

which depends on the system itself and the properties or chemical phenomena one wants to 

study. In Molpro62 the orbitals which have varying occupations are referred as active orbitals 

while the inactive orbitals are doubly occupied.  

For the cases where the multi-reference character is not critical, methods employing Coupled 

Cluster theory63 can provide good results. In the case of the Coupled Cluster methods the 

wave function is expressed as in (4):   

                                         Ψ= 𝑒𝑥𝑝∑ 𝑇𝑖 𝑛
𝑖=1 ΨHF                                                    (4) 

Where 𝑛 is the number of electrons, ΨHF is the Hartree-Fock wave function and 𝑇𝑖
  represents 

the operators that generate the determinants with 𝑖 excitations from the reference.  
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In the case that only single and double excitations are considered the method is referred as 

CCSD (Coupled Cluster Singles and Doubles). If triple excitations as MP2 corrections to the 

energy are employed (like in this thesis) the method is then referred as CCSD(T).  

There is an alternative way to treat the quantum systems by using the methods based on the 

Density Functional Theory (DFT)64, which employ the total electronic density to 

calculate the energy of the system. The base for DFT was established by the first theorem by 

Hohenberg and Kohn which shows that the external potential is a unique functional of 

the electron density , and together with the number of electrons determines the 

Hamiltonian. In this way, the energy of the ground state is completely determined by its 

electron density. 64  

Then, the energy of a system can be expressed as a functional of its electron density as in (5). 

(5) 

Where  is the term of electron's kinetic energy,  is the term for the electron-

electron repulsion energy and  is the term related with the interaction between the 

nuclei and the electrons.  

In theory, this suppose a huge advantage since the wave function depends on four variables 

for each electron (three spatial variables and the spin) while the electron density in one point 

only depends on the three coordinates of that point. Therefore, the complexity of the 

wavefunction increases exponentially with the number of electrons while the electron density 

still depends on three coordinates. However, in practical applications for complex chemical 

systems the electron density is calculated from the wavefunction, so in this regard 

this advantage is so far only theoretical. 

In order to address the issue of the high computational cost of multi-reference methods for 

open-shell systems, some aporaches have been employed20 like unrestricted DFT methods.65 

The results obtained in this way may have a large spin contamination, although in some cases 

the results can be fruitful.44, 66 Another useful approach is to use the spin-flip methods 

developed by Krylov.67  
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In the case of triplet and closed shell singlet nitrenes the situation is completely different as 

these species can be well described by using single reference methods like DFT methods. 

Complete basis set methods (CBS) has also been employed with good results68, 69.
20



Chapter 1. 

Highlights 

The intermediate of the reaction of 3a with oxygen was isolated for the first time. 3a is stable 

in pure oxygen at cryogenic temperatures.  

The information presented in this chapter was "Reprinted (adapted) with permission from (J. 

Mieres-Perez, E. Mendez-Vega, K. Velappan, W. Sander, J. Org. Chem., 2015, 80 (24), pp 

11926–11931, DOI: 10.1021/acs.joc.5b01263). Copyright (2015) American Chemical 

Society." 
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Chapter 1. Phenyl Nitrene Reaction with Oxygen 

Introduction 

The reactivity of nitrene 3a differs substantially from that of its carbene analogue 

phenylcarbene 16. Since nitrene 3a has a triplet ground state, it might be expected to react 

rapidly with molecular oxygen. In fact, triplet carbenes readily react with O2 to form the 

highly labile carbonyl O-oxides that further rearrange to dioxiranes and esters, Scheme 10.11-13  

Scheme 10. Reaction of triplet carbenes with O2. 

 

However, nitrene 3a is less reactive than 2, and in contrast to the oxygenation reactions of 

carbenes, the reactions of triplet nitrenes with O2 have been much less investigated.14 Sawaki 

et al. concluded from trapping studies that substituted phenylnitrenes react with O2 to form 

phenylnitroso oxides 17, which further either rearrange to nitrobenzenes 19 (up to 30% yield) 

or transfer oxygen atoms to suitable substrates (Scheme 11).15,16 In O-transfer reactions, the 

nitroso oxides 17 react as electrophilic radicals.16  

A basic problem for the spectroscopic characterization of intermediates of the oxygenation of 

phenyl nitrenes 3 is the rapid photochemical rearrangement of the nitrenes to derivatives of 

benzazirine 7a and ketenimine 8a which leads to unwanted side products. To circumvent these 

problems, Bendig et al.17 studied the oxygenation of p-nitrenostilbene 3b and derivatives, 

which show a lower tendency for rearrangement, in methyltetrahydrofuran (MTHF) glasses 

by UV-vis spectroscopy. Photolysis of azidostilbene in oxygen-containing MTHF at 77 K 

produces the nitrenostilbene 3b in high yields, which on warming to 95 K reacts with O2 to 

the nitroso O-oxide 17b with an absorption maximum at 514 nm (Scheme 11). The 

photochemistry of 17b proved to depend strongly on the irradiation conditions, and tentative 

evidence for the formation of the highly labile dioxaziridine 18b as precursor of nitrostilbene 

19b as final product was presented.17 
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Scheme 11. Reaction of aryl nitrenes 3 with O2. 

 

The first characterization of an aryl nitroso oxide by matrix isolation IR spectroscopy was 

reported by Inui et al.18 p-nitrophenylnitrene 3c was generated by photolysis of p-

nitrophenylazide, matrix-isolated in 5% O2-doped Xe at 10 K. If this matrix was warmed to 

50 K, the IR bands of 3c decreased in intensity and a mixture of the syn and anti isomers of 

nitroso oxide 17c were formed. This assignment was confirmed by 18O isotopic labeling. 

In a similar way, the oxygenation of p-aminophenylnitrene 3d was studied by Pritchina, 

Gritsan, and Bally in 4% O2-doped argon matrices.19 Annealing of such matrices for several 

minutes at 30 K resulted in a decrease of the IR absorptions assigned to 1d and formation of 

the syn and anti isomers of nitroso oxide 17d. By monochromatic irradiation at two different 

wavelengths these isomers could be interconverted, whereas broad band irradiation with λ > 

365 nm resulted in the rearrangement to p-nitroaniline 19d. These results were corroborated 

by careful DFT and ab-initio calculations. Dioxaziridine 18d was not observed under any 

conditions in these experiments. According to the calculations, 18d is more than 11 kcal/mol 

higher in energy than 17d, whereas the rearrangement of 18d to 19d releases about 66 

kcal/mol. Interestingly, very similar energetics were estimated for the corresponding 

intermediates in the oxygenation of the parent phenylnitrene 3a. 

For triplet phenylnitrene 3a the activation barrier for the reaction with O2 was determined in 

flash photolysis experiments to be 4.3±0.5 kcal/mol.20 Thus, in contrast to the oxygenation of 

triplet aryl carbenes, there is a considerable activation barrier to overcome. 

 Consequently, the rates for the reactions of 3c and 3d with O2 at room temperature are only 

0.8 and 4.5 x 106 M-1 s-1, respectively, three orders of magnitude slower than that of typical 

arylcarbenes.21 The reaction of triplet nitrenes with O2 was studied computationally by Liu, 

Hadad, and Platz.22 They concluded that phenylnitrene 3a reacts much slower with O2 than 
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phenylcarbene 16 because the former reaction is, with -20.2 kcal/mol (CBS-QB3 

calculations), much less exothermic than the latter (-69.9 kcal/mol at the same level of 

theory). The difference in thermicity results from the weak N-O bond formed in the 

oxygenation of the nitrene, compared to a much stronger C-O bond in the carbene 

oxygenation reaction. The oxygenation of a borylnitrene was investigated by Bettinger and 

Bornemann.23 The primary thermal product is again the corresponding nitroso oxide, which 

on photolysis rearranges to a nitritoborane via insertion of one O atom into the B-N bond. 
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Results and Discussion  

Phenylnitrene generation in high yield 

 

In order to study the oxygenation reaction of the triplet phenylnitrene 3a a clean source is 

needed to isolate 3a in sufficient amounts to allow further studies in matrices under cryogenic 

conditions. As discussed before, 3a is usually found in a photochemical equilibrium with 8a at 

low temperatures, with the latter as the major species. The photolysis of precursor 6 with λ = 

254 nm produces, as expected, a mixture of 3a and ketenimine 8a, as shown in Figure 4. 

Similar results have been reported in literature over the years.36, 70-73 

 

 

Figure 6. Photochemistry of phenylazide 6 in argon at 4 K. a) Deposition spectrum of the phenylazide 6 in Ar 

matrix (600 - 1950 cm-1, rest of the spectral region is removed for clarity). b) Difference spectrum after 

irradiation with λ = 254 nm light from a low-pressure mercury arc-lamp for 30 min. Bands pointing downwards, 

assigned to precursor 6, are decreasing, bands pointing upwards, assigned to the photoproducts of phenylazide 6, 

are increasing. Bands marked with asterisks are assigned to 3a. The rest of the bands correspond to ketenimine 

8a. c) Calculated spectrum of 8a at B3LYP/aug-cc-pVTZ level of theory (unscaled). 

The results show that the photochemical conversion of 6 with λ = 254 nm yields 8a and 3a in 

a 4 : 1 ratio in favor of the ring expansion product 8a under the experimental conditions used 

here (See experimental details). It has been reported that if narrow band  λ = 334 nm 

irradiation is used instead, then 3a is formed in 80% yield, and 8a is a minor product only71. 

Due to the lack of an irradiation source for λ = 334 nm it was not possible to reproduce those 
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results. On the other hand, the rate of conversion using this method was slow and only small 

amounts of 3a can be obtained after long irradiation times71.  

It is clear then that in order to obtain sufficient amounts of 3a to study its intermolecular 

reactions a different approach was needed. Flash vacuum thermolysis (FVT) has been used by 

our group in the past to effectively produce radicals and high spin systems.74 This method was 

also recently used by Wentrup et al.50 to study the high-temperature thermochemistry of 3a. 

So it was decided to put thermolysis to the test as an alternative way to produce 3a as major 

product. The results of FVT experiments not only depend on the thermolysis temperature, but 

also on the length of the heating zone, the inner diameter of the oven, the wall material, and 

the pressure inside the oven. FVT experiments are therefore difficult to optimize. In the setup 

applied here, a hot quartz tube (80 mm long and 8 mm of diameter) was used as thermolysis 

oven, and 6 was passed through the oven using a needle valve to regulate its flow. In order to 

identify the best conditions to produce 3a, a series of experiments were carried out in a 

temperature range from 200 °C – 800 °C. At temperatures below 300 °C the thermolysis of 6 

is not effective, i.e. only 6 is isolated in the matrix. The same result was achieved if a short 

oven (length of the heating zone between 40 mm and 60 mm) was used. Between 300 °C – 

350 °C the thermolysis products of the azide already show spectral features that match the 

ones of 3a, Figure 7. 

 

Figure 7. a) IR spectrum of the thermolysis products (350 °C) of phenylazide 6 in Ar matrix at 4 K. b) 

Calculated spectrum of 3a at the B3LYP/aug-cc-pVTZ level of theory (unscaled). The spectrum is in good 

agreement with the calculated frequencies for 3a. c) 610 - 800 cm-1 region of the same spectrum. The two most 

intense bands of 3a at 747 and 655 cm-1 are present in the spectrum. The bands at 690 and 778 cm-1 correspond 

to azobenzene 10. Bands at 750, 687 and 671 cm-1 correspond to non-thermolized precursor. 
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At these FVT temperatures, nitrene 3a was trapped in argon at 4 K and it was identified by its 

matrix IR spectrum, with the strongest absorptions at 747 and 655 cm-1 that nicely match the 

literature data71. According to these results, the thermolysis of phenylazide 6 actually 

produces 3a even at 300 °C – 350 °C in sufficient amounts to isolate it in the matrix for 

further studies. However, at these temperatures depending on the flowrate of 6, non-

thermolized precursor still remained. Careful analysis of the thermolysis spectrum reveals the 

presence of two bands at 778 and 690 cm-1 (marked with an asterisk on Figure 7) with the 

latter overlapping with a band of the precursor. Neither of these two bands belongs to 3a or 

azide 6. Both bands were assigned to azobenzene 10 by comparison with an authentic matrix 

isolated sample, Figure 8. Previous reports in gas phase also stated that thermolysis of 

phenylazides produces azobenzenes as thermal products75. Not only the bands at 690 and 778 

cm-1 but all the absorptions of the azobenzene molecule were detected in the spectrum in 

excellent agreement with the authentic matrix isolated sample as shown in Figure 8. 

The FVT temperature was systematically increased from 300 °C to 800 °C, and 

simultaneously the flow of the phenylazide 6 through the hot zone was varied in order to find 

the optimal conditions to produce 3a.  

The best results were obtained for a temperature of 420 °C. At this temperature, using a slow 

deposition and reducing the flow of the precursor, most of 6 was converted to the triplet 

phenylnitrene 3a as major product of the FVT, Figure 8. 
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Figure 8. a) IR spectrum of the thermolysis products (420 °C) of the phenylazide 6 in Ar matrix at 4 K. The most 

intense bands of 3a are labeled (747 and 655 cm-1). The bands of the precursor remaining after the FVT are 

marked with asterisks. b) Matrix isolated spectrum of azobenzene 10 in Ar matrix at 4 K. 

Thus the efficiency of FVT to produce 3a in high amounts to use in further studies in matrix 

isolation conditions was demonstrated. If Xe instead of Ar is used for the FVT of 6, the IR 

spectra obtained after trapping the products of the FVT of 6 are very similar to that obtained 

in Ar. The major differences are broader absorptions and matrix shifts of a few cm-1 in solid 

Xe compared to Ar. Annealing of the matrices at 30 K (Ar) or 50 K (Xe) did not result in 

major changes of the spectra, demonstrating that the FVT of phenylazide 6 not only produces 

3a in high amounts but also provides a very clean source of it. Comparing the amount of 

precursor 6 remaining at this temperature (marked with asterisk in Figure 8) with that at  

350 °C (Figure 7), it is clear that the amount of non-thermolized precursor is greatly reduced.  

An additional band at 2224 cm-1 appeared in the spectrum, which can easily be distinguished 

from the rest and does not belong to any of the three species mentioned before. Wentrup et al. 

observed an IR band at the same position in their previous study.50 In their experiments, one 

of the main products of the FVT of 6 was cyanocyclopentadiene 9, and the mechanism of its 

formation was studied by isotopic labeling. Calculations at B3LYP/6-311++g(d,p) predict the 

C-N triple bond absorption at 2230 cm-1 for 9,50 in good agreement with the observed band. 

We therefore assigned this absorption to the cyanocyclopentadiene 9, which under these 
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conditions is most likely to be formed by secondary thermolysis of 3a in gas phase prior to 

reach the cold window.  

At higher temperatures of 600 °C – 800 °C, 3a is no longer obtained as product in the matrix. 

Similarly, azobenzene 10 is not formed at 800 °C. The main product of the FVT of 6 at these 

high temperatures is 9, while the amount of non-thermolized precursor decreases as the 

temperature increases; at 800°C only 10 and traces of the precursor 6 are still present, Figure 

9. 

 

Figure 9. IR spectrum showing the presence of cyanocyclopentadiene 9 as major product between 600 °C -  

800 °C. The remaining non-thermolized precursor decreases when increasing the temperature.  

An interesting and very important fact is that in the FVT of 6 (200 °C - 800 °C) only traces of 

ketenimine 8a are formed, which is one of the major products in the photolysis of the 

phenylazide 6 with UV light. Despite the temperature used or the flowrate of the 6 through the 

hot zone of the quartz tube, the seven-membered ring isomer 8a of the phenylnitrene 3a was 

not present in higher amounts in the matrix. This is one of the most important differences 

between the FVT and photolysis of the phenylazide. 

As overview of the results on the FVT of phenylazide 6, the precursor proved to be rather 

thermolabile, and at 300 °C - 350 °C already a substantial fraction of 6 was transformed to 

nitrene 3a as the major product, identified by its IR spectrum with strongest absorptions at 

747 and 655 cm-1. The highest yield of 3a was found at FVT temperatures between 400 °C 

and 500 °C, where the IR spectrum of the FVT products is dominated by 3a. Other IR bands 

of the FVT products are assigned to remaining precursor 6, azobenzene 10, ketenimine 8a, 

and cyanocyclopentadiene 9, Scheme 12. At the lower FVT temperatures the signals of the 

precursor 6 are stronger as expected, whereas at temperatures above 600 °C, 9 becomes the 

dominant product, in agreement with literature data.50, 76 

 

Scheme 12. Products of the FVT of phenylazide 6. 
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Reaction with oxygen 

Now that a procedure could be optimized to produce 3a in high yields, its oxygenation 

reaction was studied. First, nitrene 3a was trapped in solid O2 in the absence of argon, Figure 

5.  

 

Figure 10. IR spectrum of the pyrolysis products (420 °C) of the phenylazide in oxygen at 8K. The bands of 3a 

are labeled. 

The results show that it is possible to produce 3a in pure oxygen at low temperatures. The fact 

that these molecules coexist at sufficient low temperatures constitutes an experimental prove 

that an intrinsic activation barrier is needed for the oxygenation reaction to occur despite both 

species have triplet ground states. At 8 K the spectrum resembles the results obtained in Ar 

and Xe (Figure 12, Table 2), where 3a is the major product with azobenzene 10 as side 

product. Even though molecular O2 does not absorb in the IR region, the solid oxygen crystal 

formed after deposition on the cold window produces the most intense band in the spectrum, 

an IR lattice vibration at 1552 cm-1. 
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Figure 11. IR spectra showing the products of the FVT of triplet phenylnitrene 3a at 400 – 500 °C trapped in 

three different matrices at 4 K: (a) argon, (b) xenon, (c) oxygen. Lattice vibration in solid oxygen denoted as L. 

(d) IR spectrum calculated at the UB3LYP/aug-cc-pVTZ level of theory. 
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Table 2. IR Spectroscopic Data of Phenylnitrene 3a Produced by FVT of Phenylazide 6 

and Trapping the Products in Argon, Xenon, and Oxygen at 4 K 

 xenon oxygen argon  argonb UB3LYPc 

mode 
/cm-1 

/cm-1 
/cm-1 Ia 


/cm-1 

/cm-1 Icalc
d assignmente 

25(A´) 1549 1553 1551 22 1552 1586 10.5 C=C str 

24(B´´) 1521 1523 1523 16 1524 1557  2.3 C=C str  

23(B´´) 1424 1427 1426 3 1426 1464  0.8 C-H ip def 

22(A´) 1406 1408 1407 2 1408 1446 2.1 C-H ip def 

21(B´´) 1309 1312 1310 4 1309 1342  0.1 C-H ip def 

20(A´) 1282 1289 1288 33 1286 1311 14.8 C-N str 

19(B´´) 1250 1248 1249 3 1250 1269  0.7 C-H ip def 

17(A´) 1146 1150 1147 14 1148 1170  4.8 C-H ip def 

16(B´´) 1075 1079 1078 11 1079 1093  5.8 C-H ip def 

15(A´) 1008 1008 1007 5 1008 1027  2.5 C-H ip def 

12(A´) 962 964 964 4 964 978  0.8 C-H ip def 

11(B´) 884 888 880 4 885 917  4.4 C-H oop def 

10(A´) 817 817 817 7 820 833  2.2 Ring ip def 

8(B’) 746 749 747 100 746 770  50.7 C-H oop def 

7 (B´) 654 656 655 62 654 674  34.9 C-H oop def 

4 (B´) --- 470 470 4 --- 482  2.0 C-H oop def 
aIntensities in argon relative to the strongest band. bNitrene 3a in argon produced by photolysis of azide 6, data 

from ref. 71.cUB3LYP/aug-cc-pVTZ level of theory. dAbsolute intensities in km/mol. e, def: deformation, ip: in 

plane, oop: out of plane, str: stretching. 

Like in pure Ar or Xe, no thermal reaction occurs in pure oxygen at temperatures up to 20 K 

when O2 rapidly evaporates, even though no diffusion is needed. Therefore, the 

photochemistry of 3a in the O2 matrix was studied. Irradiation with λ = 450 nm or λ = 365 nm 

resulted in a decrease of all bands of 3a and formation of nitrobenzene 10. Again some 

inertness of 3a against oxygen was observed as small amounts of ketenimine 8a were also 

formed which indicates that even upon photolysis, the oxidation in O2 is not complete, and 

small fractions of 3a undergo the same photochemistry as in the rare gas matrices. Thus, it is 

clear that the reaction between 3a and O2 has a substantial activation barrier, and therefore 

higher temperatures than 20 K are required.  

If a 4% O2-doped argon matrix containing 3a was annealed at 35 K for several hours resulted 

only in minor decreases in the intensity of 3a. Annealing at higher temperatures in Ar would 

result in the evaporation of the matrix and therefore O2-doped xenon matrices that possess a 

higher boiling point were used for the oxygenation experiments. If a 4% O2-doped xenon 

matrix containing 3a was annealed for 30 min to 40 K, all IR absorptions assigned to 3a 

decreased and a new compound with the strongest bands at 990 cm-1, 1000 cm-1 and  1021 

cm-1 was formed (Figure 12, Table 3). At this temperature only 10 % of the signals intensity 
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of 3a decrease after 1h, if the temperature is increased to 50 K, the nitrene 3a decreases after 

1 hour by 18% and after 12 hours by 40%. Prolonged annealing resulted only in a very slow 

further reaction. The new product that appears after annealing can be formed either thermally 

or photochemically assisted by the IR irradiation produced from the globar source of the 

spectrometer. The triplet nitrene 3a has IR absorptions above 1500 cm-1(Table 2), these modes 

have energies of more than 4 kcal/mol (4.3 kcal/mol is the activation barrier determined in 

flash photolysis experiments for the oxygenation reaction of 3a) 77. This means that if 3a is 

excited at such frequencies by the globar source, it could be vibrationally activated, and the 

oxygenation reaction would occur by overpassing the energetic barrier to the thermal product. 

To test whether this is the case or not, a series of kinetic studies were performed. First, the 

reaction was initiated by annealing the matrix outside of the spectrometer and the spectra 

were acquired rapidly to avoid long exposure to the IR irradiation. Subsequently, an 

experiment was performed in which the reaction occurs inside the spectrometer but this time 

using a cutoff filter blocking the region above 2000 cm-1 of the IR irradiation from the 

spectrometer source. In order to be sure that no IR light was passing through the sample 

during the waiting-times intervals between the short scans in the kinetic measurements, a 

home-made script was run to redirect the IR beam away from the sample during these periods. 

The results in all kinetic experiments were similar and no IR enhancement effect was 

observed. The new compound is therefore produced solely by a thermal reaction between 3a 

and O2. 

This compound proved to be photolabile, and 450 nm irradiation resulted in the bleaching of 

the new compound and formation of nitrobenzene 19a which was identified by comparison 

with an authentic matrix isolated sample (Figure 8). Apart from the formation of nitrobenzene 

19a, ketenimine 8a was photochemically formed from the remaining nitrene 3a. 
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Figure 12. IR spectra showing the reaction of 3a in 4% O2-doped Xe. a) Spectrum obtained after FVT of 

phenylazide 6 at 400°C and subsequent trapping of the products in 4% O2-doped Xe at 4 K. b) Difference 

spectrum after annealing at 40 K, bands pointing downwards, assigned to 3a, are decreasing in intensity and 

bands pointing upwards, assigned to 17a, are appearing. c) Difference spectrum after irradiation with 450 nm, 

bands of 17a, decrease in intensity and bands of nitrobenzene 19a appear concomitantly. Ketenimine 8a is also 

formed after irradiation (bands marked with asterisks) d) Authentic matrix isolated sample of 19a. 

If the new compound is a thermal product between 3a and O2, and on irradiation rearranges 

to 19a, therefore both nitroso oxides 17a and dioxaziridine 18a are the possible structures 

for it (Chart 1).  

Chart 1. Possible products in the thermal reaction of 3a with O2. 

 

The energy difference between both nitroso oxides isomers is 1 kcal/mol in favor of syn-17a 

at B3LYP/aug-cc-pvtz level of theory. On the other hand isomer 18a lays 8 kcal/mol above 



Phenyl Nitrene Reaction with Oxygen 

    

syn-17a at the same level. From this difference in energies it is expected that the high energy 

isomer 18a is not formed at these low temperatures.  By comparison between the experimental 

spectrum obtained after annealing of the xenon matrix (40 K for 30 min) and the calculated 

spectrum of 18a, it can be concluded that 18a is not present as thermal product in the reaction 

of 3a and oxygen, Figure 13. 

 

Figure 13. Comparison between the experimental spectrum obtained after annealing of the xenon matrix at 40 K 

for 30 min and calculated spectrum for dioxaziridine 18a. (a) Difference spectrum after annealing at 40 K. (b) 

Calculated spectrum of dioxaziridine 18a at the B3LYP/aug-cc-pVTZ level of theory, unscaled.  

Nitroso oxides 17a were thus considered as the main candidates for the thermal intermediate 

formed at 40 K in Xe, Figure 14 and Table 3.  
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Figure 14. IR spectra of 17a. (a) Difference spectra after annealing a 4% O2-doped xenon matrix containing 3a 

from 4 K to 40 K. (b) Spectrum of syn-17a calculated at the B3LYP/aug-cc-pTVZ level of theory, unscaled. 

Spectrum of anti-17a calculated at the B3LYP/aug-cc-pTVZ level of theory, unscaled. Mode numbers on top of 

the calculated spectra correspond to Table 2. 

Table 2. IR Spectroscopic Data of Nitroso Oxide 17a  

 xenon, 4% O2
a B3LYPd 

mode /cm-1 Irel
b 

18O shift 

/cm-1 
   /cm-1 Icalc

 e 
18O shift 

/cm-1 
assignmentf 

31(A’ ) 1586 24 0 1632 26.4 0 C=C str 

30(A’ ) 1557 15 0 1591 9.4 0 C=C str 

28(A’ ) 1448 18 0 1482 9.7 0 C-H ip def 

27(A’ ) 1333 5 -3 1362 30.4 -1.4 C=C str 

26(A’ ) 1318 2 -0.8 1345 7.3 -0.5 C-H ip def 

25(A’ ) 1204 23 -8 1277 47.6 -7.8 N-O str 

24(A’ ) 1165 5 -0.5 1196 16.6 -3.6 C-H ip def 

22(A’ ) 1154 13 -- 1172 35.1 -15 C-N str 

21(A’ ) 1097 2 -0.5 1112 3.2 -1 C-H ip def 

-- 1064 5 -20 -- -- -- not assigned 

20(A’ ) 1021 15 -4 1045 36.3 -1.5 C-H ip def 

19(A’ ) 
1000 100 

-52 1030 201.2 -53 
O-O str, Fermi 

resonance 990 76 

17(A’ ) 994 2 -2 1011 13.6 0 Ring ip def 

14(A’ ) 854 4 -10 874 18.2 -12 OON ip def 

12(A’’) 766 13 0 798 42.5 -0.5 C-H oop def 

11(A’ ) -- -- -- 752c 0.4c -10c Ring+OON ip def 

10(A’’) 671 5 0 684 36.4 0 C-H oop def 

3(A’ ) -- -- -- 249c 0.9c -5c CNOO ip def 
a 4% O2-doped Xe, 4 K. bIntensities relative to the strongest band.c B3LYP/cc-pVTZ using the anharmonic 

approximation. dB3LYP/aug-cc-pVTZ level of theory. eAbsolute intensities in km/mol. fdef: deformation, ip: in 

plane, oop: out of plane, str: stretching. 
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Nitroso oxides 17a are predicted to have singlet ground states in agreement with previously 

reported data78, 79. CASPT2 calculations by Hadad and Platz predicted a closed-shell singlet 

ground state for 17a with the next states being the triplet and the open-shell singlet states 

lying 14.8 and 53.8 kcal/mol, respectively, above the ground state. Gritsan and Bally, 

characterized the p-aminophenylnitroso oxide also showing no evidence for a singlet 

diradical.  

 

The stability of the calculated wavefunctions for the three nitroso oxides was checked and for 

the closed-shell singlet states of the syn and the cyclic isomers no inestabilities were found. 

For the anti isomer the unrestricted wavefunction is 1.1 kcal/mol more stable than the 

restricted wavefunction at the B3LYP/aug-cc-pvtz level of theory. A significant spin 

contamination is observed,  <S2> = 0.402, 0.026 after triplet annihilation. The UB3LYP 

optimized geometry shows an increase in the N–O bond distance (1.32 Å compared to 1.28 Å 

for the closed-shell singlet state). Similar contaminated spin states were also found by Gritsan 

and Bally for the p-aminophenylnitroso oxides, nevertheless, multiconfigurational 

calculations did not provide evidence of a diradical character. 

In order to confirm the assignment of the IR spectra for the new compound, the experiments 

were repeated using 18O2 instead of 16O2 to obtain the isotopically labelled product syn-17a-

18O2. The largest 18O isotopic shift is observed for a pair of very strong absorptions at 1000 

cm-1 and 990 cm-1 which on 18O labelling collapse to a single strong band at 948 cm-1 (Figure 

15).  
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Figure 15. IR spectra showing the conversion of nitrene 3a to nitrobenzene 19a in both 16O2 and 18O2 

experiments. (a) – (b) 16O2. (c) – (d) 18O2. Bands of 8a marked with asterisks. Enclosed in a box are the C-H 

rocking vibration of 8a and the asymmetric stretching vibration of the NO2 fragment (see in text). 

The large isotopic shift of -52 cm-1 clearly indicates an O-O stretching vibration. Several other 

bands in the spectrum show also significant 18O isotopic shifts, Table 2. A similar 18O isotopic 

shift of -49 cm-1 was reported by Inui et al.2 for a p-NO2 substituted nitroso oxide. The 

position and the isotopic shifts of all bands of syn-17a are in good agreement with the DFT 

calculated values, Table 3. For the syn-conformer the 16O-16O stretching vibration is predicted 

at 1030 cm-1 at the B3LYP/aug-cc-pVTZ level of theory, in good agreement with the 
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experiment, while for anti-17a the 16O-16O stretching is expected at 1135 cm-1 (Table 3). The 

large calculated blue shift of the 16O-16O stretching vibration of anti-17a compared to syn-17a 

makes this vibration diagnostic for the assignment of the conformers, and allows us to exclude 

the formation of significant amounts of anti-17a. The only evidence found for the formation 

of anti-17a are two IR bands of very low intensity observed at 1125 and 1094 cm-1 formed 

during annealing at 30 - 35 K together with the bands of syn-17a, Figure 16.  

 

Figure 16.  IR spectra showing the reaction of 3a in 4% O2-doped Xe at 30 K. (a) Difference spectrum after 

annealing at 30 K, after 9 h of annealing less than 10 % of the intensity of the IR absorptions of 3a decreases. 

Bands pointing downwards, assigned to nitrene 3a, are decreasing in intensity and bands pointing upwards, 

assigned to the nitroso oxide 17a, are appearing. (b) Difference spectrum after irradiation with 450 nm, bands of 

17a decrease in intensity and bands of nitrobenzene 19a appear concomitantly. Bands of 3a decrease also by 

irradiation. Bands of both isomers are labelled as a (anti) and s (syn). 

Annealing at higher temperatures increased only the bands of syn-17a, the assignment of the 

small bands of anti-17a is therefore inconclusive. Irradiation of matrices containing nitroso 

oxide syn-17a under various conditions did not result in formation of the anti-conformer, only 

nitrobenzene 19a was formed, Figure 12. Based on the above and by comparison of the IR 

spectrum with the calculated bands of syn-17a and anti-17a at the B3LYP/aug-cc-pVTZ level 

of theory, it is concluded that syn-17a is the main product of the thermal oxygenation of 3a 

(Figure 16).  
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The observed splitting of the 16O-16O str. vibration into two bands in the 16O isotopomer 

(Figure 10, 11, 12 and Table 3) is most likely due to a Fermi resonance. Another reasonable 

explanation competing with this interpretation would be a matrix site effect due to the 

inhomogeneity of the matrix and therefore the vibration would be splitted as a consequence of 

the different environments in different matrix cages. However, our assumption of a Fermi 

resonance was confirmed by calculating the anharmonic spectrum at the B3LYP/cc-pVTZ 

level of theory (no augmented basis set was used here to reduce the computational cost).  At 

this level of theory a combination band between the A’ symmetrical fundamental vibrations at 

752 and 249 cm-1 is predicted at 1000 cm-1, which is close to the 16O-16O str. vibration 

calculated at 1016 cm-1 (also A’ symmetry). All three fundamental modes have the same 

symmetry, the combination band and the 16O-16O stretching vibration have similar energies 

and all modes involve the same molecular fragment, the N-O-O fragment, allowing a Fermi 

resonance to occur. Another evidence supporting this interpretation is the fact that because of 

the mass effect introduced by the 18O, the combination band predicted at 1000 cm-1 would no 

longer be close in energy to the 18O-18O stretching mode as the latter is shifted due to the 

isotopic effect. This is in agreement with the experimental observation that upon isotopic 

labeling substitution, the 18O-18O stretching vibration is shifted to lower wavenumbers and the 

splitting is no longer observed. In addition, a noticeable increase in the intensity of the 18O-

18O stretching is observed as the energy of the vibration is no longer distributed into the 

combination band (Figure 15). Considering only the matrix sites effects would not be possible 

to explain all the experimental observations.  

The isotopic labeling experiments also allow to get more insight into the IR spectrum of the 

species involved in the transformation from 3a to 19a, and provide the final pieces for the 

assignment of all the species involved. If 16O2 is used the C-H rocking vibration of 8a found 

at 1344 cm-1 coincides almost perfectly with the position of the asymmetric stretching 

vibration of the NO2 fragment in 19a making it impossible to resolve both bands at the 

resolution used in our experiments (2 cm-1). However, the 18O2 labeling allows an unequivocal 

assignment of these two bands, as the asymmetric stretching vibration of 19a is blue shifted 

by 27 cm-1 while the band from 8a is not affected. On the other hand, it was stated before that 

in the reaction with oxygen of the p-NO2 substituted phenylnitrene 3c, p-nitronitrosobenzene 

20 was formed by photochemical cleavage of the nitroso oxide, and its assignment was 

supported by observation of O3 produced by the reaction of the resulting O atoms with O2. 

Neither 20 nor O3 were observed in the experiments presented here. 
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In summary, these results show that doped xenon matrices containing 3a (produced by FVT of 

phenylazide 6) are ideally suited for studying bimolecular reactions such as the reaction of 3a 

with O2, Scheme 13. While reactions of triplet carbenes with O2 to form carbonyl O-oxides 

show essentially no activation barriers, nitrene 3a reacts very slowly in O2-doped matrices 

even after prolonged annealing at 30 – 35 K. Most striking is the lack of thermal reactivity of 

3a even in solid O2, which clearly demonstrates the much lower reactivity of triplet nitrenes 

compared to triplet carbenes. This observation is in accordance with the activation barrier of 

4.3 kcal/mol determined in flash photolysis experiments.77 Even photochemical excitation of 

3a results only partially in the reaction with O2 (formation of nitrobenzene 8a), while some 3a 

rearranges to 8a, indicating also a low reactivity with O2 for the excited state of 3a,  

Scheme 13. Reaction of phenylnitrene 3a with O2 under cryogenic conditions. 

 

Gritsan and Bally et al. reported that the reaction of 3d with O2 results in the formation of 

both syn and anti aminophenylnitroso oxide 17d that could be interconverted by irradiation 

with selected wavelengths.1 A similar behavior was observed for nitrophenylnitroso oxide 

17c.2 For the oxygenation reaction of 3a, only the syn-conformer of 17a is formed, and 

photolysis under various conditions exclusively results in the rearrangement to nitrobenzene 

19a. At the B3LYP/aug-cc-pVTZ level of theory the syn-conformer is predicted to be 

energetically favored by 1 kcal/mol compared to the anti-conformer, which might explain the 

preference for the syn-conformer observed here. However, similar energy differences were 

calculated for other derivatives of 17, and therefore it remains unclear why only syn-17a is 

observed in this case. 



 

    

Chapter 2.  

Highlights 

The isolation of three new 2H-benzazirines is described. All of them undergo Quantum 

Chemical Tunneling (QCT) to the ring expansion products.  
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Chapter 2. Heavy-Atom Tunneling in the Rearrangement of Benzazirines to 

Ketenimines  

Introduction 

 

The term tunneling refers to the possibility that particles pass through potential energy 

barriers that are too high to be passed over.80 This phenomenon was predicted by Hund as a 

consequence of the wavelike properties of matter.81 An important breakthrough came when 

Wigner3 and Bell4 showed that tunneling should occur82, 83 in chemical reactions and would 

exhibit unusually large kinetic isotope effects (KIEs)84.  

The experimental evidence of tunneling in chemistry has appeared mostly for reactions 

involving tunneling of a hydrogen atom.85, 86 This is not surprising since tunneling rates are 

very sensitive to the effective mass of the particle that is tunneling, and therefore, hydrogen as 

the lightest atom would have the largest probability to tunnel.80, 85 In fact, in one of the 

original papers of Bell84 about the applications of tunneling in kinetics, he expresses his belief 

that all atoms heavier than helium would not tunnel, when he wrote: “… [They] behave, 

practically speaking, classically.” However, the statement of Bell was challenged in the last 

decades of the last century,80 in a series of papers by Buchwalter and Closs,86, 87 Carpenter88 

and by Sponsler et al.89 The latter is a detailed report that combined EPR and theoretical 

considerations arising from dispersive kinetics analysis of the reaction rates in glassy 

matrices, providing strong evidence of carbon tunneling in the cyclization of a 1,3-diradical. It 

is important to note that the terms hydrogen tunneling or carbon tunneling (as a special case 

of heavy-atom tunneling) refer in an intuitive way to the atom that dominates the tunneling 

motion. However, it is generally impossible to assign a specific mass to a particular tunneling 

reaction as many, or all atoms of a molecule involved in a specific reaction, are tunneling85 

which complicates the distinction between hydrogen tunneling and the tunneling of heavy 

atoms. In this thesis, these terms are used because they help to understand the main process 

involved in a tunneling reaction. More reports showing the existence of heavy-atom tunneling 

were published in the last years,49, 90-93 Scheme 14.  

Borden and coworkers11 reported the tunneling reaction of 1-methylcyclobutylfluorocarbene 

23 to the cycloalkene 24 in argon and nitrogen matrices. Matrix effects on the reaction rates 

were observed since the reaction proceeds with a rate constant (k) of 4.0 ∙10−6 s−1 at 8 K in 

argon, while in nitrogen at the same temperature k was ten times bigger. The rate constants 

were found to increase only by a factor of 100 when increasing the temperature by three fold 
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in nitrogen, and by a factor of two when the temperature was increased from 8 K to 16 K in 

argon, inconsistent with an over-the-barrier mechanism. The authors concluded with the aid 

of quantum chemical calculations that the reaction actually proceeds by tunneling at low 

temperatures. 

Scheme 14. Photochemical interconversion between 23 and 24  

 

 

For the ring expansion of noradamantyl chlorocarbene (25), Moss et al.12 studied the reaction 

in different matrices and the rate constants were determined. The authors observed an 

acceleration of 10111 with respect to the predicted rate if the reaction was a classical activated 

ring expansion, this acceleration was attributed to the contribution of heavy atom tunneling. 

http://pubs.acs.org/author/Moss%2C+Robert+A
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Gonzalez-James et al92. studied the tunneling effect in the ring-opening of the 

cyclopropylcarbinyl radical (27). A large kinetic isotope effect was observed for the reaction 

in a wide temperature range, and even more interesting, the authors showed how a tunneling 

mechanism can explain the experimental relative yields of the reaction products.   

Sander and coworkers93 studied the ring opening of 1H-bicyclo[3.1.0]-hexa-3,5-dien-2-one 

(29) at cryogenic temperatures. The reaction rates were found to be independent of 

temperature between 3 and 20 K, while they increased noticeably at temperatures above 20 K. 

These results were interpreted based on a tunneling mechanism for the reaction, with a 

thermally-activated tunneling occurring above 20 K. 

More recently, McMahon et al.49 showed that the ring expansion of a benzazirine proceeds by 

heavy-atom tunneling to a ketenimine. The authors studied two p-substituted benzazirines, the 

4-methoxy benzazirine (33) and the 4-methylthio benzazirine (31), but only 31 undergoes 

tunneling to the corresponding ketenimine. The results were explained based on the 

differences in height and width of the energetic barriers calculated at the B3LYP/6-31g (d) 

level of theory, which predicts that the methylthio-substituted system has a lower and thinner 

barrier than the methoxy-substituted one. The other main achievement of this work is the fact 

that two new benzazirines were isolated and spectroscopically characterized by their IR 

spectra.  

Therefore, even though heavy-atom tunneling was initially thought to be practically 

impossible, during the last decades experimental results showed that it is a real phenomenon 

in chemistry. Motivated by these results and especially by the work of McMahon et al.49, in 

this chapter, the ring expansions of three new benzazirines involving heavy-atom tunneling 

were studied in argon at cryogenic temperatures. 

  

http://pubs.acs.org/author/Gonzalez-James%2C+Ollie+M
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Results and Discussion 

3-allyloxy benzazirine 

A mixture of precursor 34 and a large excess of argon was deposited onto a CsI window at 8 

K and its photochemistry was studied in order to generate the 3-allyloxy benzazirine 36. The 

matrix isolated IR spectrum of 34 shows the characteristic N=N=N stretching vibration of 

azides at 2120 cm-1. By comparison to the calculated IR spectra of the most stable conformers 

of 34 at the B3LYP/6-311++G(d,p) level of theory, the experimental spectrum cannot be 

reproduced considering only one conformer to be present in the matrix. Instead, a mixture of 

various conformers is more likely, as expected from the complicated IR pattern in the 

fingerprint region, where multiple intense bands are observed between 1000 and 1500 cm-1, 

Figure 17. The presence of several conformers contributes as well to the broadening of the IR 

bands despite 34 being matrix isolated.  

The small energy difference between the conformers of 34 supports the hypothesis of a 

mixture of conformers contributing to the experimental IR spectrum. Taking into account the 

four most stable conformers of 34, resulting from the rotation around the C(phenyl)-O bond and 

the C(phenyl)-N bond, the energy difference between them does not exceed 0.2 kcal/mol at the 

B3LYP/6-311++G(d,p) level of theory, Chart 2. This value is even below the chemical 

accuracy, 1.0 kcal/mol, and hence, at this level of theory, it can be considered that the four 

conformers are quasi-degenerate and it is to expect that all are present in the argon matrix.  

Chart 2. Most stable conformers of 34  

 

34a 34b 34c 34d 
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Figure 17. IR spectrum of 34 in argon at 8 K showing the four most stable conformers. a) IR spectrum of 34 

isolated in argon at 8 K. b) - e) Calculated IR spectra of conformers of 34 resulting from the rotation of the 

C(phenyl)-O bond and the C(phenyl)-N bond for the azide group at the B3LYP/6-311++G(d,p) level of theory.  

For clarity, from now on the allyloxy derivatives presented in this chapter will be depicted as 

one isomer; however, at all times the reader should keep in mind that these species exist in the 

matrix as a mixture of isomers. Therefore, the species labeled as azide 34, nitrene 35, 

34a 

 

34b 

 

34c 

 

34d 

 

34 
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benzazirine 36 and ketenimine 37 will represent the structures shown in each figure and its 

corresponding isomers, since for this system it was not possible to exclude the presence of 

specific conformers from the experimental spectra.  

UV photolysis of the argon matrix containing 34 with λ = 405 nm for 4 hours at 8 K, results in 

the decrease of all IR bands of 34 and a new set of bands with intense absorptions at 1892, 

1579, 1535, 1518, 1412, 1278, 1215, 1024 and 803 cm-1 appears, Figure 18. The IR spectrum 

obtained after irradiation exhibits characteristic absorptions of two species, benzazirines and 

ketenimines. The intense band at 1892 cm-1 was assigned to the N=C=C cumulenic stretching 

vibration of ketenimine 37, based on published data for similar species.22, 24, 32, 50, 94, 95   

On the other hand, a weak band at 1729 cm-1 was assigned to benzazirine 36, since its position 

and relative intensity nicely match the characteristic C=N stretching vibration49 for previously 

reported benzazirines, and appears in a region of the spectrum where no other absorption is 

expected from any plausible photoproduct of 34. Benzazirine 36 is a 2H-type benzazirine, 

which means that it is not blocked in the ortho-positions with respect to the nitrogen center. 

2H-benzazrines are very elusive intermediates, reports of this kind of species have appeared 

only rarely in the literature1, 49, mainly because without blocking the ortho-positions the 

photochemistry of most azides yields ketenimines and nitrenes as major products as explained 

in the general section of this thesis.  

 



Heavy – Atom Tunneling in the Rearrangement of Bezazirines to Ketenimines 

    

 

Figure 18. IR difference spectrum showing the formation of 36 and 37 by irradiation with λ = 405 for 4 h in 

argon at 8 K. The spectrum shows the characteristic absorptions of benzazirines and ketenimines at 1734 and 

1892 cm-1 respectively. 

Despite many years of investigations into the photochemistry of azides by means of matrix 

isolation, so far clear-cut spectra of matrix isolated 2H-benzazirines have been reported only 

for 4-methylthio benzazirine 31 and 4-methoxy benzazirine 33.49 Therefore, more insights 

into the photochemistry and reactivity of these species are needed.  

In order to assign all bands due to 36 and 37, the matrix was irradiated with several light 

sources and the groups of bands that showed identical photochemistry as the band at 1890 cm-

1 in the case of 37, and as the band at 1728 cm-1 in the case of 36 were identified. A mixture 

of 36 and 37 was always obtained as a result of the irradiation with λ = 405 nm. However, if 

an argon matrix containing already a mixture of 36 and 37 at 8 K is irradiated with λ = 254 

nm, 37 is accumulated as the major product.  In contrast, if λ = 450 nm or 365 nm is used, the 

photochemical equilibrium is shifted to the benzazirine 36, allowing to produce 36 as the 

major product in the matrix. Despite both λ = 450 nm or 365 nm wavelengths being suitable 

to produce 36 in the argon matrix at low temperatures (Figure 19), it was found that 450 nm is 

more efficient.   
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Figure 19. IR spectra showing the formation of 36 from 37 in argon at 8 K. a) Difference IR spectrum after 

irradiation of an argon matrix containing 34, 36 and 37 with λ = 365 nm for 30 min at 8 K. Bands pointing 

downwards assigned to 34 and 37 are disappearing, and bands pointing upwards assigned to 36 are appearing. b) 

Difference IR spectrum after irradiation of an argon matrix containing 34, 36 and 37 with λ = 450 nm for 30 min 

at 8 K. Bands pointing downwards assigned to 34 and 37 are disappearing, and bands pointing upwards assigned 

to 36 are appearing. The bands of 36 marked with asterisks in both spectra are affected by their overlap with the 

bands of 34. 

Irradiation with 365 nm to form 36, depletes 34 to a greater extent than 37, as seen from the 

decrease of the band of 34 at 2120 cm-1 and the band of 37 at 1892 cm-1. This complicates the 

assignment of some bands of 36 (marked with an asterisk in Figure 19) due to the overlap 

with the bands of the precursor, cancelling out in the difference spectra.  It also reduces the 

efficiency to generate 36 as not only 17 but also 34 absorbs the 365 nm light. Irradiation with 

λ = 450 nm, on the other hand, produces only a small decrease in the bands of 34 and thus 

produces a clean spectrum of 36 without the interference of 34 and 17. Therefore, stepwise 

irradiation with λ = 450 nm to form 36 and subsequent irradiation with λ = 254 nm (also 

stepwise) to produce 17, Scheme 15, allows the unambiguous assignment of all IR bands of 

both species. In this way, the strongest absorptions in the IR spectrum obtained after the initial 

irradiation with λ = 405 nm (1892, 1579, 1535, 1518, 1412, 1278, 1215, 1024 and 803 cm-1) 

were readily assigned to 17. Likewise, the IR bands at 1518, 1412 and 1024 cm-1 belong to 

benzazirine 36.  
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Scheme 15. Photochemical interconversion between 36 and 37.  

 

 

Interestingly, after 30 minutes in the dark, all signals of 36 decreased in intensity and the 

bands of 37 increased concomitantly (Figure 4).  

 

Figure 20. IR spectra showing the ring expansion from 36 to 17 in argon at 8 K in the dark. Blue spectrum taken 

directly after end of irradiation with λ = 405 nm. Red spectrum after waiting 30 min in the dark. Bands of 17 

increase in intensity and bands assigned to 36 are decreasing. 

The intensity of the bands of precursor 34 remained unaltered. That the ring expansion from 

36 to 37 occurs not only photochemically by irradiation with λ = 254 nm, but also in the dark 

at 8 K, is in accordance with the observations of McMahon et al.49 for the ring expansion of 

4-methylthio benzazirine 31. They stated that the ring expansion from 4-methylthio 

benzazirine to 4-methylthio ketenimine proceeds by Quantum Chemical Tunneling (QCT). 

Their conclusion was based on a high calculated activation barrier and the very small rate 

constant (ktheo) derived from it. In addition, barely any temperature dependence of the 

experimental rate constant (kexp) was observed as expected for a QCT process. In this work, 

the possibility of a mechanism involving QCT for the reaction from 36 to 37 was investigated. 

Quantum chemical calculations on the ring expansion of 36, showed that the energetic barrier 

to produce 37 is 5.4 kcal/mol at the B3LYP/6-311++/g(d,p) level of theory, Figure 21. For all 
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isomers, similar barriers were found. Even though this barrier could be surpassed at room 

temperature, at the temperature of the experiments the molecules of 36 do not possess enough 

energy to overcome it. 

 

Figure 21. Relative energies of 36, 37 and TS for the ring expansion reaction from 36 to 37, calculated at 

B3LYP/6-311++/G(d,p) level of theory. 

From the Eyring equation (6), it is possible to estimate the rate constant based on the 

calculated activation barrier.  

                                                                    𝑘 =
𝑘𝐵𝑇

ℎ
𝑒

−∆𝐺
𝑅𝑇

≠

                                                        (6)   

Here k signifies the reaction rate constant, ∆𝐺≠ the free energy of activation, R the gas 

constant, T the absolute temperature, kB the Boltzmann's constant and h the Plank constant.  

Using the calculated free energy of activation, ∆𝐺≠ = 5.4 kcal/mol at the same level of theory, 

(the calculated value differs at the seconded digit (5.44 kcal/mol) from the calculated 

activation barrier in Figure 5 which is obtain from the relative electronic energies (5.41 

kcal/mol)), equation 2 returns a ktheo of 4.9·10-137 s-1. The rate constant estimated from the 

calculated barrier is too small to expect that the reaction would proceed thermally over the 

barrier at this temperature.  

When the matrix was kept in the dark, 47% of the intensity of the signals of 36 remained after 

18 hours.  The signal intensity of all bands of 37 increased by 16% with respect to the initial 

intensity. A group of IR bands at 1358, 1349 and 659 cm-1 that appeared after irradiation with 
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λ = 405 nm did not change in intensity during this time. This means that during the photolysis 

of the precursor 34 with λ = 405 nm another product is formed apart form 36 and 37. The IR 

bands of this species are in fair agreement with the calculated bands of triplet nitrene 35 at the 

B3LYP/6-311++/g(d,p) level of theory. Nitrenes are, as discussed in the general section, the 

other typical products of the photolysis of azides together with benzazirines and ketenimines, 

therefore, this set of bands was assigned to 35, Scheme 16. 

Scheme 16. Photochemistry of 34  

 

 

To study the kinetics of the ring expansion reaction, the changes over time of the IR bands of 

both species were quantitatively analyzed, Figure 22. In the case of 37, the intense band at 

1892 cm-1 was selected. For 36 the band at 1413 cm-1 and not the characteristic band at 1729 

cm-1 was used since the former is more intense thus reducing the risk of systematic errors 

during integration.  

 

Figure 22. Changes in intensity of the band  at 1412 cm-1 of 36 and the band at 1892 cm-1 of 37 over 18 h at 8 K 

in the dark.  

An important aspect of the intramolecular reactions inside matrices at low temperatures is the 

dispersive kinetics96. The idea is that due to inhomogeneity of the matrix, the molecules are 
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surrounded by different environments. This inhomogeneity results in different matrix sites, 

and molecules isolated in two different matrix sites can react at different velocities. In this 

regard, there will be some “fast” sites and some “slow” sites. First order reactions like the 

intramolecular ring expansion from 36 to 37, will then show pseudo-first order behavior due 

to the dispersive kinetics. To account for this effect, an additional exponent β has to be 

introduced in the rate equation.96 The concentration of the reactant, in this case 36, will 

depend not only on k and t, but also on β, according to equation 7.  

 

                                          [𝐴]/[𝐴0] = 𝑒−(𝑘𝑡)𝛽
                                (7)  

 

Here [A] signifies the concentration at time t, [A0] the initial concentration, k the reaction rate 

constant and β the dispersion coefficient. 97 Using this equation to fit the kinetic data (Figure 

23) it was found that the reaction proceeds with a rate constant kexp of 5.8∙10-5 s-1 at 8 K, much 

bigger than the calculated value assuming that the reaction would proceed by an over-the-

barrier mechanism. For the β parameter a value of 0.6 was employed. A global fitting 

including both peaks in the same fit was used to determine the kexp and from there a half-life 

of was obtained.  

 

Figure 23. Kinetics of the ring expansion reaction from 36 to 37 in the dark at 8 K based on changes in intensity 

of the 1412 cm-1 band of 36 and the 1892 cm-1 band of 37 over time, fitted to equation 8.  

As explained before, it was found that by irradiation with 450 nm, 37 forms 36; however, in 

the dark at 8 K, 36 rearranges to 37. Therefore, at any point during the ring expansion from 36 
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to 37, the concentration of 36 can be restored to nearly the initial value by irradiating the 

matrix with λ = 450 nm. In this way, the reaction can be followed at different temperatures in 

the same matrix. This ensures that the experimental conditions of each kinetic experiment are 

the same, and only the temperature is changed.   

After the reaction had proceeded at 8 K for several hours, irradiation with λ = 450 nm was 

then performed, and the temperature was increased stepwise from 8 K to 15 K, 20 K and 25 

K. At each temperature, the kinetics was studied for 18 hours in the absence of any external 

light source apart from the Globar source of the spectrometer. A temperature increase of 

threefold should be reflected in a huge increase in k based on the Arrhenius equation (8) as it 

is characteristic for reactions that proceed over an activation barrier. Unfortunately, for this 

system specifically, the overlapping of the band of 36 with other bands in the spectrum 

difficulties the integration and therefore extracting reliable k values, Table 4 (this was not the 

case however for the other two benzazirines presented later in this chapter). 

                                                                  𝑘1 = e
−∆𝐸𝑎

RT                                                   (8) 

Table 4. Rate constants of the ring expansion from 36 to 37 in argon measured at 

different temperatures. 

 

 

 

 

This is the main reason why k fluctuates between 8 and 20 K as seen in Table 4. However, 

one conclusion can be drawn from the table and is that despite the increase in the temperature 

from 8 K to 25 K, the reaction is not accelerated in an extent that can support an over-the-

barrier mechanism.  The maximum increase in k is by a factor between five and six, which is 

inconsistent with a thermally-activated process that occurs over the calculated barrier.  

The fact that the reaction proceeds at 8 K despite the calculated barrier is a strong evidence 

that it occurs by tunneling through the reaction barrier. Another explanation would be that the 

reaction actually proceeds over an activation barrier which is extremely small and could be 

T(K) k(β = 0.7) 

8 6.0 ∙10
-5

 s
-1

  

15 1.4 ∙10
-5

 s
-1

  

20 4.0 ∙10
-5 

s
-1

  

25 8.2 ∙10
-5 

s
-1
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surpassed even at 8 K; however, this hypothesis seems less likely since the calculations 

predict a barrier for the reaction of 5.4 kcal/mol.   

3-methoxy benzazirine 

As pointed out before, a similar tunneling reaction was observed for ring expansion of the 

benzazirine 31 by McMahon et al.49 However, for benzazirine 13, (the homologous system 

where the sulfur atom is substituted by an oxygen atom), the authors did not observe a 

tunneling process. Interestingly, in the work presented here, when the methoxy group was 

changed from the fourth position to the third position with respect to the azide group as in 3-

methoxyphenyl azide 38, the ring expansion from the corresponding benzazirine to the 

ketenimine took place under similar conditions like in the case of 36.  

When a matrix containing 3-methoxyphenyl azide 38 was irradiated with λ = 405 nm light for 

4 hours  at 8 K, benzazirine 39 and ketenimine 40 were obtained as major products, with the 

formation of the corresponding nitrene as minor product. As expected, 39 and 40 showed 

characteristic absorptions similar to the ones observed for 36 and 37 respectively. The C=N 

stretching vibration of 39 appears at 1728 cm-1 and 40 exhibits the cumulenic C=C=C 

stretching vibration at 1890 cm-1. Irradiation with λ = 254 nm results in the decrease of all 

bands assigned to 39 while 40 accumulates in the matrix. If a matrix containing mainly 40 is 

irradiated with λ = 450 nm, 39 is formed and all IR bands of 40 decreased in intensity 

similarly to the allyloxy system. For 39, four different isomers were found as minima at the 

B3LYP/6-311++g(d,p) level of theory, 39a, 39b, 39c and 39d, which by ring expansion 

should  produce 40a, 40b, 40c and 40d (Scheme 17). 
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Scheme 17. Isomers of 39 and 40 

 

The isomers arise from the rotation around the C(phenyl)-O bond and from two different 

positions that the nitrene center can attack after having been formed by irradiation from the 

azide. If the nitrene center attacks the phenyl ring in ortho-position to the methoxy group, 

isomers 39a and 39b can be formed. On the other hand, when the nucleophilic attack occurs 

in para-position to the methoxy group, the isomers formed will be 39c and 39d. 

After 15 hours in the dark at 8 K, all bands of 39 decreased in intensity and the bands of 40 

increased concomitantly, Figure 24.  

 

Figure 24. IR spectra showing the reaction from 39 to 40 in argon at 8 K in the dark. a) Calculated spectrum of 

39d at the B3LYP/6-311++g(d,p) level of theory. b) IR difference spectrum after 15 h in the dark at 8 K. Bands 
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pointing upwards assigned of 40 increase in intensity and bands pointing downwards assigned to 39 decrease. c) 

Calculated spectrum of 40d at the B3LYP/6-311++g(d,p).  

The ring expansion of 39 to 40 was found to occur at a similar rate than the formation of 37 

from 36.  The calculated activation barrier is 4.9 kcal/mol at the B3LYP/6-311++/g(d,p) level 

of theory, slightly lower than the 5.4 kcal/mol for the allyloxy system. The rate constant was 

found to be 7.1 ∙10
-5

 s
-1

 at 8 K and 13.2 •10-5 s-1 at 25 K in the dark (Table 5); therefore, the 

rate constant k only increased by a factor of 1.9 when the temperature was increased by 

threefold. This is a slight temperature dependency if it is taken into account that for a reaction 

that occurs over the calculated barrier of 4.9 kcal/mol, a temperature increase by threefold (8 - 

25 K) should result  in an increase of several orders of magnitude for k. The effect of the 

temperature is most likely because of the softening of the matrix. 

Table 5. Rate constants of the ring expansion from 39 to 40 in argon measured at 

different temperatures. 

 

 

 

 

 

This assumption is in agreement with the fact that the biggest change in k occurs when the 

matrix is annealed from 15 K to 20 K. At this temperature the matrix becomes softer while 

below 15 K it is quite rigid. Similar effects were observed by Borden et al.11 for the ring 

expansion from 25 to 26, where the observed acceleration in the rate constant were interpreted 

as environmental effects on the lifetime of 25. They explained that ring expansion in 

particular, may be inhibited by the rigidity of the matrix, so that matrix softening could be 

responsible for this temperature dependence. 

In a later paper, Sander et al.93 observed a similar behavior for the ring opening of 1H-

bicyclo[3.1.0]-hexa-3,5-dien-2-one 29. In this case, the authors pointed out the fact that this 

effect on k could be caused by a thermally-activated tunneling, in which the reaction would 

proceed through the barrier but from a higher level, where the barrier width is smaller. From 

the experimental evidence for the ring expansion of 39 it cannot be excluded any of both 

explanations. 

T (K) k (β = 0.7) 

8          7.1 ∙10
-5

 s
-1

 

15          7.0 ∙10
-5

 s
-1

 

20        13.3 ∙10
-5

 s
-1

 

25        13.2 ∙10
-5

s
-1
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During the acquisition of the IR spectra, the sample is being constantly irradiated by the IR 

light from the Globar source of the IR spectrometer. Therefore, another important aspect of 

this study was to rule out the possibility that the reaction takes place photochemically. In 

order to exclude this possibility, the reaction was allowed to proceed outside of the 

spectrometer; the matrix was kept in the dark (covering all windows with metal plates) for 18 

hours and only illuminated for a short period of time to acquire the final spectrum. The result 

was that 36 was converted to 37, indicating that the reaction proceeds in the dark at 8 K. In 

addition, in a separate series of experiments the reaction was studied using a filter blocking all 

light above 2000 cm-1. In these experiments, the remaining IR light from the spectrometer was 

allowed to illuminate the matrix for only a few seconds while acquiring the spectra, and 

blocked entirely during the waiting times by controlling the mirrors system of the 

spectrometer using a homemade script. In all cases the reaction took place at the same rate, 

indicating that the reaction doesn’t proceed photochemically when irradiated with the IR light 

but by quantum chemical tunneling.  

It was concluded that the ring expansion from 39 to 40 proceeds via heavy-atom tunneling at 

cryogenic temperatures since: (a) the reaction takes place even at 8 K in the dark despite the 

high calculated activation barrier for the process and (b) increasing the temperature of the 

matrix by threefold from 8 K to 25 K produced only small changes in the experimentally 

determined rate constant k. 

By comparison of the experimental and the calculated spectra, the only convincing match was 

found for the isomers where the nitrogen center is farther from the methoxy group (39c, 39d, 

40c, and 40d). This means that the benzazirines that undergo tunneling to the ketenimines are 

those formed via attack of the nitrene center in para-position to the methoxy group. This is 

very interesting and can only be observed by studying a meta-substituted phenyl azide like 38 

since for a para-substituted azide the corresponding phenyl nitrene will form the same 

benzazirine regardless at which position the nucleophilic attack occurs. On the other hand, an 

ortho-substituted azide would not lead to a 2H-benzazirine. Additionally, in the experiments 

presented here one isomer of 40 can be detected as major product of the ring expansion 

reaction, 40d. Although both calculated spectra for 40c and 40d are similar, there are regions 

where the observed bands are in better agreement with the calculated absorptions of 40d than 

with those of 40c (Figure 25).  
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Figure 25. IR spectra showing the reaction from 39 to 40 in argon at 8 K in the dark. a) and b) Calculated 

spectra of 39c and 39d respectively at the B3LYP/6-311++g(d,p) level of theory. The intensity of the calculated 

peaks is multiplied by a factor of five. c) IR difference spectrum after 15 h in the dark at 8 K. Bands pointing 

upwards assigned to 40 increase in intensity and bands pointing downwards assigned to 39 are decreasing. d) and 

e) Calculated spectra of 40c and 40d at the B3LYP/6-311++g(d,p) level of theory. 

In the region between 1200 and 1400 cm-1 the relative intensities of the experimental bands in 

the difference spectrum are affected because the two most intense bands of 39 and 40 appear 

in the same position and thus partially cancel out each other. Between 650 and 850 cm-1, the 

two strongest bands of 40 are separated by 103 cm-1. This separation is in better agreement 

with the calculated spectrum of 40d (108 cm-1) at the B3LYP/6-311++g(d,p) level of theory 

than with that of 40c (87 cm-1) at the same level of theory. Between 950 and 1200 cm-1 

(highlighted in Figure 9), three bands with an intensity pattern of 1 : 2 : 3 are observed in the 

experiments. This experimental pattern is well reproduced by the theoretical spectrum of 40d 

but not by the one of 40c. For the bands pointing downwards, assigned to the benzazirine that 

is disappearing, a better agreement is found with the calculated frequencies of 39d (the logical 

precursor of 40d) than with those of 39c. Furthermore, the separation of 112 cm-1 for the two 

intense bands in the region of 1400-1590 cm-1 is in agreement with the calculated value for 

39d (104 cm-1) but not with the value obtained from the calculated spectrum of 39c (86 cm-1). 

Thus, it was concluded that 40d is the major product in the ring expansion of 39 to 40. At the 

same time, 39d appears to be the isomer that undergoes tunneling. 

It is important to notice that this conclusion does not exclude the possibility that 40c is also 

formed to a minor degree. For example, the band pointing upwards at 1364 cm-1 in the 

experimental spectrum, assigned to the C-N stretching vibration of 40d, exhibits a small 

satellite band very close to it. This small band can be interpreted as a result of matrix site 
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effects, producing a small shift in this vibration; however, another possible explanation for 

this band might be that 40c is also formed as minor product. Supporting this hypothesis is the 

fact that in the theoretical spectrum of 40c, the C-N stretching vibration is predicted as a small 

band very close in position to the one of 40d. If 40c is indeed formed to some degree, the 

question arises by which mechanism 40 is formed: Is 40c formed directly from 39c by 

tunneling at 8 K as in the case of 40d, or is it formed from 40d by thermal isomerization 

through rotation around the C(phenyl)-O bond, Scheme 18. Additionally, isomerization of 39c to 

39d could also be involved.  

Scheme 18. Tentative reaction pathways for the isomers of 39 and 40.  

 

To address this question, quantum chemical calculations on the energetics of the ring 

expansion reaction were performed, Figure 10. According to the calculations, the ring 

expansion reaction observed in the matrix is mildly exothermic. Isomer 40d lies 7.1 kcal/mol 

below 39d at the B3LYP/6-311++g(d,p) level of theory. This is in agreement with the 

experimental observations since the reaction must be exothermic in order to proceed at these 

low temperatures with no photochemistry involved. In the case of an endothermic reaction, it 

would have to be one with a very low enthalpy change, where the reactant and the product are 

nearly degenerate.  

The isomerization process from 39c to 39d is an endothermic reaction, with the product being 

3.3 kcal/mol higher in energy than the reactant, so a mechanism where 39c forms 39d is not 

feasible. The same is true for a mechanism where 40c is formed and then isomerizes to 40d, 

since the reaction is also endothermic. Therefore, the most likely pathway for the formation of 

40d is directly from 39d. 
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On the other hand, the formation of 40c is possible by isomerization from 40d, once the latter 

is formed after the tunneling reaction. 40c is more stable than 40d by 1.0 kcal/mol and the 

activation barrier for the isomerization is only 0.1 kcal/mol. So the small band at 1368 cm-1 

close to the 1364 cm-1 band of 40d could indeed be assigned to 40c formed by isomerization 

from 40d; however, this is not conclusive since it is the only band that would support this 

assignment and could as well be explained by matrix site effects as commented above. The 

remaining pathway for the formation of 40c is a tunneling reaction from 39c like in the case 

of 40d from 39d (the main process observed in the matrix). This pathway cannot be excluded. 

The reaction is exothermic, and the height of the activation barrier is similar to the one from 

39d to 40d.  

 

Figure 26. Relative energies of 39c, 39d, 40c, 40d and the corresponding TS1, TS2 and TS3 for the ring 

expansion reactions, calculated at the B3LYP/6-311++g(d,p) level of theory. 

3,5-difluoro benzazirine 

In addition to 34 and 38, another precursor, the 3,5-difluorophenylazide (41), was synthesized 

and its photochemistry was investigated at 3 K. This precursor 41 has the advantage that the  

benzazirine formed will not depend on at which position of the ring the nitrene center attacks. 

In addition, introducing fluorine substituents instead of the methoxy groups exclude any 

possible rotamers. When an argon matrix containing small amounts of  41 is irradiated with  

λ = 405 nm at 3 K, all bands of 41 decrease in intensity and a new set of bands with the 

strongest absorptions at 1888, 1560, 1532, 1382, 1366,1340, 1321, 1216, 1132 and 836 cm-1 
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appears. Following the same proceduere as explained for the allyl system and by comparison 

with the calculated spectra at the B3LYP/6-311++g(d,p) level of theory, the bands at 1888, 

1532, 1366 , 1321, 1216 and 836 cm-1 were assigned to ketenimine 43 while the bands at 

1560, 1382 ,1340 and 1132 belong to benzazirine 42, Figure 27. As expected, ketenimine 43 

can be formed from 42 by UV irradiation with λ = 254 nm. The backwards reaction occurred 

when λ = 450 nm was used for the irradiation, similar to the previous systems presented in 

this chapter. In the dark, the ring expansion of 42 to 43 was found to occur even at 3 K, Figure 

27.  

 

Figure 27. IR spectra showing the reaction from 42 to 43 in argon at 3 K in the dark. a)  Calculated spectra of 42 

at the B3LYP/6-311++/g(d,p) level of theory. b) IR difference spectrum after 36 h in the dark at 3 K. Bands 

pointing upwards assigned to 43 increase in intensity and bands pointing downwards assigned to 42 are 

decreasing. c) Calculated spectra of 43 at the B3LYP/6-311++/g(d,p) level of theory. 

Under the same experimental conditions than for the previous kinetic studies presented in this 

chapter, the ring expansion reaction of 42 to form 43 was found to be slower than for the 

methoxy-substituted system. The rate constant at 3 K was 6.7∙10
-6

s-1 (4.0•10
-6 at 8 K), while 

between 3 K and 20 K, an increase of more than sixfold in the temperature, the determined k 

varies from 6.7∙10
-6

s-1 to 5.3∙10
-6

s
-1

, Table 6. Therefore no acceleration that could supports a 

reaction mechanism passing over the calculated barrier is observed, similarly to the previous 

systems. 
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Table 6. Rate constants and dispersion coefficients of the ring expansion from 42 to 43 in 

argon measured at different temperatures. 

 

 

 

 

The calculated activation barrier for this reaction is 4.7 kcal/mol at the B3LYP/6-311++g(d,p) 

level of theory, Figure 28. The calculated barrier is lower than that of the reactions from 36 to 

37 and from 39 to 40; however, the fluorinated benzazirine undergoes ring expansion at rates 

that are slower than the previous systems, which could be due to a wider barrier for this 

reaction. The reaction still occurs at a much higher rate than if it would have to overcome the 

calculated barrier at 3 K.  

 

 

Figure 28. Relative energies of 42, 43 and TS for the ring expansion reaction from 42 to 43, calculated at the 

B3LYP/6-311++/g(d,p) level of theory. 

Like for the case of 36 to form 37 and the reaction of 39 to give 40, these experimental 

observations suggest that the ring expansion from 42 to 43 proceeds by QCT.  

T(K) k (β=0.80) 

3 6.7 ∙10
-6

s
-1

 

8 4.0 ∙10
-6

s
-1

 

15 5.0 ∙10
-6

s
-1

 

20 5.3 ∙10
-6

s
-1
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In summary, three new 2H-benzazirine species, the 3-allyoxy benzazirine 36, 3-methoxy 

benzazirine 39 and 3,5-difluoro benzazirine 42 were isolated and characterized by IR 

spectroscopy in argon at cryogenic temperatures. Before this work only two more 2H 

benzazirines had been isolated and unambiguously identified by their clear IR spectra in argon 

matrices49. Here, the benzazirines were formed from the corresponding azide precursors by 

irradiation with λ = 405 nm light. In addition, by irradiation with λ = 254 nm light, 36, 39 and 

41 formed the ketenimines 37, 40 and 43 respectively. The benzazirines can be converted 

back on λ = 450 nm irradiation. Moreover, 36, 39 and 42 undergo ring expansion reactions to 

the corresponding ketenimines in the dark below 25 K. These processes exhibit calculated 

activation barriers between 4 and 6 kcal/mol, meaning that if the reactions would proceed at 3 

- 8 K over the calculated barriers, the rate constants would be several orders of magnitude 

smaller than the observed ones. The experimental rate constants increased only by factors 

between two and eight when the temperature was increased by threefold, observations that are 

inconsistent with a thermally-activated over-the-barrier process. The increase in the rate 

constant is most likely produced by the softening of the matrices or by a thermally-activated 

tunneling at higher temperatures. Based on the experimental observations it was concluded 

that the ring expansion reactions from 36 to 37, 39 to 40 and from 42 to 43 occur by heavy-

atom tunneling at cryogenic temperatures, Scheme 19.  

Scheme 19. Photochemistry and QCT processes observed at low temperatures in argon 

for the species studied in this chapter.  

 

The fluorinated benzazirine undergoes ring expansion at rates that are slower than the 

previous systems, which could be due to a wider barrier for this reaction. This work is an 

important achievement since three new heavy-atom tunneling reactions have been reported 
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and it shines more light onto the photochemistry and reactivity of the elusive 2H-benzazirines 

species. 



 

    

Chapter 3.  

Highlights 

Two new sextet organic molecules were synthesized. They exhibit stronger magnetic 

properties than the previous reported organic sextets. 

 

Spin density more localized on the nitrene centers. 

The information presented in this chapter was "Reprinted (adapted) with permission from 

(Mieres-Pérez, J., Henkel, S., Mendez-Vega, E., Schleif, T., Lohmiller, T., Savitsky, A., 

and Sander, W. (2017) Dinitreno pentaradicals: organic sextet molecules. J. Phys. Org. 

Chem., 30: e3621. doi: 10.1002/poc.3621). Copyright © 2016 John Wiley & Sons, Ltd." 

http://dx.doi.org/10.1002/poc.3621
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Chapter 3. Dinitreno Pentaradicals: Organic Sextet Molecules 

Introduction  

The study of organic polyradicals and its magnetic properties have attracted the attention of 

the scientific community for many years, as they could be used as building blocks for organic 

magnetic materials98-104. Among the organic high-spin molecules high-spin reported so far, 

only very few exhibit a sextet (S = 5/2) spin ground state105, 106. Rajca et al.105 reported the 

observation of a pentaradical (P1) based on arylmethyl radical units (Chart 3). By means of 

Superconducting Quantum Interference Device (SQUID) magnetometry measurements, they 

found S ≥ 2.3 for P1. In the EPR spectra two sets of signals corresponding to S = 5/2 were 

assigned to two conformers of the P1 with zero field splitting (zfs) parameters of |D/hc| = 

0.0027 cm-1, |E/hc| = 0.0009 cm-1 and |D/hc| = 0.0027 cm-1, |E/hc| = 0.0000 cm-1 respectively. 

Two years later Fujita et al.106 reported the stable pentaradical P2, based on nitroxyl radicals. 

P2 was reported to exhibit a sextet ground state with zfs parameters of |D/hc| = 0.0039 cm-1, 

|E/hc| = 0.0013 cm-1 and its structure was determined by X-ray structure analysis.  

Chart 3. Previously reported organic sextet ground state molecules. 

 

On the other hand, nitrenes exhibit the largest D values and the strongest ferromagnetic 

exchange interactions between the unpaired electrons among organic polyradicals. In 

addition, nitrenes have large energy gaps (5–10 kcal/mol) between the high-spin ground state 

and low-spin excited states107. Therefore, they are used as molecular models for organic 

molecular magnets12. The design of a pentaradical based on nitrenes, rather than on carbon-

centered radicals, is of high interest since they are expected to show considerably larger D 

values than the carbon analogues. In order to achieve that goal, a 1,3-dinitrene phenyl motive 
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was chosen to produce a ferromagnetic coupling between both nitrogen center radicals. In 

adition, a phenoxyl radical motive was employed to complete a pentaradical motive as a 

2,4,6-trichloro-1,3-dinitrenophenoxyl radical (44) (Chart 4). Furthermore, the ortho positions 

respect to the radical centers were substituted with Clhorine in order to increase the activation 

barrier for the ring expansion of the nitrene radicals. Otherwise, photolysis of 44 would result 

in the formation of azirines and/or azepines systems as in Scheme 20, reducing the yield of 

the pentaradical species.  

Chart 4. Pentaradicals studied in this work. 

 

Scheme 20. Ring expansion process in dinitrenes.  

 



Dinitreno Pentaradicals: Organic Sextet Molecules 

    

Results and Discussion 

IR spectroscopy.  

 

In order to produce the pentaradical 44, the precursor 1-(allyloxy)-3,5-diazido-2,4,6-

trichlorobenzene (46) was isolated in argon at 8 K. The IR spectrum of matrix-isolated 46 

shows the characteristic azide stretching vibration at 2124 cm-1. Upon UV photolysis with λ = 

365 nm for 2 hours, all the bands of 46 decrease in intensity and a new set of bands with the 

strongest absorptions at 1361, 1288, 940 and 786 cm−1 appears. After prolonged photolysis 

(12 hours), all IR absorptions of 46 completely disappeared (Figure 1). The new set of bands 

is assigned to the quintet dinitrene 2,4,6-trichloro-3,5-bisnitreno-(allyloxy)benzene (47) based 

on comparison to a calculated IR spectrum at the B3LYP/def2-TZVP level of theory. In 47, 

the different orientations that the allyloxy group can adopt with respect to the plane of the 

benzene ring generates a series of conformers with different IR spectra. By only taking into 

account a single conformer’s contribution to the theoretical spectrum it is not possible to 

explain the observed spectrum. Therefore, for the calculated spectrum, the three lowest energy 

conformers of 47 with respect to the rotation around the C-O bond were considered in order to 

reproduce the experimental spectrum.  
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Figure 29. IR spectra showing the photochemistry of 46 in argon at 8 K. a) IR spectrum of 46 isolated in argon 

at 8 K. b) IR spectrum obtained after 12 h irradiation of 46 with  = 365 nm. c) Calculated IR spectrum of 47 at 

the B3LYP/def2-TZVP level of theory. The three lowest energy conformers of 47 with different orientations of 

the allyloxy group were considered. 

Benzazirines or ketenimines species can be excluded as main products of the photolysis of 47 

by the lack of absorptions in the 1650 - 1900 cm-1 region. The fact that the characteristic azide 

stretching absorption at 2124 cm-1 was completely bleached upon photolysis, allows to 

exclude the presence (in sufficient amounts to be detected by IR) of any species bearing an 

azide group, like triplet mononitrene 48, as result of an incomplete photolysis of 46. Further 

UV photolysis with λ = 365 nm does not result in additional changes in the spectrum, 

indicating that 47 is stable towards λ = 365 nm irradiation. Cleavage of the allyloxy group to 

yield species bearing an oxygen-centered radical, like pentaradical 44, would be observable 

by a vibration at 801 cm-1 due to the allyl radical formed as by-product. This band was not 

observed under these photolytic conditions, suggesting either that the photochemical cleavage 

of the C-O bond is not effective or that the phenoxyl radical and allyl radical formed in the 

same matrix cage can efficiently recombine. Therefore, the absence of the band at 801 cm-1 
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supports the assignment of 47, and not 44, as the major product formed during the photolysis 

of 46.  

Scheme 21. Photochemistry of 46 

 

However, irradiation of the same matrix with λ = 266 nm light leads to a slight decrease of all 

bands assigned to 47 together with the appearance of a very weak band at 801 cm-1, indicating 

that small amounts of the allyloxy group are photocleaved. However, due to the low yield of 

this conversion other photoproducts could not be identified by IR spectroscopy.  

UV-vis spectroscopy 

The photochemistry of 46 was also studied in the UV-vis spectral region. Matrix-isolated 

precursor 46 exhibits a broad band in the UV-vis spectrum at 229 nm, which is bleached when 

the matrix is photolyzed with  = 365 nm light. Upon photolysis a new spectrum with 

absorptions at 481, 450, 327, 312, 285, 235 and 212 nm was obtained.  In order to assign the 

UV-vis data, TD-DFT calculations were carried out by using several combinations of DFT 

functionals and basis sets. The best match with the experimental results was found for quintet 

47 at the M06-2X/def2-TZVP level of theory as shown in Figure 4, in agreement with the 

results from the IR experiments. At this level of theory the major electronic transitions of 46 

were predicted at 404, 267, 226 and 207 nm, which nicely fit the most intense observed bands 

(Figure 4), in contrast to the B3LYP/def2-TZVP level of theory which predicts the major 

transitions at 427, 285 and 264 nm. However, also in this case other photoproducts that might 

be present in small amounts cannot be assigned unambiguously.  
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Figure 30. UV-vis spectra showing the photochemistry of 46 in argon at 8 K. Dashed blue line: UV-vis spectrum 

of 46 in argon at 8 K. Red solid line: UV-vis spectrum obtained after 12 h of irradiation of 46 with  = 365 nm. 

Black line: UV-vis spectrum of 47, calculated at the M06-2X/def2-TZVP level of theory. 

EPR spectroscopy 

In order to accomplish the goal of producing pentaradical 44, photolysis of precursor 46 was 

then investigated by X-band EPR. UV irradiation with  = 365 nm of an argon matrix 

containing 46 at 5 K gives rise to an EPR spectrum with signals at at 66, 142, 308, 374, 460, 

544, 613, 658, 848 and 946 mT. The spectrum is nicely reproduced by a simulation of a 

quintet species with zfs parameters of |D/hc| = 0.190 cm-1 and |E/hc| = 0.043 cm-1 (Figure 3– 

trace b). Therefore, based on the results from the simulation combined with the IR and UV-vis  

results, these signals were assigned to 47 (Figure 3– trace a). 

A transition observed at 690 mT indicates the presence of triplet mononitrene 48 with |D/hc| = 

1.00 cm-1 and |E/hc| = 0.002 cm-1. Under these photolytic conditions no additional bands are 

formed, indicating that the azide but not the O-allyl group is cleaved. In particular the absence 

of a strong radical signal around 342 mT indicates that no allyl radical and hence no phenoxyl 

radical is formed in agreement with the results from the IR experiments. The presence of 48 in 

the matrix was only observed in the EPR spectrum, not in the IR or UV-vis experiments. The 

reason behind this is that mononitrene 48 is produced in low yields and therefore it is only 

possible to be detected  using a technique with a very low detection limit like EPR.  
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Figure 31. X-band CW EPR spectra of the photoproducts of matrix-isolated 46. a) Spectrum obtained upon   = 

365 nm photolysis (50 min) of 46 in argon at 5 K. Lines assigned to the quintet are labeled as 'q', the triplet 

signal is labeled as 't'. b) Simulated spectrum of a quintet species with |D/hc| = 0.190 cm-1 and |E/hc| = 

0.043 cm-1 ( = 9.575 GHz). A signal centered at 690 mT indicates the presence of a triplet nitrene with |D/hc| = 

1.00 cm-1 and |E/hc| = 0.002 cm-1 (simulation shown as dashed line). c) Spectrum obtained after additional 

photolysis of the matrix with  = 254 nm (1.5 h). Signals assigned to sextet species are labeled as 's'. The asterisk 

denotes an additional band that is attributed to a quartet species d) Simulated spectrum of a sextet species with 

|D/hc| = 0.088 cm-1 and |E/hc| = 0.009 cm-1 ( = 9.678 GHz). 

Further photolysis of the matrix with  = 254 nm leads to a decrease in the intensity of all 

signals assigned to triplet 48 and quintet 47 with subsequent formation of signals at 22, 225, 

255 and 290 mT. The new signals are assigned to sextet 44 with the zfs parameters of |D/hc| = 

0.088 cm-1 and |E/hc| = 0.009 cm-1 obtained from a simulation, (Figure 3-trace d). Due to 

overlap with the signals of quintet 47, identification of further bands of 44 was not possible. 
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In agreement with our assignment, a strong radical signal centered at 342 mT corresponding 

to the allyl radical was observed. The characteristic transitions of hydrogen atoms at 315 and 

365 mT were also found (Figure 31-trace c).  

An additional signal at 177 mT indicates the formation of a quartet species. The quartet is 

assigned to structure 49 (Scheme 22), formed from precursor 46 by cleavage of only one 

azide group in addition to the O-allyl bond. The large concentration of quintet 47 already 

present in the matrix indicates that a large fraction of the precursor is already converted, in 

agreement with the small intensity of the quartet signals observed. However, we cannot 

exclude that the quartet species is a secondary photoproduct of sextet 44. Also in this case the 

overlap with the intense quintet signals precludes assignment of other signals of quartet 49. 

Moreover, the position of the transition assigned to the quartet is not very sensitive to the D 

values and thus the zfs values cannot be determined reliably.  

Scheme 22. Triplet, quartet, quintet and sextet species formed by photolysis of 3. 

The photochemistry of precursor 46 was also studied in methylcyclohexane at 5 K by W-band 

pulse EPR, Figure 4. After UV photolysis, intense signals assigned to triplet mononitrene 48 

were observed together with additional bands assigned to quintet 47.  

That 48 is observed as major product of the photolysis of 46 in methylcyclohexane is in 

contrast with the photochemical behavior of 46 in argon matrices, where 48 was formed as 

minor product and 47 was the major product of the photolysis. The signals of 47 increased 

during overnight irradiation, while that of 48 decreased, suggesting that in methylcyclohexane 

the main photochemical pathway could be the photobleaching of only one azide group to form 

48 and 47 could be formed also by secondary photolysis of 48. However, whether the 

formation of 47 is mainly due to this and not to the bleaching of both azide groups of 46 

directly, cannot be confirmed, as 46 is diamagnetic and therefore its concentration in the 

methylcyclohexane frozen solution cannot be monitored.  



Dinitreno Pentaradicals: Organic Sextet Molecules 

No new signals could be assigned to 44 in the frozen solution experiment. The absence of 44 

in the frozen methylcyclohexane solution could be due to the fast reaction of 44 through the 

oxygen-centered radical with the methylcyclohexane or incomplete photolysis of 47 and 48 in 

the frozen solution. Simulations confirmed the zfs parameters from the X-band experiments, 

Figure 32.  The fitted zfs parameters D = 0.19 cm-1 and E/D = 0.043 cm-1 for 47 and D = 

0.99 cm-1 and E/D = 0.003 cm-1 for 48 are basically identical to those obtained from the X-

band CW EPR spectrum.   

In addition, the W-band simulations allow to identify the sign of the D value of quintet 47. 

When the simulation was performed using a negative sign of D (D = -0.19 cm-1 with positive 

E/D = 0.043), the incorrect intensity profile in the center and an incorrect intensity 

distribution on the high- and low-field edges of the signal is obtained. Only when a positive 

value of D = 0.19 cm-1 and E/D is used the correct intensity profile is obtained. Therefore, a 

positive sign of D for 47 was concluded. This was not possible from the X-band experiments, 

similarly to the previous report from Akimov et al. 108 

http://scitation.aip.org/search?value1=Alexander+Akimov&option1=author&option912=resultCategory&value912=ResearchPublicationContent
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Figure 32. (A) Q-band and (B) W-band echo-detected EPR spectra (black) recorded at 5 K of samples of 

bisazido compound 46 in methylcyclohexane after UV irradiation at 10 K for 15.5 h (A) and at 5 K for 11 h (B). 

Spin-Hamiltonian-based simulations are shown as red traces as a sum of a dominant quintet species (blue), 47, 

and a minor triplet species (green), 48. The calculated individual transitions within the quintet state manifold of 

47 are depicted separately below. (C) and (D) show the CW-EPR-like pseudomodulations of spectra in (A) and 

(B), respectively. In (B) and (D), the sharp line at g ≈ 2 originates dominantly from impurities in the quartz of the 

W-band EPR tube capillary. Experimental parameters: microwave frequency: 34.02 GHz (A), 93.98 GHz (B); 

shot repetition time: 1.0 ms (A), 0.25 ms (B); microwave pulse length : 40 ns; inter-pulse distance : 300 ns 

(A), 200 ns (B); temperature: 5 K. 

Apart from 44, pentaradical 45 was investigated by X-band EPR CW spectroscopy. In 

contrast to 44 dinitrene 45 does not have chlorine atoms in the phenyl rings and the oxygen-

centered radical is replaced by a carbon-centered radical. In analogy to the photochemistry of 

46, photolysis of matrix-isolated diazido iodotoluene 51 with UV light leads to formation of 

intense quintet signals (Figure 33a). In this case the irradiation was performed with  = 308 
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nm from an XeCl eximer laser. The spectrum shows transitions at 86, 146, 279, 309, 394, 623 

and 860 mT. The experimental spectrum is in excellent agreement with a simulated spectrum 

of a quintet species using the zfs parameter |D/hc| = 0.205 cm-1 and |E/hc| = 0.041 cm-1 

(Figure 6-trace a,b) and therefore was assigned to quintet 52.  

In addition to the quintet signals, several other signals were formed during photolysis. A 

strong line centered at 340 mT indicates formation of radical species by cleavage of the C-I 

bond of 51. An intense transition at 701 mT was assigned to triplet mononitrene 53 with a D 

value of approximately 1.00 cm-1, Scheme 23. Additional bands at 79, 178, 251, 268 and 

568 mT were assigned to species containing a nitrene unit as well as a radical center as in 54 

or 55. Signals that could be assigned to 45 were not observed in this spectrum, but additional 

photolysis with 254 nm leads to formation of signals at 5, 202, 229 and 238 mT that are in 

agreement with a sextet species with zfs parameters of |D/hc| = 0.125 cm-1 and |E/hc| = 

0.023 cm-1 (Figure 33 - trace c, d). Therefore, these signals were assigned to 45. 

Scheme 23. Photochemistry of 51 
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Figure 33. EPR spectra of the photoproducts of matrix-isolated 51. a) Spectrum obtained upon  = 308 nm 

photolysis (17 min) of 8 in argon at 5 K. Lines assigned to quintet are labeled as 'q', triplet transitions are labeled 

as 't'. b) Simulated spectrum of a quintet species with |D/hc| = 0.205 cm-1 and |E/hc| = 0.041 cm-1 ( = 

9.566 GHz). A strong line centered at 701 mT indicates the presence of a triplet nitrene with |D/hc| = 1.04 cm-1 

(simulation shown as dashed line). Asterisks denote additional bands that are attributed to quartet species (see 

text for details). c) Spectrum obtained after additional photolysis of the matrix with   = 254 nm (1 h). Signals 

assigned to sextet species are labeled as 's'. d) Simulated spectrum of a sextet species with |D/hc| = 0.125 cm-1 

and |E/hc| = 0.023 cm-1 ( = 9.564 GHz).  

The calculated zfs parameters for sextets 44 (|D/hc|=0.093) and 45 (|D/hc|=0.096) at the 

PBE/ZORA-SVP level of theory, follow the same trend as the ones obtained experimentally, 

i.e higher D values in the case of sextet 45 than for sextet 44, Table 7. The higher D values
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suggest a stronger localization of the electron density at the radical centers in the case of 45. 

This is in agreement with the higher values of the calculated spin densities for 45, Figure 34. 

During this chapter, different levels of theory were used to calculate the IR, UV-vis and EPR 

parameters of the species involved in order to obtain the result that were closest to the 

experimental data in each case. 

Table 7. DFT-calculated zfs parameter for quintet and sextet species. 

Compound D / cm-1 E / cm-1 

47 0.13992 0.03085 

44 0.09316 0.01744 

52 0.17457 0.03574 

45 0.09554 0.01396 

Figure 34. Spin density distribution of sextet pentaradicals 44 and 45. Blue color indicates an excess of α-spin 

density at the atom (positive spin density), and green color shows an excess of β-spin density at the atom 

(negative spin density). 

In summary, the isolation and characterization of new sextet organic species by means of 

matrix isolation EPR spectroscopy was achieved. The parent quintet nitrenes are formed as 

major products of the photolysis 46 and 51, in agreement, in the case of allyloxy substituted 

46, this could also be confirmed by IR and UV measurements. Both pentaradicals 44 and 45 

were observed by EPR after further photolysis with shorter UV light. The photolysis of the 

corresponding diazidoprecursors produced also triplet nitrenes and quartet radical species. In 

the case of 46 the chlorine substituents inhibit the phototchemical rearrangement of the 

phenylnitrene derivatives 44, 47, 48, or 49 to the corresponding ketenimines, and therefore 

high yields of nitrenes are achieved. These new sextet organic species, 44 and 45, exhibit D 
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values more than 10 times larger than previously reported organic sextets, where the spin 

density was more declocalized into the aromatic system. Both sextet species could lead to new 

sources for building blocks to synthesize organic magnetic materials. 



 

    

Chapter 4.  

Highlights 

One of the very few singlet complexes of a nitrene was stabilized at cryogenic temperatures. 

The strong Lewis acid BF3 switches the spin of a nitrene despite the large singlet-triplet gap. 
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Chapter 4. Perfluorinated Phenylnitrene Reaction with BF3 

Introduction 

Phenylnitrenes reactions through the 1A1 electronic state, can serve as photoaffinity labeling 

reagents if they engage in bond insertion reactions109, 110; however, the reactivity of the 1A1 

and 1A2 states still remains far less understood than that for the triplet ground state. Therefore 

stabilization of the singlet states of arylnitrenes have attracted the attention of many groups53, 

111, 112. The main strategy has been by substitution in the phenyl ring. Watt and Platz111 

reported by means of Laser Flash Photolysis and trapping experiments, an unusual type of 

relatively long-lived singlet nitrene intermediates, produced by photolysis of 4-Azido-2,3,5,6-

tetrafluorobenzamides. Their results also indicated that singlet states of substituted nitrenes 

could be more easily accessible than their counterparts lacking the para-substituent. Using 

Photoelectron Spectroscopy, Wenthold et al.53 studied the effect of the substitution on the ES-

T of three additional substituted (chlorinated) phenylnitrenes. ES-T of 14 ± 2, 15 ± 1, and 14 ± 

2 kcal/mol in favor of the triplet were determined for the o-, m-, and p-chlorophenyl nitrenes 

respectively. In this case the effect of the substitution in the phenyl ring on the ES-T is less 

than 1 kcal/mol respect to the Phenylnitrene 3a. 

Unfortunately, accurate experimental gas-phase state energies for other substituted 

phenylnitrenes are not available; however, it have been theoretically addressed in numerous 

occasions in the literature. Cramer et al.112 calculated the ES-T of 32 meta and para 

substituted phenylnitrenes. For all cases, a triplet ground state was found, with large ES-T 

that ranged from 16.7 to 20.0 kcal/mol at the CASPT2(8,8)/cc-pVDZ//CASSCF(8,8)/cc-

pVDZ level of theory. At the same level of theory, a ES-T of 19.4 kcal/mol was found for 3a, 

showing that even when substituents affect the energy differences between states in 

phenylnitrenes, a robust triplet remains as ground state. Tsao and Platz44 found similar results 

for ortho dialkyl substituted phenylnitrenes. In their cases the decrease of the ES-T did not 

exceed 2.5 kcal/mol with respect to 3a.  

On the other hand, it has been observed that substitution of strong π-donor groups, like 

−OCH3 and −N(CH3)2, increase the rate of ISC by factors of about 150 and 2500 

respectively23. This effect occurs even when the relative state energies, and thus the S-T, are 

not affected enough to bring the singlet state below the triplet112. However, the electronic 

http://pubs.acs.org/author/Watt%2C+David
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states can get close enough that, dynamic effects like interaction with the solvent, produce the 

Spin Orbit Coupling (SOC) necessary for the ISC to the singlet state occurs.  

Moreover, neighbouring interactions with carbonyl groups in acyl [RC(O)N] and oxycarbonyl 

[ROC(O)N] nitrenes, are reported to effectively change the relative state energies due to 

bonding interactions between the N atom and the O atom113. Accordingly, the acyl nitrene is 

reported to exist as a singlet ground state. 

As it was discussed in the general section, an important aspect of the singlet states of 3a is 

that their reactivity is dominated by unimolecular ring expansion to form ketenimine 8a, 

Scheme 1.22, 24, 32, 50, 94, 95 It have been shown that proper substitution in the phenyl ring can 

rise the ring expansion barrier in comparison to the parent 3a94.  Then, substitution on the 

phenyl ring plays a crucial role for bimolecular insertion reactions to take place faster than 

ring expansion or ISC, like in the case of polyfluorinated phenylnitrenes. Moreover, it allows 

to intercept the 1A1 state by interaction with another molecule before the system relax to the 

triplet state. Making use of that, Platz stabilized a singlet perfluorinated phenylnitrene ylide 

complex with pyridine and its structure was elucidated by X-ray crystalography.114   

Following the same principle and motivated to get new insights on the chemistry of the singlet 

states of nitrenes, the interaction of pentafluorophenylnitrene (56) with a very strong Lewis 

acid, the BF3 molecule, was studied.  
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Results and Discussion 

IR spectroscopy  

In order to study the reaction of triplet pentafluorophenylnitrene T-56 with BF3, 0.2 or 1 % 

BF3-doped argon matrices containing pentafluorophenylazide (6f), as precursor for the nitrene 

T-56 were formed by deposition of the gas mixture on a cold window at 3 K. If the same 

matrix is then irradiated with at 254 nm light from a low mercury arc lamp, produces the IR 

spectrum of the corresponding triplet nitrene T-56, in excellent agreement with previous 

reported data from Morawietz and Sander48 (Figure 13 – trace a). Upon annealing at 20 – 25 

K for ten minutes, all the bands assigned to T-56 and BF3 decreased in intensity and a new set 

of bands appeared together with the bands of the dimer and oligomers of BF3
115 at 1421, 1472 

and 1515 cm-1 (Figure 35). These oligomers were easily identified in the IR spectrum by 

direct comparison with a spectrum of an argon matrix containing only 1% of BF3 previously 

annealed at 25 K. The new IR spectrum obtained after warming the matrix at 20 K shows 

spectral features that are related with the relaxation of the matrix. As consequence, all the 

bands of T-56 are slightly shifted. This occurs due to the fact that at 3 K, the molecules of T-

56 are frozen in a non-minimum structure. By increasing the temperature, the matrix gets 

softer allowing T-56 to relax to a more favorable geometry, and with enough time would 

eventually relax to the global minimum energy structure. This phenomenon is also related to 

the inhomogeneity of the matrix formed at 3 K as the argon is instantly frozen and do not 

have enough time to organize in a homogeneous crystalline structure. Annealing of the matrix 

then provides the necessary energy for the argon matrix to reorganize, affecting the 

environment of the different cages in which the triplet nitrene T-56 is trapped, and therefore, 

its IR vibrations. This is important since the observed effect of the relaxation process on the 

IR spectrum is, unfortunately, very similar to when a weak triplet complex (T-56…BF3) 

between T-56 and a small molecule like BF3 is formed, Figure 35. Both phenomena, 

relaxation of the matrix or triplet complex formation, would produce a difference spectrum 

with new absorptions very close in position to ones of T-56, making it difficult to differentiate 

between both processes.  
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Figure 35. IR spectra showing the effect of the relaxation of the matrix. a) Difference IR spectrum showing 

changes after annealing at 20 K for 10 min of an argon matrix doped with 1% of BF3 containing 56. Bands 

pointing downwards assigned to 56 and BF3 are disappearing and bands pointing upwards, assigned to relaxed 

56 oligomers of BF3, and cis-1,2-bis(perfluorophenyl)diazene (D) are appearing, bands of D are marked with 

asterisks. Dotted line shows the IR spectrum of an argon matrix containing 1% of BF3 annealed from 3 K to 20 K 

for 10 minutes. b) Calculated spectrum of T-56...BF3 at the B3LYP-D3/6-311++G(d,p) level of theory. 

In order to clearify whether a triplet complex is indeed formed or is just the result of the 

relaxation of the matrix, an experiment was done in which only the precursor of T-56 (without 

BF3) was co-deposited with a large excess of argon at 3 K. In this way, it can be observed 

under the same experimental conditions like before the effects of the temperature increase on 

the IR vibrations of the nitrene T-56 itself, by excluding the possibility of a triplet complex to 

be formed.  

When the argon matrix with small amounts of T-56 was annealed at 20 - 25 K for 10 min, the 

same bands as in the 1% BF3-doped argon experiments appears in the spectrum. Accordingly, 

it was concluded that no triplet complex between T-56 and BF3 is formed in the BF3-dopped 

argon experiments after annealing at 20 - 25 K, and that the main effect of the annealing is 

just the relaxation of the argon matrix. Additionally, a set of bands with the strongest 

absorptions at 984, 1031 and 1426 cm-1 appeared in both experiments. These strongest 

absorptions were assigned to the cis-1,2-bis(perfluorophenyl)diazene (D), the dimer of  T-56, 

by comparison with an authentic matrix isolated sample. 
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Interestingly, if the matrix is then annealed at 30 - 35 K for 5 min, it becomes reddish. Upon 

annealing, all bands corresponding to T-56 and BF3 decrease in intensity and a new set of 

bands appears with the strongest absorptions at 1021.5, 1059 and 1605.6 cm-1. (Figure 36 – 

trace c). However, when a similar experiment was performed in a 1% H2O-doped argon 

matrix, after annealing at 25 K for 5 min, only a small shift in the position of the bands of T-

56 is observed. The same shifts that were observed previously due to the relaxation of the 

matrix. No new features appear after annealing at 30 - 35 K in contrast to the 1% BF3-doped 

argon experiment. Therefore, the new set of bands formed in the 1% BF3-dopped argon matrix 

at 30 – 35 K should correspond to a new product (57) formed by an effective interaction 

between T-56 and BF3. This interaction does not occur when a weaker Lewis acid is used 

instead like in the water doped experiment. The formation of the new product at different 

temperatures of the matrix is shown in Figure 37 based on the increase in the intensity of the 

band at 1059 cm-1 (highlighted in blue). The effect of the relaxation in one of the bands of T-

56 is highlighted in red. 

 

Figure 36. IR spectra showing the reaction of T-56 with BF3. a) IR spectrum of T-56 in argon matrix doped with 

1% of BF3 at 3 K generated by 254 nm photolysis of 4. b) Difference IR spectrum of the same matrix showing 

the changes after annealing at 20 K for 10 min. Bands pointing downwards assigned to T-56 and BF3 are 

disappearing, and bands pointing upwards assigned to oligomers of BF3 and D are appearing. Dotted line shows 

the IR spectrum of an argon matrix containing 1% of BF3 annealed from 3 K to 20 K for 10 minutes. (c) 

Difference IR spectrum of the same matrix showing changes after annealing at 30 - 35 K for 5 min. Bands 

pointing downwards assigned to T-56 and BF3 are disappearing, and bands pointing upwards assigned to 57 are 

appearing.  
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Figure 37. IR spectra showing the thermal conversion of T-56 to 57 at different temperatures. Highlighted in a 

red and blue rectangle respectively are one band assigned to 57 at 1059 cm-1 and the decrease of one of the bands 

of 56 together with the effect of the relaxation of the matrix. 

Below 20 K, the reaction does not take place. At 20 K only traces of the product can be 

observed, the product signals increase in intensity at 25 K but still the major changes are 

related to the relaxation of the matrix. The situation changes at 30 K where the spectra 

reaction product predominates. Annealing at 35 K produces an increase in the intensity of the 

bands of the product and the effect of the relaxation is already minor, Figure 37. 

The new product formed does not show any transition in the EPR, Figure 38. The only effect 

observed is the decrease in intensity of the signals of triplet nitrene T-56 as the temperature 
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increase, but no new signals appear, suggesting that a singlet product is formed. Based on the 

results of the IR experiments, the decreasing of the signals of T-56 was interpreted as the 

result of the formation of the new product 57 and small amounts of dimer cis-D.  

Already after annealing at 20 K for 5 min 10 % of the EPR signal intensity of 56 is lost. After 

consecutive annealing at 25 K and 30 K for several minutes, only 50 % of the signal intensity 

of 56 remains. 

 

Figure 38. EPR spectra showing the reaction of triplet pentafluoro phenylnitrene 1 with BF3. a) EPR spectrum 

obtained after irradiation of a 1% BF3-doped argon matrix containing 1 at 5 K matrix with  = 254 nm b) EPR 

spectrum obtained after annealing of the same matrix at 30 K for 20 min. The signals of the radicals are formed 

during the initial photolysis of the precursor. 

Based on the experimental evidence, few candidate structures are possible for the new product 

57: a singlet complex between T-56 and BF3 or the ring expansion products of T-56, i.e. the 

perfluorinated azirine 58 and the perfluorinated ketenimine 59, Chart 1.  

A careful analysis of the IR spectrum, especially in the region between 1000 and 2000 cm-1, 

allow to exclude the presence of 58 and 59. If 58 was present, a characteristic band at 1664 

cm-1 together with an intense band at 1008 cm-1 should be observed.48 Furthermore, this 

species is reported to be formed photochemically48 but not thermally116 at low temperatures.  
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Chart 5. Ketenimine 58 and benzazirine 59 

 

In addition, no IR bands were observed in the 1800-2000 cm-1 region, where the characteristic 

absorption of the cumulene C=C double bond of 59 is expected116. The absence of any IR 

band in this region is in agreement with previously reported results arguing that 59 is neither 

formed by irradiation nor by annealing under cryogenic conditions116.  

The characteristic IR bands of 58 or 59 were also not present in a control experiment where 

only 1, without BF3, was isolated in argon and then the matrix was annealed up to 35 K. 

Therefore, by excluding the ring expansion products of T-56, a singlet complex between 

nitrene and BF3 remains as the plausible candidate for the assignment of the new product 

formed upon annealing. To identify the structure 57 various singlet complexes were 

calculated.  

Initially, complexes where only one BF3 molecule was interacting with T-56 were calculated 

at the M06/6-311++g(d,p) level of theory. Despite where the BF3 molecule was initially 

placed, all the structures converged to a singlet complex CSS-57, where the BF3 molecule was 

interacting directly with the nitrogen center. CSS-57 is a closed-shell singlet complex with a 

bent structure regarding the position of the BF3 with respect to the nitrogen atom with a C-N-

B angle of 126°, Chart 6. However, at the CASPT2(10,10)/6-311g(d)//CASSCF(10,10)/6-

311g(d)  level of theory, another complex was found: OSS-57. In contrast to the closed-shell 

complex, OSS-57 is an open shell-singlet complex featuring a linear interaction between the 

nitrene and BF3 with a C-N-B angle of 176.8°. 

Chart 6. Singlet complexes of 56 with one BF3 molecule. 
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The reason why OSS-57, was not found as a minimum at the M06/6-311++g(d,p) level of 

theory is related with the fact that the DFT methods are single reference methods, and thus, 

they cannot accurately describe a system with a multireference character like the open-shell 

singlet species. On the other hand, for CSS-57 DFT should provide good results, but at the 

CASSCF(10,10)/6-311g(d) level of theory it was not found as a minimum of the 

hypersurface, therefore the theoretical spectra for these species are presented at different 

levels of theory in Figure 39. 

By comparing the calculated spectra of both complexes with the experimental spectrum, one 

can conclude that the open-shell singlet complex spectrum is in better agreement with the 

experimental spectrum. The experimental IR pattern in the fingerprint region between 900 and 

1200 cm-1 is better reproduced by the calculated spectrum of OSS-57 than the one of CSS-57. 

This is a clear region of the spectrum since it is not obscured by any band of the BF3 

oligomers, Figure 17. In addition, the calculated spectrum of the closed-shell singlet complex, 

predicts a strong N-B stretching vibration at 850 cm-1, however, in the experimental IR 

spectrum no strong absorption was observed in the region between 700 - 900 cm-1, Figure 39. 
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Figure 39. IR spectra showing the formation of 57. a) Difference IR spectrum showing changes after annealing 

at 30 - 35 K for 5 min of a 1% BF3-doped argon matrix containing T-56. Bands pointing downwards assigned to 

T-56 and BF3 are disappearing. Bands pointing upwards assigned to 57 and oligomers of BF3 are appearing. 

Dotted lines shows the IR spectrum of an argon matrix containing 1% of BF3 annealed from 3 K to 35 K. b) 

Calculated spectrum of 57 in an open shell-singlet state at the CASSCF(10,10)/6-311g(d) level of theory, at this 

level the structure is a true minimum. c) Calculated spectrum of 57 in a closed-shell singlet state at the B3LYP-

D3/6-311++G(d,p) level of theory. 

Even when the theoretical spectrum of OSS-57 provide a better match for the experimental 

spectra than that of CSS-57 this is not enough. In order to assign the singlet product formed to 

OSS-57, it remains to be proven that this open-shell singlet complex is stabilized with respect 

to the triplet state of the complex between T-56 and one BF3 molecule. In order to address this 

question, multireference calculations at the CASPT2(10,10)/6-311g(d)//CASSCF(10,10)/6-

311g(d) level of theory were performed for the open-shell singlet and for the triplet state of 

the nitrene and the complex with BF3. The active space used for the multireference 

calculations is shown in Figure 40.  
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Figure 40.  Active space used for the multirreference calculations. Two vies of each orbital are shown. 
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The active space consists of ten electrons in ten orbitals, including the six  orbitals of the 

phenyl ring, the  and  orbitals of the nitrogen and the  and  orbital of the C-N bond. The 

electronic configuration of both electronic states, triplet T0 and singlet S0, of the complex 

between T-56 and BF3 is as follow:




or  S

 C 


 





 


 


 


 


 


 C

At this level of theory, the triplet complex T-57 is predicted to be more stable than the singlet 

complex OSS-57 by 17.5 kcal/mol, a too large energy difference to overcome at the 

temperatures of the experiments, Figure 41. This result does not support the hypothesis of an 

inversion of the spin of T-56 from triplet to singlet produced by the interaction with one 

molecule of BF3 after annealing of the matrix at 35 K. 

 

 

Figure 41.  Relative energies of the triplet and singlet states of the complex with one BF3 molecule. 
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The vertical gaps are 14.4 kcal/mol at the singlet geometry and 21.9 kcal/mol at the geometry 

of the triplet. At both geometries the triplet state is energetically more stable. Furthermore, the 

relative energies of both sates along several coordinates connecting the triplet and the singlet 

states were also investigated at the same level of theory. At no point the energy of these states 

crosses each other and no intersystem crossing can be found, thus, the assignment of OSS-57 

as the product formed after annealing of the matrix is not supported by the calculations. 

If a complex with two BF3 molecules instead of one is considered, then the singlet state of the 

resulting complex S-56…(BF3)2 (a close-shell singlet) is stabilized with respect to the triplet 

state in agreement with the experimental results, Figure 42. In this figure the relative energies 

of the lowest triplet and closed-shell singlet states of 56, as well as for the complexes with one 

and two molecules of BF3 are shown. All structures were optimized at the M06-2X/6-

311++G(d,p) level of theory since no open-shell species was considered and the energies were 

corrected at the CCSD(T)/cc-PVDZ level of theory.  

56 exhibits a triplet ground state (T-56) and the next closed-shell singlet state (S-56) is located 

27.8 kcal/mol above T-56, Figure 42. The interaction with one BF3 molecule produces a 

decrease in the energy gap between both states, however, the triplet species T-57 is lower in 

energy than the singlet CSS-57 by 7.4 kcal/mol. When two molecules of BF3 interact with T-

56 the situation changes; for the trimolecular complexes S-56…(BF3)2 and T-56…(BF3)2, the 

singlet complex is more stable than the triplet by 2.2 kcal/mol, i.e. the BF3 switches the spin 

state of the pentafluoro phenylnitrene 56 from triplet to singlet when two molecules of the 

Lewis acid are involved. In both systems, one BF3 molecule is directly interacting with the 

nitrene center through the boron empty orbital while the second BF3 molecule interacts with 

the first BF3 through one of the fluorine atoms. However, the geometries of S-56…(BF3)2 and 

S-56…(BF3)2 differ quiet a lot, especially regarding the N-BF3-BF3 fragment. In the singlet 

complex, the N-B distance is 1.56 Å, much shorter than in the triplet complex. The B-F 

distance connecting both BF3 molecules in the singlet complex is also shorter than in the 

triplet T-56…(BF3)2 complex (1.65 Å for the singlet and 2.40 Å for the triplet). The weaker 

interaction in the triplet complex is reflected in the planar geometry of BF3 molecules, in 

contrast with the tetrahedral geometry adopted in the singlet S-56…(BF3)2 complex. 
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Figure 42.  Relative energies of the triplet and singlet complexes of 56 with BF3. 
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As seen before for the comparison between the theoretical spectra of the bimolecular 

complexes and the experimental spectrum after annealing at 35 K, there is a region of the 

spectra that is obscured by the oligomers of BF3 (1400 and 1600 cm-1) . This was not critical 

in that case since the region where both theoretical spectra differed more noticeably was the 

finger print region between 950 and 1200 cm-1. However, in order to assign the IR spectrum 

of the singlet complex S-56…(BF3)2  it is necessary to avoid the strong interference of the BF3 

oligomers. Therefore, the matrix was irradiated with λ = 530 nm for 20 minutes to destroy the 

trimolecular complex without affecting (or in small extent) the oligomers of BF3. As result of 

the photolysis benzazirine 4 is formed and it was identified by comparison with the literature 

data48. In addition, D, cis-isomer of the dimer of 56 undergoes cis-trans isomerization to form 

the trans-isomer, which was identified by comparison with an authentic matrix isolated 

sample. The photolysis also leads to some unidentified products. The bands of S-56…(BF3)2 

can be identified now without the interference of the BF3 oligomers as the bands decreasing in 

intensity in the difference spectrum, Figure 43, Table 8.  
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Figure 43. IR spectra after irradiating the matrix λ = 530 nm showing the bleaching of the singlet complex S-

56…(BF3)2. a) Calculated spectrum of S-56…(BF3)2 at the M06-2X/6-311++G(d,p) level of theory. b) Difference 

IR spectrum showing changes after irradiation of the matrix with λ = 530 nm for 20 min. Bands pointing 

downwards assigned to complex S-56…(BF3)2, T-56, and Dimer cis-D are disappearing. Bands pointing upwards 

correspond to 58, trans-D and some unidentified products. 

Table 8. IR Spectroscopic Data of Complex S-56…(BF3)2 

Mode 
argona         Calculatedb 


/cm-1 

/cm-1 Assignmentc 

42 (A) 1021.5 1056.6 ring def. 

42 (A) 1059.0 1093.5 ring def. 

44 (A) 1147.4 1202.3 BF3 str. 

46 (A) 1253.6 1302.7 BF3 str. 

47 (A) 1296.4 1357.0 BF3 str. 

48 (A) 1416.9 1447.0 ring def. 

50 (A) 1455.2 1480.5 ring def. 

51 (A) 1493.8 1549.5 C=C str. 

53 (A) 1670.2 1678.2 C=C str. 

54 (A) 1670.2 1741.7 C=C str. 

a In argon matrix at 3 K. bCalculated at the B3LYP-D3/6-311++g(d,p) level of theory. c Tentative assignment. 
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It has been shown117 that for species like the CF3 radical, the IR frequency of the vibrational 

modes depends on the charge at the CF3. Analogously, the charge at the BF3 strongly 

influences the IR frequency of the degenerate E symmetrical BF and FBF stretching 

vibrations, Figure 44. This makes these vibrations diagnostic for the charge at the BF3 

fragment in the complex. The nature of the interaction of 56 and BF3 can be analyzed by 

comparison with the vibrations of the neutral BF3
118, 119, BF3

+ cation 118 and BF3
- anion 118, 

together with the previously reported complexes with BF3 under matrix isolation conditions. 

BF3 is characterized by an IR band at 1447.6 cm-1  assigned to the degenerate (symmetrical E)  

BF stretching vibrations,  in contrast to the BF3
- anion in which this band is red-shifted to 

1061.5 cm-1.118 In the S-56…(BF3)2 complex the BF stretching vibrations appears at 1253.6 

cm-1 for the BF3 directly attached to the nitrene and at 1147.4 and 1296.4 cm-1 for the second 

molecule of BF3 in the complex. All three vibrations are in between the neutral BF3 molecule 

and the BF3
- anion, far away from the BF3

+ cation vibration. The position of these absorptions 

suggest that the BF3 that is closer to 56, is more similar to the neutral BF3 than to a BF3
- 

anion, and appears in the same region where matrix isolated complexes like BF3...H2O and 

BF3...C6H5CN have been reported. On the other hand the BF3 more distant from 56, exhibit a 

larger negative charge, with one vibration at 1147 cm-1 closer to the BF3
- anion. The BF 

stretching vibrations in the complex, suggests a structure where 56 is bonded to an almost 

neutral BF3, which is at the same time interacting with a second BF3 with a larger negative 

charge.  

 

Figure 44. Characteristic IR vibrations of the BF3 fragment. The experimental frequencies of the degenerate, E 

symmetrical BF and FBF stretching vibrations of the cation BF3
+, the BF3

-  anion and of the neutral BF3. The 

same vibrations in several matrix isolated complexes are compared to that of S-56…(BF3)2 (Red).  
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In order to clearify whether the 25 - 35 K temperatures are needed to form S-56…(BF3)2 in a 

thermally activated process or is just a matter of better diffusion of the BF3 in argon at these 

temperatures, the experiment was then carried out in neon and the matrix was annealed at 8 K 

for several minutes. In neon, diffusion of small molecules occurs at lower temperatures, 

between 5 - 8 K, due to the softening of the matrix. At higher temperatures the matrix rapidly 

evaporates. As result, S-56…(BF3)2 was not formed in neon at 8 K. This means that the 

formation of S-56…(BF3)2 occurs thermally, needs higher temperatures (25 - 35 K), Scheme 

24. However, even between 25 – 35 K the diffusion of BF3 is still important for the reaction to 

occur, this is due to the fact that for the formation of the complex S-56…(BF3)2, three 

molecules has to find each other in the same region of the matrix. Therefore, one should 

expect that at higher temperatures when diffusion is faster the reaction proceeds in more 

extent (higher amounts of the complex should be formed). A similar effect should occur when 

the matrix is doped with less amounts of BF3, because then statistically there will be less 

probability that three molecules find each other to produce the complex. All these 

considerations are in excellent agreement with the experimental results when a 0.2 % BF3- 

argon matrix containing T-56 was annealed to 35 K. The red color observed when the matrix 

was doped with higher amounts of BF3 (intense red), was only very pallid now. In addition, if 

a 1% BF3-argon matrix containing T-56, was annealed to 30 K instead of 35 K, the 

appearance of the red color was less rapid. At 35 K the development of the color is very fast, 

while at 30 K it takes some minutes to be clearly seen by naked eye.  

Scheme 24. Reaction of Pentafluoronitrene 56 with BF3 in argon at cryogenic 

temperatures. 

 

 

UV-vis spectroscopy.  

The reaction of 1 with BF3 was also studied in the UV-vis spectral region. For the UV-vis 

experiments pentafluorophenylazide 6f was co-deposited with argon doped with 1% of BF3 at 

8 K. Irradiation of the matrix with   254 nm light produces T-56, with maxima at max = 

228, 281, 312 and 380 nm in agreement with the literature data (Figure 45 – black trace). 

Upon annealing at 25 and 35 K for 10 minutes each, new maxima appear with max = 324 and 
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341 nm, which were assigned to dimer cis-D, Figure 45, by comparison with an authentic 

matrix isolated sample. In the IR measurements only S-56…(BF3)2 and small amounts of the 

dimer were formed at these temperatures. However, in the UV-vis region no observed band 

could be assigned to S-56…(BF3)2, this is likely to be due to overlap with the broad bands of 

the dimer or that the intensity of the bands of the complex is too low to be detected by UV-vis 

measurements. The TD-DFT calculation for the complex predicts a transition at 430 nm, so in 

the red color region, in agreement with the observed color changes after annealing the matrix 

at 35 K in the IR experiments. Unfortunately, between 400 and 600 nm there was no intense 

band that could explain the intense red color observed in the IR experiments, probably 

because the concentration of the species was too less compared to the experiment performed 

in the IR region, but this is necessary in order to measure in the UV-vis without saturation. A 

similar case occurs, for example, for the UV-vis spectrum of the matrix-isolated 

diphenyldiazomethane 60. This is a strong-colored solid, however when isolated in argon due 

to the high-dilution and low concentration of 60 no intense absorption appears in the Uv-vis 

spectrum.  

 

Figure 45. UV-vis spectra showing the formation of a 1% BF3-doped argon matrix containing T-56 at 8 K. 

(Dotted line) UV-vis spectrum of pentafluorophenylazide 6f in an argon matrix doped with 1% of BF3. (Black 

line) UV-vis spectrum of T-56 generated by photolysis of 6f with  = 254 nm light. (Blue Line) UV-vis spectrum 

of the same matrix after annealing from 8  to 25 K for 10 minutes. (Red line) UV-vis spectrum of the same 

matrix after annealing to 35 K for 10 minutes.  
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Summarizing, the isolation and spectroscopic characterization of one of the very few 

examples of a singlet complex of a nitrene was reported. In this case, the 

pentafluorophenylnitrene 56, switches the spin state from triplet to singlet when interacting 

with two molecules of BF3. The interaction between T-56 and BF3 occurs thermally and 

below 25 K only traces of the singlet complex S-56…(BF3)2 are formed, while at higher 

temperatures, the main product of the reaction is the singlet complex with an intense red 

color, Figure 46. In the EPR experiments, no new signals appeared after annealing at 30 K, 

demonstrating the diamagnetic character of S-56…(BF3)2. The BF stretching vibrations in the 

complex showed evidence of a moderate negative charge at one of the BF3 molecules, while 

the other BF3 molecule resembles more the neutral BF3 species. Stabilization of a singlet 

complex of any aryl nitrene is a rare phenomenon since the singlet-triplet gap is usually very 

large. Singlet nitrenes are key species in photoaffinity labeling in proteins and therefore new 

insights on the chemistry of these states are of high importance.  

 

 

Figure 46.  Reaction of T-56 with BF3 and the consequent color development during the reaction at different 

temperatures. 

  



 

    

Chapter 5.  

Highlights 

For the first time the activation of the B-F bond by a carbene is reported to involves a 1,2-

fluorine shift in reversible process.  
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DOI: 10.1002/anie.201610179). Copyright © 2017 John Wiley & Sons, Ltd." 
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Chapter 5. B-F bond Activation by Diphenylcarbene  

Introduction 

 

Unlike for nitrenes, the reactivity of stable nucleophilic carbenes towards Lewis acids has 

been widely studied and several Lewis adducts could be synthesized and often structurally 

characterized120-128 by X-ray. Examples of these adducts are the products of the reaction 

between imidazol-2-ylidenes and boron compounds (Scheme 25) which has interesting 

chemical applications in hydrogen activation127 or in organometallic reductions.128  

Scheme 25. Lewis adducts formation between imidazole-2-ylidenes and boron 

compounds. 

 

With a bond dissociation energy of 170 kcal/mol, the B-F bond in BF3 belongs to the 

strongest known single bonds between any elements. The activation of this bond is therefore a 

challenge129, however, several synthetic methodologies have been  developed to perform that 

task. B-F cleavage has been successfully tested by Li and Gabbai for isotopic 18F/19F 

exchange in PET imaging agents. The usage of Lewis acid, such as SnCl4, for activating B-F 

bond was also implemented in a N-heterocyclic carbene-BF3 adduct, which showed high 

resistance against hydrolysis. In addition, Braunschweig et al.130 observed that Lewis basic 

platinum(0) complexes undergo oxidative additions into BF3. According to recent DFT 

calculations by Kameo and Sakaki,131 two molecules of BF3 are needed for making the 

reaction thermodynamically feasible.  
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Unlike stable carbenes, little is known about the chemical reactivity between transient 

carbenes and strong Lewis acids. As it was mentioned in the previous chapter, 

diphenylcarbene 60, a prototypical transient carbene with a triplet ground state, switches its 

spin when interacting with mild Lewis acids132-134. The complexes of 60 with water and 

methanol are only metastable and they rearrange to the corresponding O-H insertion products 

3 by quantum chemical tunneling (QMT). Unlike the reaction of 60 with trifluoromethyl 

bromine which forms a type I complex134, the reaction with CF3I yields also another complex 

(type II)134. The latter is in thermodynamic equilibrium with the type I complex even at 

temperatures as low as 25 K. Upon irradiation, the halogen bonded complexes of 60 give the 

radical pairs and only negligible amount of the corresponding insertion products are formed 

after annealing the matrices.  

Motivated by the results of the reactions of 60 with Lewis acids and the reaction of T-56 with 

BF3, in this chapter, the activation of BF3 by 60 was studied at cryogenic temperatures.
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Results and Discussion  

IR spectroscopy  

Irradiation with λ > 530 nm light of a 1% BF3-doped argon matrix containing 

diphenyldiazomethane 61 at 3 K produces an IR spectrum with two characteristic bands at 

673 and 743 cm-1 (Figure 47 – trace a). The IR spectrum obtained is in excellent agreement 

with the published data for the triplet diphenylcarbene T-60135. Apart from the bands of T-60, 

the very intense IR absorptions of the BF3 monomer appears in the spectrum at 677, 1441, and 

1493 cm-1. Upon annealing from 3 to 30 K for ten minutes, the matrix gets softer, allowing 

the BF3 molecules to diffuse and interacts with diphenylcarbene T-60 formed after photolysis. 

As result the matrix turned yellowish and a new IR spectrum appears which is characterized 

by the strongest band at 1350 cm-1 and other medium intensity bands at 1586, 1121, 1073 and 

882 cm-1. The IR spectrum obtained after warming the matrix at 30 K is in nice agreement 

with the calculated spectrum of a singlet Lewis adduct 62 between the diphenylcarbene T-60 

and BF3 at the B3LYP/cc-pVTZ level of theory (Table 9).  

Scheme 26. Thermal Reaction of diphenylcarbene T-60 with BF3. 

 

According to the calculated spectrum, the most intense band observed at 1350 cm-1, 

corresspond to the C-C-C asymmetric stretching vibration involving the carbene center. The 

other intense bands assigned to the acid-base adduct 62, correspond then to the C=C 

stretching vibration (1586 cm-1), B-F stretching vibrations of the BF3 fragment (1121 cm-1 and 

1071 cm-1) and the BF3 stretching (882 cm-1). The rest of the experimental bands are 

significantly less intense as expected according to the calculations.  
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Figure 47. IR spectra showing the reaction of diphenylcarbene T-60 with BF3. a) IR spectrum of T-60 in argon 

matrix doped with 1% of BF3 at 3 K generated by 530 nm photolysis of 61. IR spectrum of an argon matrix 

containing 1% of BF3 annealed from 3 K to 30 K for 10 minutes. b) Difference IR spectrum of the same matrix 

like in (a) showing changes after annealing for 10 min at 30 K. Bands pointing downwards assigned to T-60 and 

BF3 are disappearing, and bands pointing upwards assigned to 62 and oligomers of BF3 are appearing. c) 

Difference IR spectrum of the same matrix showing changes after irradiation with  = 405 nm at 3 K. Bands 

pointing downwards assigned to 62 are disappearing, and bands pointing upwards assigned to 63 are appearing. 

Table 9. IR spectroscopic data of 62. 

Mode Calcd gas phasea      argonb   

 
/cm-1 abs 

/ cm-1 rel 
13C shift[c] Assignment c 

19  619.7  35 600.2 6 -3.1 (-3.1) BF3 str. 

26  713.4  76 693.6 19 -2.1 ( 3.8) C-H def. (oop) 

28  814.9   30 791.7 4 -5.0 (-4.7) C-H def. (oop) 

31  893.7  121 882.3 32 -11.5 (-9.3) BF3 str. 

33  955.4   155 941.7 19 -1.6 (-4.9) C-H def. (oop) + C-B str. 

35  989.7  44 976.9 21 -2.0 (-2.6) C-H def. (oop) 

44  1084.5   246 1072.8 33 -0.2 (-0.7) B-F str. + C-H str. 

46  1140.7   23 1121.0 37 -0.6 (-0.1) B-F str. 

49  1201.7   9 1190.8 7 -0.8 (-0.0) C-H def. (ip) 

53  1321.0   51 1305.5 11 -0.9 (-1.5) C-C-C def. 

55  1370.5   242 1349.5 100 -18.6 (-19.7) C-C-C asym. str 

58  1470.8   35 1430.0 28 0.2 (-0.3) C=C str. Ring 

60  1521.1  33 1483.0 22 -1.9 (-1.1) C=C str. Ring 

64  1631.0   205 1585.5 45 0.4 (0.0) C=C str. Ring 
a Calculated at the B3LYP-D3/cc-pVTZ level of theory. b In argon matrix at 3 K., c def: deformation, ip: in 

plane, oop: out of plane, str: stretching, asymm: asymmetric. 
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Subsequent irradiation with  = 405 nm of the same argon matrix resulted in the 

photobleaching of 62 and a new species with strong bands at 1394 and 701 cm-1 appears 

(Figure 47 - trace c). The IR spectrum of the new product formed by irradiation is in good 

agreement with the theoretical IR spectrum of difluoro(fluorodiphenylmethyl) borane (63), 

which is the formal insertion product of the carbene T-60 into one of the B-F bonds of the BF3 

molecule. (Figure 48 – trace b, Table 10).  

 

Figure 48. IR spectra showing the photochemical conversion of 62 to 63. a) Difference IR spectrum showing 

changes after irradiation with  = 405 nm of an argon matrix containing 62 at 3 K. Bands pointing downwards, 

assigned to 62 are disappearing and bands pointing upwards, assigned to 63 are appearing. b) Difference 

spectrum showing the conversion of 62 to 63 calculated at the B3LYP-D3/ cc-pVTZ level of theory.  
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Table 10. IR spectroscopic data of 63 

Mode Calcd gas phasea argonb   

 
/cm-1 rel 

/ cm-1 rel 
13C shift[c] Assignment d 

20 599.0  52 600.2  6 -2.2 (-1.3) BF2 scissoring + BF2 def. 

26 719.2  46 700.9  23 -1.7 ( 0.0) C-H def. (oop) 

27 774.4  33 768.0  24 -0.9 (-0.2) C-H def. (oop) 

32 928.6  13 954.0  10 ---- C-H def. (oop) 

34 975.7  11 1015.8  8 -10.7 (-9.9) C-C-C def 

51 1228.9  4 1226.5  12 ---- C-H def. (ip) 

52 1312.5  135 1301.7 46 -4.0 (-4.6) C-B str. 

54 1336.6  88 1317.5  32 -4.2 (-4.0) C=C str. Ring 

57 1411.7  261 1393.8  100 -0.7 (-0.5) B-F str. 

59 1486.7  6 1495.0  8 -1.5 (-0.6) C=C str. Ring 

60 1530.9  17 1523.8  7 -2.5 (-0.2) C=C str. Ring 
a Calculated at the B3LYP-D3/cc-pVTZ level of theory. b In argon matrix at 3 K. c 13C-T-60 isotopic shift (values 

in parenthesis refer to the calculated shifts). d def: deformation, ip: in plane, oop: out of plane, str: stretching. 

The assignment of the B-F insertion product 63 and the Lewis adduct 62 was confirmed by 

13C-labelling experiments. In this regard, two bands are of special interest, the C-C-C 

asymmetric stretching at 1015.8 cm-1 and the BF3 stretching vibration at 882 cm-1. Its 

importance resides in the fact that, upon 13C-isotopic substitution at the carbene center, the 

calculations at the B3LYP-D3/cc-pVTZ level of theory predict, for these two bands, the 

largest shifts among all the bands of 62. Therefore they can provide important experimental 

evidence for the assignment of the Lewis adduct 62. In the case of 63 the main isotopic shift 

was predicted for the C-C-C bending vibration.  

Therefore, to confirm the assignment, 13C-diphenyldiazomethane (13C-61) instead of 61 was 

used in the experiments. If a mixture of argon with 1% of BF3 is codeposited with small 

amounts of 13C-61 at 3 K, then after irradiation of the matrix with visible light λ > 530 nm all 

the bands assigned to 61 decreased in intensity and the 13C-labeled triplet diphenylcarbene 

(13C-T-60) is formed, Figure 49. Annealing of the matrix at 30 K to form the singlet complex 

and subsequent irradiation with  = 405 nm resulted in an IR spectrum with strongest 

absorptions at 1394 cm-1 and 701 cm-1. The difference spectrum before and after irradiation 

with  = 405 nm, allowed a more clear assignment of the bands corresponding to the 13C-

substituted Lewis adduct (13C-62) (which were low in intensity in the spectrum produced after 

the annealing, but are clearly visible as the bands pointing downwards in the difference 

spectrum after irradiation). These bands nicely match the calculated spectrum of 13C-62 and 

the observed isotopic shifts are in excellent agreement with the computed ones, Table 10, 

supporting the assignment of the Lewis adduct 62 as the thermal product of the reaction 

between T-60 and BF3.  
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In addition, the IR spectrum of the new product formed by irradiation is in good agreement 

with the theoretical IR spectrum of the 13C-labelled difluoro(fluorodiphenylmethyl) borane 

(13C-63). For the 13C-labelled insertion product, the IR isotopic shifts are also in agreement 

with the calculated ones. (Figure 49 – trace b, Table 10).  

 

 

Figure 49. IR spectra showing the reaction between 13C labeled T-60 with BF3. a) Difference IR spectrum of a 

matrix containing 13C-T-60 and 1% of BF3 after annealing for 10 min at 30 K. Bands pointing downwards 

assigned to 13C-T-60 and BF3 are disappearing, and bands pointing upwards assigned to 13C -62 and oligomers of 

BF3 are appearing. b) Difference IR spectrum of the same matrix showing changes after irradiation with  = 405 

nm at 3 K. Bands pointing downwards assigned to 13C- 62 are disappearing, and bands pointing upwards 

assigned to 13C-63 are appearing.  
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Figure 50. IR spectra showing the 13C isotopic shift of the C-C-C stretching of 62. a) Difference IR spectrum 

showing changes after irradiation with  = 405 nm of an argon matrix containing 62. Bands pointing downwards 

are assigned to 62 and bands pointing upwards are assigned to 63. b) Difference IR spectrum showing changes 

after irradiation with  = 405 nm of an argon matrix containing 13C-62. Bands pointing downwards are assigned 

to 62 and bands pointing upwards are assigned to 13C-63. (c) Difference spectrum showing the photochemical 

conversion from 62 to 63 calculated at the B3LYP-D3/cc-pVTZ level of theory. (d) Difference spectrum showing 

the photochemical conversion from 13C-62 to 13C-63 calculated at the B3LYP-D3/cc-pVTZ level of theory. 

*Asterisks denote IR band of BF3. ▲Triangles denote IR band of T-60. 

As was shown for the reaction of the pentafluorophenylnitrene complex with BF3, the charge 

at the BF3 strongly influences the IR frecuency of the vibrations. A comparison between the 

IR vibrations of 62 with those of the neutral BF3,
118, 119 BF3

+ cation 118 and BF3
-  anion 118 

reveals a large negative charge at BF3 fragment in the Lewis adduct 62 in contrast to the 

nitrene-BF3 complex. The E symmetrical BF and FBF stretching vibration are not degenerate 

anymore, but rather it is split in two vibrations at 1072.8 and 1121.0 cm-1 close to those of the 

BF3
-, Figure 51. 
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Figure 51. Characteristic IR vibrations of the BF3 fragment. The experimental frequencies of the degenerate, E 

symmetrical BF and FBF stretching vibrations of the BF3
+ cation,118 of the BF3

- anion 118 and of the neutral BF3 
118, 119 are compared to those of 62 and some matrix isolated complexes with BF3. The nitrene 56 complex with 

BF3 is highlighted in red.  

UV-vis experiments 

For the UV-vis experiments diphenyldiazomethane 61 was co-deposited with argon doped 

with 1 % of BF3 onto a sapphire window at 8 K. Irradiation under the same conditions 

described for the IR measurements produces T-60, which features the characteristic visible 

band at max = 457 nm (Figure 52– trace b). Upon annealing of the matrix from 8 to 25 K, the 

characteristic visible band of T-60 disappears while a band at max = 438 nm increases in 

intensity (Figure 52 – trace c). This band was therefore assigned to the Lewis adduct 62, 

based on the results observed in the IR experiments. Interestingly, the shape and position of 

this visible band of 62 are very similar to those of benzhydryl cation 64 with max = 437 nm, 

suggesting that the carbene fragment is positively charged (Figure 52 – trace f). In 

concordance with a negatively charged BF3 fragment suggested by the IR results.  

Taking into account the distribution of charges in the singlet complex, revealed both by IR 

and UV-vis experiments, it was concluded that the most accurate structure for the singlet 

complex 62 is that of a reverse ylide, with a negatively charged BF3 fragment attached to the 

positively charged fragment that resembles the benzhydryl cation. 
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The calculated UV-visible electronic transitions of 62 at the B3LYP-D3/cc-pVTZ level of 

theory are in agreement with those of the experimental spectrum, predicting a quite strong 

band at 441 nm which is very close to the visible experimental transition located at 438 nm 

(Figure 52- trace h). Irradiation of the same matrix with  = 405 nm results in a substantial 

bleaching of the visible band of 62 (Figure 52 - trace d), but no new bands appear. This is in 

agreement with the IR spectroscopy results, where the irradiation of 62 produces the B-F 

insertion product 63 for which the calculated UV-visible spectrum is not characterized by any 

significant transitions in the visible region, Figure 52- trace g. In the UV region the transitions 

of 63 would be overlapped with the intense absorptions of the remaining T-60 in the matrix. 

In addition, UV irradiation with  = 254 nm recovers the UV-vis absorptions of 62, Figure 52 

- trace e. The interconversion between 62 and 63 could be repeated in multiple cycles by 

using  = 405 nm light for producing the B-F insertion product 63 and  = 254 nm light for 

recovering 62, Scheme 27. Although other reports on fluorine shifts have appeared in the 

literature, this constitutes the first experimental observation of a reversible fluorine shift.  
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Figure 52. UV-vis spectra showing the formation of 62 and the photochemical interconversion between 62 and 

63 in an argon matrix at 8 K. a) UV-vis spectrum of diphenyldiazomethane 4 in an argon matrix doped with 1% 

of BF3. b) UV-vis spectrum of 60 generated by photolysis of 61 with  > 530 nm light. c) UV-vis spectrum of the 

same matrix after annealing from 8 K to 25 K for 10 minutes. d) UV-vis spectrum of the same matrix after 

irradiation with  = 405 nm for 10 minutes. e) UV-vis spectrum of the same matrix after irradiation with  = 254 

nm for 10 minutes. f) UV-vis spectrum of benzhydryl cation 7 generated by photolysis of 4 in LDA water ice 

matrix133 g) Spectral transitions of 63 calculated at the B3LYP-D3/TZVP level of theory. h) Spectral transitions 

of 62 calculated at the B3LYP-D3/ cc-pVTZ level of theory. 

Scheme 27. Photochemically reversible fluorine shift. 
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This reversibility observed in the fluorine migration can be rationalized in terms of the 

philicities of the boron and carbon atoms involved, Figure 53. Since the migration of the 

fluorine atom in both directions creates a highly electrophilic center at the atom it leaves 

from, the rearrangement becomes reversible. While in 62 the C atom is highly electrophilic, in 

63 the system resembles a BF3 molecule in which a fluorine atom has been substituted by a 

carbene. This implies that the interaction between the lone pair of the former fluorine atom 

and the boron center is no longer present, as the new substituent, the carbene, does not have a 

free lone pair anymore. As consequence the B atom becomes the electrophilic center.  

Providing enough energy (in this case by UV irradiation) the process can be shifted to any of 

both directions. 

 

Figure 53. Electrostatic potential isosurface of the singlet complex 62 and the insertion product 63 at the 

B3LYP-D3/cc-pVTZ level of theory. 

Calculations. 

As discussed before, the triplet diphenylcarbene T-60 forms complexes in singlet state with 

water, methanol and trifluoromethyl halides. These experimental results were supported by 

DFT calculations that predict the switching of the spin state of 60, with the singlet state 

complexes been thermodynamically more stable than the triplet complexes. A correlation 

between the Lewis acidity and the singlet-triplet gap for the corresponding complexes is 

shown in Figure 54. 
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Figure 54. S-T gaps (kcal/mol) of 60 and its most stable complexes with water (in yellow color), methanol (in 

red color), trifluoromethyl iodine (in blue color) and boron trifluoride (in green color) computed at the B3LYP-

D3/def2-TZVP level of theory (all energies including ZPE correction) ES and ET refer respectively to the 

binding energies for singlet and triplet complexes respectively. 

At the B3LYP-D3/def2-TZVP level of theory, the greater the Lewis acidity of the molecule 

interacting with 60 the larger is the gap between the singlet and triplet complexes. This can be 

rationalized in terms of the difference in the binding energies; triplet diphenylcarbene T-60 

only weakly interacts with molecules like H2O, CH3OH, CF3I and BF3 with a binding energy 

calculated between 4 and 5 kcal/mol at the same level of theory. On the other hand the singlet 

diphenylcarbene S-60, highly nucleophilic, strongly interacts with the mentioned molecules 

which results in binding energies that range from 9 to 40 kcal/mol. Increasing the electro-

deficiency of the molecules interacting with 60 result in larger binding energies for the singlet 

state and thus larger S-T gaps in the respective complexes. In the extreme case of the 

interaction with the BF3, a S-T gap of -30.4 kcal/mol-1 is predicted. 
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To get more insights into the mechanism of the interaction of T-60 with BF3, the reaction path 

from T-60 to 63 was calculated at the B3LYP-D3/cc-pVTZ level of theory, the same level of 

theory used for the calculated spectra. The energetic profile of the fluorine migration observed 

in the UV-vis experiments is depicted in Figure 55.  

 

 

Figure 55. Rearrangement of the Lewis adduct 62 to the insertion product 63 on the singlet PES calculated at the 

B3LYP-D3/cc-pVTZ level of theory. The bonds length B-F, C-F and C-B are given for comparison. For each 

structure two different views are represented. All attempts to optimize a minimum structure between both TS at 

the end of the IRC path, converged directly to the final product, meaning that, if exists, the structure is a very 

shallow minimum. 

The first step involves the fluorine shift from the BF3 fragment to the carbene center and the 

second process is the rotation of the BF2 fragment. The insertion product is less stable than the 

singlet adduct by 6.7 kcalmol-1 at the B3LYP-D3/cc-pVTZ level of theory and thus the overall 

reaction is predicted to be mildly endothermic. The activation barrier for the first step is 13.4 

kcalmol-1 at the same level of theory. This step involves the alignment of the C-F bond with 

the vacant p orbital of the carbene center. Between both TS no minimum structure was found 

and thus is likely that they are connected without a minimum. Therefore the final product 

could be reachable without going through the second TS because of a bifurcation in the 

potential energy surface with the corresponding valley-ridge inflection point.136 The energetic 
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barrier for the process cannot be overcome thermally at these low temperatures but should be 

easily accessible for reactions taking place at room temperature, opening new routes of 

synthetic value for the activation of the B-F bond.  

As overview, the first reversible fluorine shift was observed and studied by means of matrix 

isolation spectroscopy. The triplet dyphenylcarbene T-60 interacts with BF3 switching its spin. 

It forms a singlet complex similarly to previous reports on the interaction with water, 

methanol and ICF3, but with a considerably higher binding energy according to DFT. The new 

complex formed can be rationalized as a reverse ylide with a positive charge at the carbene 

center close to the benzhydryl cation and a negative charge at the BF3 fragment. Upon 

irradiation with 405 nm light, a carbene insertion into the BF bond of the BF3 occurs. This 

process was found to be photochemically reversible by irradiation with 254 nm. The overall 

process occurs according to Scheme 28. The insertion of the carbene into the BF3 bond should 

be accessible thermally at room temperature according to the calculated energetic barrier for 

this process, being of potential use for synthetic applications. 

Scheme 28. Reaction of T-60 with BF3 under cryogenic conditions. 
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Chapter 6.  

Highlights 

The inertness of some nitrenes against water and p-hydrogen is studied. A remarkable 

stability of a nitrene in water ice up to 160 K is described together with the isolation and 

characterization of a radical and phenylnitrene 3a in p-H2 matrices. 
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Chapter 6. Stabilization of Reactive Intermediates in ‘Reactive’ Matrices.  

Introduction  

In chapter 1 the inertness of 3a against O2 was already demonstrated, in clear contrast to 

triplet carbenes. This chapter is intended to present the results on the stability of nitrenes in 

others reactive environments like p-hydrogen and water. Furthermore, the experiments 

presented here were also focused on producing radicals that were not possible to form in high 

yields in the past inside noble gas matrices because of the fast recombination of the radical 

centers in the same matrix cage.  

In these experiments, freshly prepared p-H2 (i. e. prepared on the day of the experiment) with 

a purity higher than 99.9% was used. The conversion from normal hydrogen (33% p-H2 and 

66% o-H2) to the high purity p-H2, was achieved by passing a flow of normal H2 through a gas 

line containing an iron oxide catalyst, cooled down to 10 K. The gas was then collected in a 

glass bottle directly connected to the line. At that point, the mixture inside the bottle is already 

enriched with p-H2, as the conversion takes place rapidly during the contact with the 

catalyzer. However, higher purities were obtained if this mixture was removed and the p-H2 

that had been condensed inside the line was collected by switching off the cryostat. In this 

way, the gas mixture is in contact with the surface of the catalyst for a longer period of time. 

For this purpose, (iodomethyl)benzene (65) and iodobenzene (66) were used as precursors to 

produce the respective benzyl (67) and phenyl radicals (68) in p-hydrogen 

matrices. A triradical 69 and phenylnitrene 3a were also isolated in p-H2. 

Finally the 1,3,5-tritertbutylnitrene (70) was isolated in pure water demonstrating the 

remarkable stability of nitrenes at low temperatures. The nitrene existed in the water matrix 

up to 160 K, temperature at which the water ice starts to sublime. This opens a complete new 

way to study nitrenes at temperatures higher than any conventional inert gas matrix can reach 

without evaporating. Although water matrices has been used successfully to model chemical 

phenomena in the outer space, there are no records, up to the knowledge of the author, of 

studies with nitrenes. Furthermore, the stability of nitrenes in water matrices allows to study 

them in polar media instead of the non-polar environments that are usually used to study 

reactive intermediates. 
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Results and Discussion  

IR spectroscopy 

In order to investigate the ability of the p-H2 matrices to stabilize radicals that do not survive 

in argon like the benzyl radical 67, a mixture of precursor 65 and a large excess of p-H2 was 

deposited at 2.8 K and the matrix was irradiated with λ = 254 nm light from a low pressure 

mercury arc lamp for 1 hour. 

 

Figure 56. Spectrum showing changes after irradiation of a p-H2 matrix containing 65 with λ = 254 nm a) 

Difference spectrum after irradiation of a p-H2 matrix containing 65 with λ = 254 nm for 1 h. b) Difference 

spectrum after further irradiation with λ = 254 nm for 2 h from the back side of the matrix. Bands of the 

precursor are pointing downwards and decrease after irradiation, bands pointing upwards assigned to benzyl 

radical (65) increase concomitantly; toluene (71) is also formed. Some relaxation effects due to photo annealing 

are also present, more clear in the region between 1450-1500 cm-1. c) Difference spectrum after irradiation of the 

same matrix with λ = 254 nm for 12 h, toluene becomes the main product. 
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As a result of irradiation the IR absorptions of 65 decrease in intensity and a new compound 

with the strongest absorptions at 668 and 762 cm-1 was formed, Figure 56. 

The new bands formed were assigned to radical 67 by comparison with the literature data137 in 

argon using high-temperature thermolisyis, Table 11. The use of a high-pressure mercury 

lamp was avoided because it produced a fast increase of temperature of the CsI window over 

5 K, which may provoke the fast evaporation of the matrix. Further irradiation of the 

precursor for 12 hours produced only small increase of the signals of 67 and the matrix turned 

yellow. This may be due to formation of I2 in the first layers of the matrix absorbing the UV 

light during irradiation. To test this hypothesis the matrix was then irradiated from behind, so 

the irradiation is focused on the layers of the matrix where the concentration of the precursor 

is still high and less amount of product has been formed. Consequently, after two hours of 

irradiation from the backside of the matrix the signals of 67 increased in intensity (Figure 56, 

trace b). This is a nice result since previous attempts to generate 67 and similar radicals inside 

solid matrices by photolysis were not efficient (vide supra, Introduction p. 1) and therefore 

high temperature thermolysis have been used in literature.137, 138  

The yields of radicals formed by photolysis in cryogenic matrices depend on many factors 

like the precursor, the matrix material and the temperature. Some radicals can be formeed in 

reasonable yields in argon at 10 K, whereas others require temperatures as low as 3 K or neon 

matrices.139-142 For 67, the optimal diffusion properties of the p-H2 matrix allows the 

separation of the radicals formed during the photolysis in the same matrix cage therefore the 

isolation of 66 without radical recombination. 
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Table 11. IR spectroscopic data of 66 in p-H2. 

aData from ref.137  bIntensities in p-hydrogen relative to the strongest band. c def: deformation, str: stretching,   

wag: wagging. 

A broad band at 732 cm-1 was also present in our experiment, and became predominant in the 

spectrum after prolonged irradiation (12 h with λ = 254 nm). This band was assigned to 

toluene 71 by comparison with an authentic matrix isolated sample in argon. Toluene is most 

likely formed by photochemical reaction with the matrix host.  

In the light of these results, the possibility to form the phenyl radical (68) instead of 67 in the 

p-H2 matrix was investigated. If a p-H2 matrix containing iodobenzene (66) was irradiated 

with λ = 254 nm light from a low pressure mercury arc lamp for one hour at 2.8 K, all the IR 

absorptions of 66 decrease in intensity and a new compound with strong absorptions at 680, 

1035 and 1478 cm-1 was formed. A weak absorption was observed at 701 cm-1. Further 

irradiation from either side of the matrix only resulted in an increase in intensity of the same 

IR absorptions and no new bands were observed (Figure 57).  

p-H2      

ν̃/cm–1
 

argona 

ν̃/cm–1 
Ib Assignmentc 

 p-H2   

ν̃/cm–1 

argona 

ν̃/cm–1 
Ib Assignmentc  

465.0 465.0 46 CH2 wag 1263.8 1264.0 4 CH2 def. 

667.7 667.0 98 CH2 wag 1304.9 1305.0 2 Ring str. 

713.5 710.9 4 CH2 wag 1409.4 1409.0 6 CH2 def. 

761.9 762.0 100 Ring def. 1446.6 1446.0 6 Ring str. 

883.3 882.0 23 Ring def. 1469.3 1469.0 10 C-CH2 str. 

948.6 948.1 4 CH def. 3070.3 3069.0 31 CH str. 

1016.3 1015.0 2 CH def.     
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Figure 57. a) Deposition spectrum of 66 in p-H2 at 2.8 K. b) Difference spectrum after irradiation of the p-H2 

matrix containing 66 with λ = 254 nm for 1 h. Bands pointing upwards are assigned to benzene 72. The most 

intense band of phenyl radical 68 is shown in the spectrum. 

The strong bands observed are the characteristic absorptions of benzene 72, most likely 

formed as product of the reaction between the phenyl radical produced by irradiation and p-

H2. The small band at 702 cm-1 is in fair agreement with the reported value for the most 

intense band of phenyl radical in argon at 706 cm-1, a small shift in the position of the band is 

expected since the matrix material is different. The radical is formed as minor product in the 

photolysis, with benzene been the major product.  

The results of the photochemical formation of 67 differ from that of 68. In the case of 67, the 

radical is formed as the major product of the photolysis and on prolonged irradiation it forms 

the hydrogenated product 71. However, as indicated by the results of the irradiation of 66, the 

main product in this case is benzene 72. The radical 68 is formed only as traces during the 

irradiation. 

These results can be rationalized by the fact that the reaction of the benzyl radical 68 with H2 

to produce toluene, at 2.8 K, is not thermodynamically favorable as the reaction is 

endothermic. Therefore the radical can be isolated in p-H2; however, toluene 71 is formed by 

photochemical reaction with the matrix material. On the contrary, in the case of the phenyl 

radical 68 reaction forming benzene the C-H bond enthalpy (112.9 kcal/mol) is higher than 
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the H-H bond enthalpy (104.2 kcal/mol) so the reaction is thermodynamically favorable, 

producing 72 as the major product and only small amounts of the radical 68. (The entropic 

contribution was not taken into account in this analysis because its effect at this low 

temperature is negligibly small.) 

Based on the success at isolating the benzyl radical in p-H2 by breaking the C-I bond, a 

precursor featuring three CH2I moieties as in the 1,3,5-tris(iodomethyl)benzene (69) was 

investigated under similar conditions. It has been shown that 69 is a suitable precursor to 

generate the highly symmetric 1,3,5-trimethylenebenzene in argon74. However, again in this 

the recombination of the radical pairs produced by the photochemical cleavage of the C-I 

bonds was found to be very efficient, and thus the yield of 69 obtained by photolysis in the 

argon matrix was too low for detection by IR spectroscopy. Therefore, FVT was used instead 

of photolysis to produce the triradical 69 in high yields74. 

In the experiments presented here, a p-H2 matrix containing 1,3,5-trimethylenebenzene was 

photolyzed with λ = 254 nm for one hour. As result, the matrix became yellow and a new set 

of bands appeared at 615.0, 728 and 815 cm-1, which are in an excellent agreement with the 

reported values for the  triradical 6974, Figure 58. Although the yield was still low, it was 

sufficient to be detected by its IR absorptions. This is a clear example of the higher efficiency 

of the diffusion of radicals like I. radical in p-H2 compared to argon, where the iodine radical 

cannot escape from the matrix cage. 
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Figure 58. a) Deposition spectrum of 1,3,5-tris(iodomethyl)benzene in p-H2 at 2.8 K. b) Spectrum after 

irradiation of the p-H2 matrix containing the precursor with λ = 254 nm for 1 h. Most intense bands of the 

triradical 69 are marked with asterisks 

In addition to 66, 68 and 69, the reactivity of phenylnitrene 3a in p-H2 was investigated. As it 

was shown in Chapter 1, 3a is surprisingly unreactive towards O2 below 30 K, and it can even 

be isolated in pure O2 at 8 K. To investigate the reactivity of 3a in pure H2, phenylazide (6) 

was used as precursor to generate the triplet phenylnitrene by photolysis. It was demonstrated 

also in Chapter 1 that high yields of triplet phenylnitrene 3a can be obtained by FVT; 

however, due to technical difficulties to couple FVT and p-H2 deposition, photolysis was used 

instead of FVT. The reason is that the heating of the FVT oven increases the temperature of 

the windows of matrix a few K, which is usually not a problem with other gases like argon, 

but is critical in the case of p-H2 because it can result in the fast evaporation of the matrix. 

When a matrix containing phenylazide 6 was irradiated with λ = 365 nm light for 30 minutes, 

all the IR absorptions of 6 decreased in intensity and ketenimine 8a and triplet phenylnitrene 

3a were formed, Figure 59. The photochemical behavior of 6 in p-H2 is very similar to that in 

argon, although the bands of the products are sharper.  

Interestingly, azobenzene 10 is formed by photolysis in the p-H2 experiment but not in argon. 

This could be explained by partial sublimation of the matrix that allows the reaction between 

two close molecules of 3a, or by diffusion of the molecules of 3a through the p-H2 matrix, 
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without evaporation, to react with each other. The latter seems less probable due to the size of 

the nitrene molecule. 

 

Figure 59. a) Difference spectrum after irradiation of an argon matrix containing 6 with λ = 365 nm for 30 

minutes. b) Difference spectrum after irradiation of a p-H2 matrix containing 6 with λ = 365 nm for 30 minutes. 

Characteristics bands 3a,  ketenimine 8a and azobenzene 10 are labelled.  

Further photolysis does not result in the formation of new signals, showing the inertness of 3a 

towards p-H2 as the nitrene is not photochemically reacting with the matrix under the 

experimental conditions described here. The phenylnitrene 3a proved to be stable at low 

temperatures against oxidation with O2 and against reduction with H2. 

Apart from p-H2, water was also used as matrix material to isolate a nitrene. In this case the  

1,3,5-tritertbutylphenylnitrene 70 was used. This nitrene was studied by Platz44 in glassy 

matrices at 77 K by Laser Flash Photolysis.  

At 10 K, the UV-vis spectrum of 70 in argon exhibit maxima at max=264 nm, 312 nm and 

392 nm in agreement with the report from Platz44 at 77 K.  Surprisingly, if of a mixture of 

water and 1,3,5-tritertbutylphenylazide (the precursor of 70) is deposited at 10 K, the UV-vis 

spectrum resembles the one in argon although the bands are broader in the water matrix, 

Figure 60. This result shows that 70 can be isolated even in pure water where no indication of 

further reaction was observed. This does not exclude the possibility of the formation of a 
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product in small amounts that cannot be detected in these experiments, although clearly shows 

the high stability of 70 in water at low temperatures.  

Even more remarkably was the observation that the triplet nitrene was observed in the matrix 

not only at 10 K (where even a small activation barrier for a further reaction can stabilize the 

nitrene) but also up to 160 K where the water matrix started to evaporate, Figure 60.  

 

Figure 60. UV-vis spectra of matrix-isolated 70 in argon and water. a) UV-vis spectrum of matrix-isolated 70 in 

argon at 10 K. b) UV-vis spectrum of matrix-isolated 70 in water at 10 K. The inset shows the spectra in water at 

different temperatures.  

As overview, the photochemical formation of the benzyl radical 67 in solid matrices at low 

temperatures was achieved using p-H2 as matrix material. Previous reports on matrix-isolation 

of benzyl radical used FVT as the preferred method to obtain the radical105. The analogous 

experiment to produce the phenyl radical 68 only yielded traces of the radical because of the 

reaction with p-H2. As expected, the p-H2 as matrix host material proved to be more efficient 

than argon in the diffusion process of radicals like iodine radicals, allowing the formation of 

the triradical 69 that was not possible before in argon using photolysis. In addition, 

phenylnitrene 3a was isolated in p-H2 demonstrating the inertness of the triplet phenylnitrene 

against H2 as the photochemical behavior of 3 and 3a was very similar in argon and p-H2. 

Furthermore a triplet nitrene 70 was stabilized in pure water matrix from 10 K up to 160 K, 
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temperature at which the water ice started to sublime. These are nice results in favor of triplet 

nitrenes to be potentially used, at low temperatures, as building blocks for organic magnetic 

materials in environments where species like O2, H2 or H2O are present. 



 

    

Chapter 7. 
 

This chapter will be focused on two aspects: 

The first one is to show initial results on a project that at the time of presenting this thesis is 

still not concluded. This project is on the stabilization of nitrenes not only at cryogenic 

temperatures but also at temperatures as high as -20 °C, which can be routinely obtained in 

technical applications. The idea behind this is to create organic magnetic materials based on 

nitrenes. 

The second aspect is to summarize the results of six further projects in which I was actively 

involved as part of collaborations with other scientists as main contributors. Here, the results 

of the synthesis of a septet ground state high-spin nitrene with a remarkable stability in 

oxygen and water will be presented. Furthermore, the isolation and characterization of an anti-

aromatic singlet complex between the tetrachlorocyclopentadienyl cation and BF3 was 

achieved. The results on the reaction of tetrachlorocyclopentadienylidene carbene with ICF3 

will be summarized. 

In a further project the heavy atom tunneling involved in the Cope Rearrangement of 

1,5-dimethylsemibullvalene-2(4)-d1 will be studied at low temperatures and a theoretical 

prediction from Borden et al.143 will be experimentally proved using the matrix isolation 

technique. Finally, the results on the reaction with hydrogen of two triplet carbenes at 

cryogenic temperatures will be summarized. 
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Chapter 7.1  

Highlights 

A method for stabilizing nitrenes at temperatures as high as -20 °C was achieved using a 

commercially avaliable polymer. These results are a step forward on the way to create organic 

magnetic materials based on nitrenes. 
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Chapter 7.1 Stabilization of Nitrenes beyond Cryogenic Temperatures.  

Introduction  

 

The task of stabilizing high-spin organic species at higher temperatures than the ones 

commonly used for matrix isolation experiments aims of creating organic magnetic materials. 

This is, however, a challenging task, since the use of low temperatures for stabilizing such 

species is so far unavoidable. In the case of high-spin phenylnitrenes the necessity of using 

cryogenic temperatures is because of two main factors:  

First, the low temperatures conditions kinetically inhibit thermal reactions that lead to the loss 

of the magnetic properties. A high-spin nitrene at higher temperatures can undergo coupling 

reactions with another nitrene molecule allowed by the diffusion of these species inside the 

matrix environment. This leads to the formation of a diamagnetic product, in the case of 

phenylnitrenes, an azobenzene derivative. 

Second, even when diffusion of the nitrenes could be restricted by using a suitable host, above 

100 K insertion of nitrenes into C-H bonds can occurs21, 144, producing species lacking the 

formerly unpaired electrons of the nitrene center which are therefore diamagnetic (unless 

other radical centers are present). 

It was shown in the previous chapter that nitrenes exhibit significant stability in water ices up 

to 160 K; even if a reaction with water would take place in minor extension to a product that 

was not detected in those experiments, the fact that the nitrene was still present at that 

temperature is remarkable. However, 160 K it is still far away from suitable temperatures for 

broader applications.  

In this regard, the stabilization of high-spin phenylnitrenes at temperatures as high as -20 °C 

is presented in the next section. These temperatures are easily accessible which can be 

routinely obtained in technical applications and therefore it could bring nitrenes from the 

“cold” and expensive chemistry at cryogenic temperatures to the more affordable room 

temperature chemistry. This constitutes an important step towards the design of an organic 

magnetic material based on nitrenes.  
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Key Results and Discussion 

 

Based on the chemistry of phenylnitrenes, in order to stabilize them at higher temperatures, a 

host material that does not possess any C-H bond was needed to avoid insertion reactions. In 

addition, the material should allow the incorporation of the precursor for the nitrene and the 

in-situ formation of the high-spin species without interacting with other nitrenes centers. For 

this purpose, a chemically modified commercially available Nafion polymer was used. Nafion 

are polymers generated by copolymerization of a perfluorinated vinyl ether comonomer with 

tetrafluoroethylene145; the chemical formula of Nafion is as follows. 

 

The structure of this polymer is characterized by the presence of certain domains in which the 

sulfonyl groups are oriented towards its inner face.145 Therefore, Nafion fulfills the 

prerequisites mentioned before, as the perfluorinated character of this material inhibit, or at 

least reduce the possibility of insertion reactions of the nitrene centers, and the morphology of 

the polymer allows the incorporation of the precursor for the in-situ generation of the nitrene 

inside these cavities (domains). 

Once Nafion was chosen as “matrix” material for the stabilization of nitrenes, the first step 

was to incorporate the precursors into the polymer. Four precursors were independently used 

for these experiments (Chart 7) with the idea to stabilize the corresponding triplet, quintet, 

sextet and septet phenylnitrenes.  

Chart 7. Precursors incorporated into the Nafion polymers. 
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Attempts to incorporate the precursors into Nafion without further treatment, failed due to the 

acidic properties of the polymeric material itself conferred by the sulfonic groups, which then 

reacts with the azide groups of the precursors. Therefore, the polymer was treated before 

every use with a NaOH solution in order to neutralize them. The precursors were incorporated 

into the modified neutral Nafion polymers (Nafion/Na+) by embedding the polymer films 

inside concentrated acetonitrile solutions of the precursors.  

Once the polymer containing the precursors inside its cavities were washed with water to 

eliminate the remaining precursor that could still be on the surface of the polymer, the 

resulting films were used as spectroscopic windows for the UV-vis experiments instead of 

using a sapphire window. 

When the polymeric films were irradiated with 254 nm light from a low pressure arc lamp for 

10 minutes, the bands of the precursors were bleached and the bands of the corresponding 

nitrenes appear, Figures 61 - 64. In all cases the assignment of the UV-vis bands of precursors 

and high-spin species were done based on the matrix-isolated spectra of the same species in 

argon. 

 



Stabilization of Nitrenes beyond Cryogenic Temperatures 

    

 

Figure 61. Photochemistry of 6f inside Nafion/Na+ and subsequent annealing at 50 K, 100 K, 150 K, 180 K, 200 

K and 230 K. UV-vis spectrum of 6f is presented as a dashed line. Maxima of nitrene T-56 are labeled. 

The main differences between this spectrum and the one of T-56 in argon (Figure 45, Chapter 

4) are shifts in the maxima of a few nanometers; the largest shift occurs for the band at 236 

nm which in argon appears at 228 nm. The rest of the bands are shifted only by 1 – 2 nm. As 

seen from the annealing experiments the bands of the nitrene are still present at temperatures 

as high as 200 – 230 K, at higher temperatures they completely disappear. The reason could 

be that at these temperatures the nitrene molecules inside the polymer has sufficient energy to 

diffuse inside the cavities and recombine; however the UV-vis spectra at higher temperatures 

present only broad absorptions which do not allow the assignment of the final products 

formed. Another reason could be that the nitrene species react with the surroundings or with 

oxygen, however the latter seems less probable since all the experiments were performed 

under high vacuum, 10-6 – 10-7 mbar. More experiments to identify the final products formed 

inside the polymer are needed. 

The other precursors used showed similar behavior, Figures 62 - 64. In the case of 46, the 

quintet 47 and not the sextet 44 was formed, similarly to the results of the UV-vis 

experiments in argon. Quintet 46 was observed in the polymer up to temperatures as high as 
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250 K, although the band disappears after 5 minutes, which shows that even when this 

approach can stabilize high-spin nitrenes at higher temperatures that the usual temperatures of 

matrix isolation experiments, still more work is needed to make these species persistent for 

longer time. 

 

Figure 62. Photochemistry of 46 inside Nafion/Na+ and subsequent annealing at 100 K, 150 K, 175 K, 200 K 

and 225 and 250 K. UV-vis spectrum of 46 is presented as a dashed line. Maxima of nitrene 47 are labelled. 
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Figure 63. Photochemistry of 73 inside Nafion/Na+ and subsequent annealing at 100 K, 150 K, 175 K, 200 K 

and 225 and 250 K. UV-vis spectrum of 73 is presented as a dashed line. Maxima of nitrene 74 are labeled. 

 

Figure 64. Photochemistry of 75 inside Nafion/Na+ and subsequent annealing at 100 K, 150 K, 175 K, 200 K 

and 225 and 250 K. UV-vis spectrum of 75 is presented as a dashed line. The maximum at 340 nm of nitrene 76 

is labelled. 
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In the case of 76, the strongest bands overlap with strong absorptions of the polymer below 

210 nm and therefore the small band at 340 nm is investigated instead.  

The formation and decay of this nitrenes inside the polymer was also studied by EPR 

spectroscopy. The EPR results are in agreement with the UV-vis results, the nitrenes were 

observed up to 225 - 250 K. The results for the EPR measurements of the photolytic products 

of 46 after annealing the polymer at higher temperatures for 1 minute and then cooling down 

again to 6 K are presented in Figure 65. 

 

Figure 65. EPR spectra of the photolytic products of 46 inside Nafion/Na+ after annealing at 150 K, 175 K, 200 

K, 225 K and 250 K  for 1 min and then cooling downs at 6 K to measure the spectra. EPR signals of triplet 48 

and quintet 47 are labelled.  

The quintet 47 disappears around 225 K in the EPR experiments however triplet nitrene 48 

still remains at 250 K. This is in contrast with the UV-vis experiments where at 250 K 47 was 

still observable, however the experimental conditions in both experiments are different since 

in the EPR experiments the heating up and cooling down process to acquire each spectrum 

takes several minutes, in contrast with the UV-vis experiments where the spectra can be 

acquired at high-temperatures. Therefore 47 can react during the time needed for heating-up 

and cooling-down, like it was already observed in the UV-vis experiments after keeping the 

temperature constant at 250 K for 5 minutes, Figure 62. Sextet 44 was not observed in these 

experiments in contrast with the EPR experiments in argon were it was formed by irradiation 

with  = 254 nm. 



Stabilization of Nitrenes beyond Cryogenic Temperatures 

    

At the moment of writing this thesis a new precursor P3 is being investigated. The phenyl ring 

in this precursor is substituted with a positively charged group increasing the amount of 

sample that can be incorporated inside the polymer and further stabilizing the respective 

nitrene by electrostatic interactions with the SO3
- groups inside the polymer inhibiting in 

some extent the diffusion of the nitrenes molecules inside the polymer.  

 

Summarizing, a new approach to stabilize high-spin nitrenes at temperatures as high as 250 K 

was described.  The EPR and UV-vis results showed that using Nafion/Na+ it is possible to 

study highly reactive intermediates like nitrenes between 6 and 250 K. This is an important 

achievement since by choosing the appropriate precursor it can lead to the development of 

metal-free magnetic materials. 
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Chapter 7.2  

Highlights 

A septet ground state high-spin nitrene was synthesized. This species exhibits a remarkable 

stability in O2 and H2O. 
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Chapter 7.2 A Septet Trinitrene Stable in Reactive Matrices.  

Introduction  

This work was conducted as a colaboration with the Ph. D. student Enrique Mendez. 

A large number of high-spin nitrenes have been characterized by electron paramagnetic 

resonance (EPR) spectroscopy146-149 and some of them have also been studied by using 

Infrared (IR)150-152 and UV–vis spectroscopies153-155 combined with matrix isolation 

techniques. However, when dealing with triazides, in most of the cases the yield of the highest 

multiplicity species, the septet trinitrenes, is diminished because of remaining low-spin 

intermediates and rearrangements to azirines, ketenimines and ring opening nitriles products 

at early stages of the photolysis.156 Therefore, the synthesis in high yields of trinitrenes is a 

challenging task and involve the design of a suitable precursor that favour the formation of 

the septet spcies instead of the low spin products. In Chart 8, examples of the septet nitrenes 

species that have been stabilized at cryogenic temperatures are presented. 

Chart 8. Septet nitrenes stabilized under matrix isolation conditions. 

 

As it was discussed in previous chapters, it has been shown that blocking the adjacent 

positions respect to the nitrogen centers allows to stabilize the corresponding nitrenes against 

the formation of ring expansion products because of steric and electronic interactions.55, 157 In 

this regard, a triazide precursor blocked in ortho-positions respect to the nitrene centers as in 

1,3,5-triazido-2,4,6-trichlorobenzene 75 was used in this work to generate the septet 1,3,5-

trinitrene-2,4,6-trichlorobenzene 76 in high-yields, Scheme 29.  
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Scheme 29. Synthesis of trinitrene 76 in argon at 9 K.  

 

Key Results and Discussion 

 

When an argon matrix containing 75 was irradiated with λ = 365 nm light for 4 hours, all 

bands of 75 decreased in intensisty and a new set of bands appears at 1329, 1257, 1131, 783 

and 691 cm–1. The new bands formed after photolysis of the precursor are in excellent 

agreement with the calculated ones for trinitrene 76 at the UB3LYP/aug-cc-PVTZ level of 

theory, Figure 66 and Table 12.  

 

Figure 66. IR spectra showing the formation of 76 in argon at 9 K. a) IR spectrum of 1,3,5-triazido-2,4,6-

trichlorobenzene 75 in argon at 9 K. b) IR spectrum obtained after irradiation of an argon matrix containing 75 

with λ = 365 nm for 4h in argon at 9 K c) IR spectrum of septet trinitrene 76 calculated at the UB3LYP/aug-cc-

PVTZ level of theory unscaled. 
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Table 12. IR-spectroscopic data of Septet 1,3,5-trichloro-2,4,6 trinitrenobenzene 76  

Mode Symm. 


exp
 /cm-1[a] Irel , exp

 [a,b] 


calc
 /cm-1[c] Irel , calc

[b,c] 

19 A2’’ 691 0.02 715 0.23 

20 E’ 783 1.00 772 1.00 

23 E’ 1131 0.19 1140 0.33 

25 E’ 1257 0.22 1276 0.38 

28 E’ 1329 0.47 1326 0.54 

aAr, 9 K. bRelative intensities based on the strongest absorption. cUB3LYP/aug-cc-PVTZ, unscaled. 

Surprisingly, all bands present in the spectrum after the photolysis correspond to 76 or 75, 

which clearly shows that the lower spin states of 76, i.e. a quintet dinitrene or a mono-nitrene 

are not formed during the photolysis or at least not in suficcient yields to be detected by IR 

spectroscopy. Furthermore, no bands corresponding to any ring expansion or ring opening 

product could be detected.  

These results showed that in this case, in contrast to theprevious reports on septet trinitrenes 

under matrix isolation conditions,146-149, 151, 153, 156 the photolysis produces  indeed the highest 

spin state without the prescence of the lower spin species as side products.  

The photochemical formation of 76 was also investigated in the UV-vis spectral region. The 

matrix isolated triazide 75 shows only a broad and strong absorption centered at 246 nm 

(Figure 67) which was bleached upon irradiation under the same conditions as for the IR 

experiments. As a result of the irradiation new bands appear with maxima at λmax = 204 and 

221 nm, together with five less intense bands close to each other between 310 and 345 nm. 

These new bands showed the same photochemistry between them when being formed from 

the precursor and when disappearing by irradiation with λ = 254 nm light, suggesting that the 

same species is responsabile for all these absorptions. Therefore, based on the results of the 

IR experiments the new set of bands appearing in the UV-vis region were assigned to septet 

76.  
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Figure 67. Photochemistry of 75 followed by the UV-vis spectra. a) – f) UV-vis spectrum after photolysis of 75 

with λ = 365 nm for several minutes in argon at 9 K. Arrow pointing downwards denote the band decreasing in 

intensity during irradiation and is assigned to 75, arrows pointing upwards denote bands increasing in intensity 

during irradiation and were assigned to 76. g) - i) UV-vis spectra upon irradiation of the same matrix with λ = 

254 nm, arrows pointing downward denote bands decreasing in intensity upon irradiating and are assigned to 76. 

The products formed by photolysis of 76 with λ= 254 nm light were not posible to identify 

due to the absence of any band in the UV-vis experiments and the appearing of only one new 

band in the IR region. This band appears at 2302 cm-1, in the region where CN groups have 

their characteristic absorption suggesting that a ring opening proccess leading to a chain 

bearing one or more CN groups occurs. However, more information about the structure of the 

decomposition products of 76 can not be extracted due to the presence of only one band.   

The assignment of 76 as the main product of the photolysis of 75 with λ = 365 nm was 

supported by EPR experiments as well. The resulting EPR spectrum after irradiating a matrix 

containing 75 under similar photolytic condition as described before, is in excellent 

agreement with the spectrum reported in literature.158 

Similarly to 3a and 70, trinitrene 76 was isolated in reactive matrices like water and oxygen 

matrices, Figure 68. Trinitrene 76 was stable in both matrices up to the temperatures where 
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they start to evapotrate, 20 K in the case of oxygen and 160 K in the case of water. As for the 

previous species 3a and 70, no reaction was observed inside the matrix showing the 

remarkable stability of these high-spin species despite bearing six unpaired electrons.  

 

Figure 68. UV-vis spectra obtained after irradiating 75 with λ = 365 nm in different matrices at 9 K. a) argon 

matrix b) oxygen matrix. c) water matrix. 

The difference between all spectra are just broader absorptions in water and oxygen compared 

to argon.  

As overview, the isolation and spectroscopic characterization of trinitrene 76 was achieved by 

isolating precursor 75 in argon matrix at 9 K, and subsequent photolysis of the matrix with λ 

= 365 nm. For the first time trinitrene 76 was obtained as main product with only traces, if 

any, of the lower spin states species like the corresponding quintet and mononitrene. 

Septet 76 proved to be stable under cryogenic conditions in water and oxygen matrices as 

well, up to temperatures where the matrices start to evaporate showing the inertness of this 

species against these reactive hosts at low temperatures. 
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Chapter 7.3  

Highlights 

The synthesis of an anti-aromatic singlet complex between the tetrachlorocyclopentadienyl 

cation and BF3 under matrix isolation conditions is reported. 

 

The information presented in this chapter was "Reprinted (adapted) with permission from (P. 

Costa, I. Trosien, Joel Mieres-Perez, W. Sander, J. Am. Chem. Soc. 139(2017), 

DOI: 10.1021/jacs.7b05807). Copyright (2017) American Chemical Society." 
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Chapter 7.3 Isolation of an Antiaromatic Singlet Cyclopentadienyl Cation 

Introduction  

 

This work was conducted as a colaboration with Dr. Paolo Costa and Ph. D. student Iris 

Trosien. 

Ever since the term antiaromaticity was introduced by Breslow in the 1960s,159, 160 the 

cyclopentadienyl cation 77a, cyclobutadiene 21, and the cyclopropenyl anion 78 are regarded 

as iconic 4-electron (Hückel) antiaromatic molecules.161 In contrast to aromatic molecules, 

in antiaromatic molecules the cyclic -conjugation is destabilizing, not stabilizing. However, 

as Schleyer et al. noted in 2012, the high energy of 21 is not due primarily to antiaromaticity, 

but rather to angle strain, torsional strain, and Pauli repulsion between the parallel CC 

bonds.162 These authors conclude that ‘‘instead of the conventional interpretation of 

cyclobutadiene as the antiaromatic paradigm, it should be regarded as a unique molecule’’. 

The cyclopropenyl anion 78 was studied in detail by Kass in 2013, and from a correlation 

between cycloalkene acidities and allylic bond angles, he concludes that 78 is nonaromatic, 

despite 50 years of believe that it is antiaromatic.163 

Chart 9. Representatives structures of antiaromatic molecules. 

 

This leaves the cyclopentadienyl cation 77a as the prototypical antiaromatic molecule. 

Breslow et al. studied the pentaphenylcyclopentadienyl cation 77b in frozen CH2Cl2 at 77 K 

by EPR spectroscopy and were able to detect its triplet state by EPR spectroscopy.164 

Although the singlet state could not be directly observed, they conclude that the singlet state 

is the ground state, but the triplet state lies nearby (less than 1 kcal/mol higher in energy) and 

is populated even at 77 K.165  
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Chart 10. Representative structures of cyclopentadienyl cations. 

 

The triplet ground state of the pentachlorocyclopentadienyl cation 77c in SbF5 matrix was 

characterized by EPR spectroscopy,166 and later by IR spectroscopy.167 The parent 

cyclopentadienyl cation 77a was also synthesized in solid SbF5, and EPR spectroscopy 

revealed its triplet ground state.168 For both 77a and 77c the EPR spectra suggest D5h 

symmetrical structures. According to Baird’s rule, “the lowest triplet state for 4n rings is 

aromatic since the bonding energy is significantly greater than for the diradical reference 

structure.”169 Thus, the ground states of 77a and 77c have to be considered being aromatic 

and not antiaromatic. For 77a, the highly symmetrical triplet ground state  3A2 as later 

confirmed by PFI-ZEKE photoelectron spectroscopy.170, 171 The first singlet state of 77a 

shows 1E2  symmetry with strong pseudo Jahn-Teller distortion by interaction with the next 

higher singlet state, and the singlet-triplet splitting was determined to 1534 ± 6 cm-1 (4.39 ± 

0.02 kcal/mol). Interestingly, IR spectra indicate a singlet ground state for the 

tetrachlorocyclopentadienyl cation 77d.172 The electronic structure of 77a and its derivatives 

have been subject to calculations at various levels of theory.173-178 These calculations reveal 

that two Jahn-Teller distorted singlet states show almost identical energies: one is represented 

best as an allylic state, the other as localized cyclopentadienyl cation. The symmetrical triplet 

state is close in energy, and depending on substituents triplet or singlet states are slightly 

preferred, balancing antiaromatic stabilization and electron repulsion. 

The synthesis of antiaromatic (singlet) cyclopentadienyl cations is a challenge, mainly due to 

the lack of suitable precursors and the necessity to use strongly interacting matrices such as 

SbF5. In this wotk a new approach for the synthesis of destabilized cations is introduced: the 

reaction of the corresponding carbene with a strong Lewis acid. Closed shell singlet carbenes 

are strong Lewis bases, and even if the triplet state of the carbene is ground state, the Lewis 

acid-base interaction can stabilize the singlet enough to become ground state.117, 179-183  

The Lewis acid – base adduct 62 (Chapter 5) is a zwitterion with a positively charged 

benzhydryl and a negatively charged BF3 moiety that photochemically interconverts with the 

B-F insertion product 63. This method provides a new approach for the synthesis of cationic 
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species at cryogenic temperatures under the very mild conditions of matrix isolation. It is then 

tempting to apply it to the synthesis of highly destabilized cations such as the antiaromatic 

cyclopentadienyl cation with the goal to characterize these species spectroscopically and to 

study their chemistry. 

Key Results and Discussion  

For that purpose the tetrachlorocyclopentadienylidene 79 was selected, a well-studied triplet 

ground state carbene184 which is easily prepared by 450 nm photolysis of matrix-isolated 

diazo compound 80 at 3 K. Upon annealing of an 1% BF3-doped argon matrix containing T-

79 for 10 minutes to 20 K, all the IR bands of BF3 and T-79 decrease, and a new set of bands 

appear. Besides the formation of oligomers of boron trifluoride, two intense IR bands at 

1285.7 cm-1 and at 1304.2 cm-1 and several weaker IR bands are formed. Further annealing of 

the same matrix at 25 K and 30 K, for 10 minutes each, changes the intensity ratio of the two 

intense peaks in favor of the 1304.2 cm-1 band, which clearly indicates that these bands 

belong to two different species A (1285.7 cm-1) and B (1304.2 cm-1). 

Compound A is extremely photolabile, and by red light (650 nm) or even IR (light source of 

the spectrometer) irradiation readily rearranges into a new species C. By comparison with 

spectra calculated at the M062x/6-311++G(d) level of theory, the species A was assigned to 

the Lewis acid – base adduct 77c, and the photoproduct to the formal B-F insertion product 81 

(Scheme 30, Figure 69). 

Scheme 30. Reactions of tetrachlorocyclopentadienylidene 79 with BF3. 
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The IR spectrum is in excellent agreement with the singlet state S-77c…BF3 and does not 

indicate the presence of T-77c…BF3. EPR spectroscopy does not reveal any transition for S-

77c…BF3 thus confirming its singlet ground state.  

 

Figure 69. IR spectra showing the photochemistry of S-77c…BF3. a) Difference IR spectrum showing changes 

after irradiation with λ = 650 nm of an argon matrix containing S-77c…BF3 at 3 K. Bands pointing downwards 

are assigned to S-77c...BF3 are appearing and bands pointing upwards assigned to 81 decrease in intensity. b) 

Computed IR spectrum of S-77c...BF3 (multiplied by -1, peaks pointing downwards) and computed IR spectrum 

of 81 (peaks pointing upwards) at the M062x/6-311++G(d) level of theory.  

Compound B is much less sensitive to irradiation, and UV photolysis with λ = 365 nm is 

required for its photolysis. The yield of B increases at higher annealing temperatures of the 

matrix (25 – 30 K), longer diffusion times, and with increasing concentrations of BF3 in the 

matrix. This indicates that more than one molecule of BF3 is required for the formation of B, 

and by comparison with DFT calculations B was assigned to S-77c...BF3 interacting with a 

second molecule of BF3 ((S-77c…(BF3)2 in Scheme 32, Figure 70). The bonding situation 

here is similar to the one in S-56…(BF3)2 (Chapter 4) in the sense that the second BF3 

molecule is also bound via a fluorine atom that bridges the two BF3 molecules. 
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Figure 70. IR spectra showing the photochemistry of S-77c...(BF3)2. a) IR spectrum of S -77c...(BF3)2 calculated 

at the M062x/6-311++G(d) level of theory. b) Difference IR spectrum showing changes after λ = 365 nm 

irradiation an argon matrix at 3 K containing S-77c...(BF3)2. Bands pointing downwards are assigned to S-

77c...(BF3)2. Bands pointing upwards indicate formation of an unknown species. * IR bands assigned to T-79, ○ 

IR bands assigned to 81. 

The anisotropy of the induced current density (ACID) is a helpful method to investigate and 

visualize the delocalization of electrons in a molecule.185 The ACID scalar field isosurfaces of 

S-77c...BF3 and S-77c...(BF3)2 clearly show paratropic ring currents, while a diatropic ring 

current is observed for T-77c...(BF3)2. Thus, the ACID plots suggest that S-77c...BF3 and S -

77c...(BF3)2 are antiaromatic molecules, Figure 71. The computed NICS(0)186 values are -2.0, 

34.4 and 38.2 for T-77c...BF3, S-77c...BF3 and S-77c...(BF3)2 respectively, confirming the 

antiaromaticity of S-77c...BF3 and S-77c...(BF3)2. 
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Figure 71. ACID isosurface (value 0.05) of T-77c...BF3, S-77c...BF3 and S-77c...(BF3)2 2 The current density 

vectors indicate the direction of the ring current. S-77c...BF3 and S-77c...(BF3)2 show paratropic (anti-clockwise) 

currents, indicating their antiaromatic character while the triplet state T-77c...BF3 shows a diatropic (clockwise) 

ring current, indicating its aromatic character. 

As sumary, the development of an efficient synthesis of an antiaromatic molecule under the 

very mild conditions of matrix isolation was reported. The reaction of triplet 

tetrachlorocyclopentaylidene T-79 with BF3 in noble gas matrices at low temperatures yield 

the corresponding Lewis acid-base complexes S-77c...BF3 and S-77c...(BF3)2 that resemble 

the structure of the antiaromatic cyclopentadienyl cation. Using this synthesis new 

destabilized carbocations could be synthesized.  
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Chapter 7.4  

Highlights 

A theoretical prediction on the Cope rearrangement of semibullvalenes will be experimentally 

proved using the matrix isolation technique.  

 

The information presented in this chapter was "Reprinted (adapted) with permission from (T. 

Schleif, J. Mieres-Perez, S. Henkel, M. Ertelt, W. T. Borden, W. Sander, Angew. Chem. Int. 

Ed. 56 (2017), 10746-10749, DOI: 10.1002/anie.201704787.). Copyright © 2017 John Wiley 

& Sons, Ltd." 
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Chapter 7.4 Heavy-Atom Tunneling in the Cope Rearrangement of 

1,5-dimethylsemibullvalene-2(4)-d1 

Introduction  

 

This work was done as a colaboration with Ph. D. student Tim Schleif. 

In Chapter 2, examples of tunneling reactions that have been experimentally reported in 

literature were presented. An interesting addition to this selection of molecules undergoing 

heavy-atom tunneling has been suggested by Borden et al. in 2010.143 The authors predicted 

that tunneling contributes greatly to the Cope rearrangement of semibullvalene (derivatives) 

at cryogenic temperatures and proposed an experimental procedure to test their theoretical 

prediction: If one hydrogen atom in the 2- or 4-position of semibullvalene was substituted by 

deuterium, the Cope rearrangement would no longer be degenerate but, due to the difference 

in zero-point vibrational energy, exhibit an energy difference of ΔG ≈ -0.17 kcal mol-1 with d2 

being the more stable isotopomer. At room temperature, the equilibrium population of the two 

isotopomers would be still close to 1 : 1, whereas at cryogenic temperatures (below 10 K) the 

more stable isotopomer would be preferred. Since the barrier for the Cope rearrangement in 

semibullvalene was determined to 5.6 kcal/mol,187 the thermal equilibration is rapid at room 

temperature but too small to be observable at temperatures below 10 K. Thus, if the room 

temperature equilibrium mixture of the isotopomers is rapidly quenched at cryogenic 

temperatures, the equilibrium population at this temperature can only be reached by tunneling. 

Borden et al. recommended to test their prediction with dimethylsemibullvalenes d2-82 and 

d4-82 (Scheme 31) which are readily available by a synthesis described by Askani et al.188 

With 4.8 kcal/mol, the barrier for the Cope rearrangement in 82 is slightly smaller than that in 

the parent semibullvalene.187 

Scheme 31. Schematic representation of experimental approach. 
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Key Results and Discussion  

 

The room temperature equilibrium mixture of the isotopomers d2-82 and d4-82 (containing 

non-deuterated 82 as impurity) was deposited with a large excess of neon on a CsI window at 

3 K. After keeping the matrix for several hours in the dark, the IR signals assigned to the less 

stable isotopologue d4-82 decrease in intensity, whereas those of d2-82 increase, Figure 72. 

This observation clearly demonstrates that the Cope rearrangement d4-82  d2-82 occurs at 

temperatures as low as 3 K, and that d2-82 is thermodynamically more stable than d4-82, as 

predicted by theory. Since the barrier of almost 5 kcal/mol is prohibitively high to be 

overcome at temperatures below 10 K, it was concluded that the Cope rearrangement 

proceeds via heavy atom tunneling, as predicted by Borden et al.189  

 

Figure 72. IR difference spectra showing the Cope rearrangement of semibullvalene d4-82 and its photochemical 

reversion. a) Spectrum obtained after keeping a neon matrix containing a mixture of d2-82 and d4-82 in the dark 

for 38.3 h at 3 K. b) Spectrum of d4-82(multiplied by -1, peaks pointing downwards) and spectrum of  d2-

82(peaks pointing upwards) calculated at B3LYP/6-311G(d,p) level of theory. c) Spectrum obtained after 

subsequent irradiation of the matrix with 6064 cm-1 for 90 min at 3 K. 

It was found that if the matrix was exposed to the full range of IR light, the more stable 

isotopomer d2-82 rearranged back to d4-82 until nearly equal amounts of both isotopomers 

were formed. A similar d2-82/d4-82 equilibration was found by irradiation with an OPO laser 
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at 6064 cm-1 (Figure 72 - trace c). This hints to a vibrationally enhanced Cope rearrangement. 

To avoid IR photochemistry induced by the light source of the FTIR spectrometer, a cut-off 

filter was used to block all light with wavelengths larger than 2000 cm-1 and the kinetics of 

the Cope rearrangement was studied at different temperatures in several matrix host.  

If the Cope rearrangement in 82 is governed by QCT as predicted by Borden et al.143, a 

temperature independent behavior should be observed for the reaction rates in contrast to a 

classical thermal reaction which should show Arrhenius behavior. The reaction rate of the d4-

82  d2-82 rearrangement in these experiments increased by a factor of less than three when 

the absolute temperature was increased by a factor of ten, from 3 to 30 K in argon. In addition 

to the measurement in argon, the rates of the Cope rearrangement at 3 K was also determined 

in solid neon, nitrogen, and p-H2 and the rates were comparable within the error limits.  

In the experiments the ratio between d2-82 and d4-82 never exceeded 1 : 3 in any matrix and 

at any temperature. The experimental ratios show no discernible trend regarding temperature 

or matrix material and generally average around 1 : 1.6 after several hours in the dark when 

further change in intensities were extremely slow. Several experiments were run for 15 – 36 

hours, corresponding to more than ten half-life times to assure thermal equilibration. 

Although the measured rates are susceptible to errors during peak integration, it is obvious 

that the experimentally determined d2-82/d4-82 ratios differ by a wide margin from the ratios 

predicted if we assume a Boltzmann distribution between the isotopomers. In solid xenon or 

as neat deposition, no rearrangement is observed and the d2-82/d4-82 ratios roughly equal the 

thermodynamic equilibrium at 233 K, i. e. the sample’s temperature during deposition. 

The energy difference between the isotopomers d2-82 and d4-82 was determined by Askani et 

al. to ΔG(T) = -0.12 + 0.00018∙T kcal mol-1,188 in good agreement with ΔE = -0.09 kcal mol-1 

calculated at the B3LYP/6-311G(d,p) level of theory. In this work several DFT and ab-initio 

methods were used to calculate the energy difference, however, the calculations only shows 

small variations in the energy difference between the isotopomers that cannot explain the 

experimentally determined ratios, Table 14. 
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Table 14. Calculated difference in zero-point vibrational energies (ΔZPVE) in kcal mol-1 

and corresponding ratios between isotopomers d2-82 and d4-82 at 3 K. 

 

level of theory ΔZPVE ratio d4-82 : d2-82 

MP2 STO-3g -0.113 1 : 1.85∙108 

MP2 6-31g -0.112 1 : 1.56∙108 

MP2 6-311g -0.129 1 : 2.73∙109 

MP2 6-311+g -0.129 1 : 2.73∙109 

MP2 6-311++g -0.128 1 : 2.31∙109 

MP2 6-311++g(d) -0.092 1 : 5.37∙106 

MP2 6-311++g(d,p) -0.093 1 : 6.35∙106 

MP2 6-311++g(2d,p) -0.082 1 : 9.96∙105 

MP2 6-311++g(2d,2p) -0.085 1 : 1.65∙106 

MP2 aug-cc-pvtz -0.082 1 : 9.96∙105 

B3LYP 6-31g -0.085 1 : 9.96∙105 

B3LYP 6-311++g(2df,p) -0.081 1 : 8.42∙105 

B3LYP 6-311g(3df,3pd) -0.056 1 : 1.25∙104 

B3LYP 6311++g(3df,3pd) -0.082 1 : 9.96∙105 

B3LYP aug-cc-pvdz -0.080 1 : 7.11∙105 

B3LYP aug-cc-pvtz -0.080 1 : 7.11∙105 

B3LYP cc-pvqz -0.080 1 : 7.11∙105 

G4 -0.083 1 : 1.18∙106 

CBS-QB3 -0.078 1 : 5.08∙105 

 

From the experimental energy difference determined Askani et al., the d2-82/d4-82 ratio at 3 K 

should be larger than 1 : 108. However the experimental ratios observed in these experiments 

were, as mentioned before, much lower. 

It might be possible that the irradiation during the short scans itself is sufficient to establish a 

photostationary state that does not allow the system to reach the expected ratio. However, 

experimental validation of this hypothesis is hard to achieve.   

Summarizing, the experiments presented here confirm the predictions by Borden et al.143 that 

the Cope rearrangement of dimethylsemibullvalene 82 is governed by heavy atom tunneling 

at low temperatures. Despite the activation barrier of 4.8 kcal/mol, the d4-82  d2-82 

rearrangement proceeds with a rate in the order of 10-4 s-1. In the range between 3 K and 30 K 

the rate increases only by a small margin, as expected for a tunneling reaction. While the 

Cope rearrangement d4-82  d2-82 is clearly observable and proceeds from the less stable to 

the more stable isotopomer, the d2-82/d4-82 ratios achieved after very long time runs are far 

from the expectation. Since it was clearly observed not only ground state, but also 
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vibrationally assisted tunneling induced by IR irradiation, the measure d2-82/d4-82 ratios 

might be influenced by IR photolysis with wavelengths below 2000 cm-1. 
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Chapter 7.5  

Highlights 

ICF3 switches the spin state of tetrachlorocyclopentadienylidene carbene 79 from triplet to 

singlet; although, in contrast with diphenylcarbene 60 the singlet product is not a halogen 

bonded complex.  
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Chapter 7.5 Reaction of Tetrachlorocyclopentadienylidene with ICF3  

Introduction 

This work was done as a collaboration with Dr. Stefan Henkel and Ph. D. student Iris Trosien. 

Halogen bonding between a halogen bond donor such as iodopentafluorobenzene C6F5I or 

iodotrifluoromethane ICF3 and a halogen bond acceptor has been recognized as being the 

hydrophobic equivalent of hydrogen bonding with comparable bond strengths. Typical 

hydrogen bond acceptors, such as carbonyl groups or amines, in general also form strong 

halogen bonds with good halogen bond donors. For decades halogen bonding has been used 

as a tool in crystal engineering, but recently it was also found that halogen binders might act 

as organocatalysts.  

Closed shell singlet carbenes have a lone electron pair at the carbene center and are therefore 

highly basic molecules that should be able to act as strong halogen bond acceptors. While this 

was demonstrated for stable N-heterocyclic carbenes (NHCs) by Arduengo et al. already 25 

years ago190, 191 and later confirmed in a few theoretical studies, halogen bonding towards 

reactive carbenes is even less investigated. Halogen bonding of the highly reactive 

diphenylcarbene 60 under the conditions of matrix isolation at cryogenic temperatures was 

recently studied. The triplet ground state T-60 of this carbene is unpolar and exhibits typical 

radical type reactivity. The basicity of S-60 exceeds that of NHCs considerably. 

Consequently, T-60 is a very poor hydrogen or halogen bond donor, but as explained in 

Chapter 5, S-60 forms both strong hydrogen132, 133 and halogen bonds.134 The stabilization of 

S-60 with ICF3 as halogen bond donor is large enough to result in a singlet ground state 

complex, thus leading to an inversion of the spin state of 60 from T to S. 

Here, the reaction of triplet tetrachlorocyclopentadienylidene 79 with iodotrifluoromethane in 

low temperature argon matrices is reported.  
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Key Results and Discussion 

Triplet carbene 79 and its bi-molecular reactions have been characterized in literature by 

matrix isolation spectroscopy, using carbon monoxide and oxygen as trapping agents.192-194  

In a theoretical study, Frenking and co-workers report a C2v symmetric structure for 79, lying 

2.2 kcal/mol above a non-planar singlet geometry at the BP86/def2-TZVPP level of theory.195 

The non-planarity of the singlet states results from the antiaromatic character of the (planar) 

cyclopentadienyl ring in the zwitterionic resonance structure of S-79. The formation of a 

hydrogen or halogen bond with S-79 as acceptor will increase the positive partial charge in 

the ring, and thus result in further destabilization.  

T-79 is calculated to be 9.3 kcal/mol more stable than the singlet S-79 at the B3LYP-D3/6-

311G(d) level of theory. Noteworthy, Borden et al. established that for the parent 

cyclopentadiene the lowest lying singlet state is the open-shell singlet (1A2) state.196 

Therefore, triplet and singlet geometries of 79 were also optimized at the CASSCF(6,6)/6-

31G(d) level of theory (Figure 73). At this level, the lowest lying singlet state is the closed-

shell singlet which is found to be only 2.0 kcal/mol above the triplet state and 

CASPT2(6,6)//CASSCF(6,6) calculations even predict degenerate energies.  

 

 

                 T-79                                 S-79 

 

 

Figure 73. Optimized geometries of singlet and triplet 79 at the CASSCF(6,6)/6-31G(d) level of theory. 

Annealing of an argon matrix containing carbene 79 and 1% ICF3at 25 K results in a decrease 

of all IR bands assigned to the carbene and formation of new bands that are assigned to a 

reaction product 83 (Figure 74 – trace a).  



Reaction of Tetrachlorocyclopentadienylidene with ICF3  

 

    

 

Figure 74. IR difference spectra showing the reaction of triplet tetrachlorocyclopentadienylidene T-79 with ICF3 

in argon. a) Spectrum obtained after annealing of a matrix containing T-79 and 1% of ICF3 to 25 K for 10 min. 

Strong vibrations at 740, 1065 and 1170 cm-1 associated with dimerization of ICF3 are removed for clarity b) 

Calculated difference spectrum of the reaction T-79 + ICF3 → 83 at the B3LYP-D3/6-311G(d) level of theory. c) 

Calculated difference spectrum of the reaction 83 → 84 at the (U)B3LYP-D3/6-311G(d) level of theory. d) 

Spectrum obtained after 650 nm photolysis of a matrix containing complex 14. Additionally, the optimized 

geometry with selected structural parameters of 14 is shown (see below for more details). 

In compound 83 the iodine atom has been transferred to the carbene center, and the CF3 

fragment is oriented towards the iodine atom at an angle of 104° with a C-I bond distance of 

2.4 Å at the B3LYP-D3/6-311G(d) level of theory. The CF3 fragment is pointing towards the 

lone electron pairs of the iodine atom rather than to the electron-deficient region located along 

the C-I bond (sigma hole). Therefore, there is no halogen bond. Rather, this orientation 

indicates that the CF3 group is electron deficient and interacts with a negatively charged 

C6Cl4I fragment. This is also consistent with the predicted planar structure of the 

cyclopentadiene ring, which is stabilized by a formal negative charge at the carbene center. 

Apparently, this stabilization balances the built-up of positive charge at the CF3 group.  

When complex 83 is photolyzed at 650 nm, the IR bands of 83 decrease, accompanied by 

formation of a new set of signals, assigned to radical pair 84 by comparison with a computed 

spectrum (Figure 73 – trace d). The conversion of singlet complex 83 to triplet radical pair 84 

is in analogy to the photochemistry of the ICF3 complexes of 60.134  Annealing of the matrix 

at 25 K reverts this process, and the signals of singlet complex 83 are restored. Triplet radical 
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pair 84 and singlet complex 83 can thus be interconverted by sequential irradiation and 

annealing steps of the matrix.  

Scheme 32. Reaction of Tetrachlorocyclopentadienylidene 79 with ICF3. 

 

As conclusion, the reaction of tetrachlorocyclopentadiene 79 with ICF3 was studied under 

cryogenic conditions. The zwitterionic character of the singlet state S-79 results in a 

destabilization associated with the antiaromatic nature of the positively charged 

cyclopentadiene ring and  therefore, formation of a halogen bond between singlet 79 and ICF3 

is not observed in contrast tothe case of diphenylcarbene 60. In the reaction of 79 and ICF3 

the iodine atom is transferred to the carbene, resulting in a favorable negative charge in the 

ring. The aromatic stabilization associated with the formation of a negatively charged 

cyclopentadiene ring balances the build up of a positive charge in the CF3 fragment, which is 

further stabilized by an interaction with the lone pair of the iodine atom. 
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Chapter 7.6  

Highlights 

Triplet fluorenylidene 85 and triplet diphenylcarbene T-60 exhibit different reactivity against 

H2. Carbene 85 reacts with H2 at 3 K while T-60 reacts in H2-doped Ar matrices at 30 K but 

not in solid H2 at 3 K.  
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Chapter 7.6 Reactions of Carbenes with Hydrogen. 

Introduction 

 

The activation of molecular hydrogen is important in Chemical transformations as well as in 

Biological processes197-200. However, metal free species that can activate hydrogen are rare, 

known examples are phosphine-boranes200, digermyne201 and  carbenes.202, 203   

The reactions of carbenes with hydrogen occur by two mechanisms depending of the 

electronic state of the carbene. In this regard, singlet carbenes react with hydrogen by a 

concerted mechanism while triplet carbenes react by a two-step reaction. 202, 203   

Sheridan and Zuev204 investigated the reaction of carbenes with hydrogen under cryogenic 

conditions. They observed that singlet carbenes were much less reactive against molecular 

hydrogen than triplet carbenes which react in the matrix despite high activation barriers for 

the reactions. However, the use of deuterium instead of hydrogen inhibit the reaction, from 

which the authors concluded based also in the high activation barrier for the hydrogenation 

process, that the reaction they observed occurred by QCT.  

Henkel et al.203 studied the hydrogenation reaction of a singlet carbene, the 1-azulenylcarbene. 

In their study the author showed for the first time that QCT can be important in the 

hydrogenation reactions of singlet carbenes.  

In the present work, the reactivity in pure H2 matrices of the fluorenylidene 85 and 

diphenylcarbene 60 were investigated. The results obtained were in agreement with the higher 

reactivity of triplet carbenes compared to singlet carbenes.  
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Key Results and Discussion 

This work was conducted as a colaboration with the Ph. D. student Enrique Mendez. 

If a 100% H2 matrix containing diphenyldiazomethane 61 was irradiated with light from 

different LED sources (530, 470, 450, and 405 nm), despite the wavelength chosen for the 

irradiation a mixture of T-60 and diphenylmethane 86 was obtained. It was not possible to 

isolate T-60 without the presence of the hydrogenated product, showing that the reaction with 

the surrounding molecules of H2 is activated by the same light used to deplete the precursor 

61.  

 

Figure 75. IR spectra showing the photochemistry of diphenyldiazomethane 61 in a H2 matrix at 3 K. a) IR 

spectrum of diphenyldiazomethane 61 in a H2 matrix at 3 K. b) – e) Difference spectra showing changes after 

irradiation with λ = 450 nm for  5, 15, 30 and 60 min.  

However, if the photogenerated T-61 was kept in the dark for several hours no changes in the 

spectra were observed, showing that the triplet carbene T-61 does not react thermally with 

hydrogen at these low temperatures. Interestingly if an H2-argon doped matrix is used to 

isolate T-60 instead of the pure hydrogen matrix, after annealing at 30 K for several hours the 

bands of T-60 decrease in intensity and product 86 is formed. The fact that T-60 is stable in 

pure H2 matrix, where diffusion is not needed for the reaction to occur, but reacts at 30 K in 

an H2-argon doped matrix despite the high calculated activation barrier of 6.7 kcal mol-1 at the 

BL3YP-D3/def2-TZVP level of theory, suggest that the reaction may occur through a 
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tunneling mechanism from an higher energetic state, where the barrier is thinner and allows 

the reaction to occur. However more experiments are needed to support or dismiss this 

hypothesis.  

A different behavior was observed for the triplet fluorenylidene 85. After irradiation of 9-

diazofluorene 87  in solid hydrogen at 3 K, all bands of the precursor decrease in intensity 

together with the formation of a new set of bands that was assigned to fluorene 88, the 

product of the reaction of carbene 85 with H2. In this case, no carbene signals were observed 

as seen from the comparison with the spectrum of the carbene in argon (Figure 76 – trace d) 

in contrast with the triplet diphenylcarbene. 

 

Figure 76. IR spectra showing the photochemistry of diazofluorene 86 in a H2 matrix at 3 K. a) IR spectrum of 

9-diazofluorene 86 in H2 at 3 K. b) IR difference spectrum showing changes after irradiation with λ = 365 nm for 

2 h. c) IR spectrum of fluorine 87 in Ar at 3 K. d) IR spectrum of fluorenylidene 85 in Ar at 3 K.    

 

If deuterium instead of hydrogen is used as matrix material, fluorenylidene 85 is obtained 

after the photolysis of the precursor under similar conditions like before. Even when the 

deuterium insertion product was also present in the matrix as result of the photolysis, the 

formation of the carbene inside the D2 matrix suggest a large kinetic isotope effect in the 

reaction of the carbene 85 with H2 and D2. After keeping the matrix in the dark overnight at 

3 K, fluorenylidene 85 was transformed to the corresponding deuterium insertion product.  

The experimental observations suggest a tunneling mechanism for the reaction of 85 with 

hydrogen at 3 K. 
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As overview, the results suggest that triplet fluorenylidene 85 inserts into H2 too fast to be 

detected in solid H2 at 3 K. However, in D2 matrices, carbene 85 is formed and slowly reacts 

in the dark at 3 K most likely by QCT. On the other hand, triplet diphenylcarbene T-60 

thermally reacts in H2-doped Ar matrices at 30 K to give the hydrogen-insertion product 86, 

however, it is stable in solid H2 matrices at 3 K and therefore showing a temperature-

dependency which is unusual under these conditions. 
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Experimental Section 

Materials  

All chemicals and solvents were used as received without further purification.  

Synthesis 

Phenylazide:  

Phenylazide  was synthesized starting from aniline according to a literature procedure.205 For 

additional purification a chromatographic column using aluminum oxide neutral, deactivated 

from stage 1 to stage 4 and a mixture 5:1 of pentane and MTBE as eluent was used. IR (Xe, 4 

K)  (cm-1) Irel (%) 462.7 (3), 491.9 (8), 516.8 (2), 537.0 (12), 672.0 (31), 687.0 (17), 749.8 

(52), 811.0 (6), 820.4 (2) , 893.9 (10), 1004.0 (1), 1027.8 (3), 1077.6 (5), 1102.0 (7), 1130.4 

(2), 1137.1 (3), 1176.0 (7), 1185.0 (4), 1275.3 (8), 1281.7 (18), 1289.5 (5), 1299.0 (59), 

1305.7 (18), 1345.6 (9), 1459.3 (3), 1468.2 (4), 1491.8 (2), 1496.6 (49), 1590.8 (7), 1593.1 

(2), 1600.6 (35), 1622.0 (8), 1716.0 (4), 1786.0 (2), 1852.0 (2), 1871.0 (4), 1934.4 (4), 1943.0 

(7), 1950.0 (11), 1969.0 (30), 2089.2 (26), 2101.8 (41), 2110.8 (9), 2135.9 (100), 2156.6 (2), 

2165.8 (3), 2266.2 (2), 2412.0 (13), 2428.0 (13), 2576.0 (4), 3040.0 (13), 3086.0 (18), 3108.0 

(12). 

1,3-diazido-2,4,6-trichloro-5-fluorobenzene: 

1,3-diazido-2,4,6-trichloro-5 fluorobenzene was prepared by a modified literature 

procedure.206 0.496 g (2.11 mmol) of 1,3,5-trichloro-2,4,6-trifluorobenzene and 0.279 g (4.29 

mmol) of NaN3 were dissolved in 5 ml of DMSO and stirred at 90 °C for 85 minutes. After 

cooling the reaction mixture to rt 60 ml of ice-cooled distilled water were added and the 

resulting white precipitate was collected via vacuum filtration. It was washed with ca. 45 ml 

of ice-cooled distilled water in small portions and dried on air to give 0.509 g (1.81 mmol, 

86% yield) of 1,3-diazido-2,4,6-trichloro-5-fluorobenzene as white crystalline solid. 13C-

NMR (50 MHz, CDCl3): δ = 153.8 ppm (C5, d, J = 250.7 Hz), 134.7 (C1/C3, d, J = 1.9 Hz), 

119.6 (C2, d, J = 4.2 Hz), 114.9 (C4/C6, d, J = 21.1 Hz). MS (EI, 70 eV): m/z (rel. int.) = 284 

(8), 282 (25) [M]+, 280 (27), 256 (9), 254 (41) [M – N2]
+, 252 (42), 224 (3) [M – 2N2]

+, 191 

(65), 189 (100) [M – 2N2 – Cl]+, 165 (30), 163 (50), 154 (18) [M – 2N2 – 2Cl]+, 128 (36), 47 

(32), 31 (27). HRMS (EI-TOF) calculated for C6Cl3FN6 279.93492; Found: 279.92341. IR 



Experimental Section 

178 

 

(Nujol): 𝜈 = 2220m cm-1, 2168s, 2121vs (N3), 1572m, 1555m, 1537m (C=C), 1415vs (C–F), 

1256m, 1237m, 1207m, 958w, 808m, 789m, 525w. 

1-(allyloxy)-3,5-diazido-2,4,6-trichlorobenzene: 

0.163 g (1.45 mmol) of KOtBu were suspended in 2 ml of dry dioxane. 0.13 ml (0.111 g, 1.90 

mmol) of 2-propenol were added and the suspension was stirred for 15 min at room 

temperature upon which the mixture turned intense yellow. 0.140 g (0.50 mmol) of 1,3-

diazido-2,4,6-trichloro-5-fluorobenzene were added and the reaction mixture was stirred for 

3.5 hours at room temperature. 5 ml of destilled water were added to the orange solution and 

it was stirred for 10 min at room temperature before extraction with MTBE. Evaporation of 

the solvent gave 0.135 g of orange-brown oil as crude product that was purified by HPLC 

with hexane as eluent to give 0.045 g (0.14 mmol, 28% yield) of 3 as colorless solid. 1H-NMR 

(200 MHz, CDCl3): δ = 6.12 ppm (ddt, J = 16.3, 10.3, 6.0 Hz, 1H, CH=CH2), 5.43 (dd, J = 

17.1, 1.4 Hz, 1H, CH=CHtrans), 5.32 (dd, J = 10.3, 1.2 Hz, 1H, CH=CHcis), 4.54 (dt, J = 6.0, 

1.2 Hz, 2H, OCH2).
 13C-NMR (50 MHz, CDCl3): δ = 151.5 ppm (C1), 134.5 (C3/C5), 132.3 

(CH=CH2), 122.3 (C2/C6), 120.0 (C4), 119.8 (CH=CH2), 74.9 (OCH2). MS (EI, 70 eV): m/z 

(rel. int.) = 322 (1), 320 (3), 318 (3) [M]+, 294 (1), 292 (3), 290 (3) [M – N2]
+, 225 (2), 223 

(5), 221 (4) [M – 2N2 – C3H5]
+, 197 (2), 195 (4), 193 (4) [M – 2N2 – C3H5 – CO]+, 134 (6), 

132 (8), 120 (7), 85 (5), 73 (6), 41 (100) [C3H5]
+, 39 (25) [C3H3]

+, 28 (7) [N2/CO]+. HRMS 

(EI-TOF) calculated for C9H5Cl3N6O 317.91274; Found: 317.95904. 

3,5-diaminobenzyl alcohol:  

3,5-diaminobenzyl alcohol was prepared according to a modified literature procedure207 To a 

suspension of 5.001 g (32.87 mmol) of 3,5-diaminobenzoic acid in ca. 100 ml of dry THF ca. 

2.1 g (ca. 55.33 mmol) of LiAlH4 in 20 ml of dry THF were slowly added at 0 °C and stirred 

for 25 min under an atmosphere of argon. After heating to reflux for 22 h the reaction mixture 

was cooled to 0 °C and 2 ml of distilled water, 2 ml of 15% aqueous NaOH solution and 6 ml 

of distilled water were subsequently added. Solids were collected via vacuum filtration and 

extracted with ca. 100 ml of THF. Evaporation of the solvent gave 1.911 g (13.83 mmol, 42% 

yield) of 3,5-diaminobenzyl alcohol as dark brown solid. 1H-NMR (200 MHz, DMSO-d6): δ = 

5.77 ppm (d, J = 1.7 Hz, 2H, H2/H6), 5.68 (t, J = 1.8 Hz, 1H, H4), 4.79 (t, J = 5.8 Hz, 1H, 

OH), 4.61 (s, 4H, NH2), 4.19 (d, J = 5.7 Hz, 2H, CH2OH). 
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3,5-diazidobenzyl alcohol:  

3,5-diazidobenzyl alcohol was prepared by a modified literature procedure2071.911 g (13.83 

mmol) of 3,5-diaminobenzyl alcohol were dissolved in a mixture of 15 ml conc. hydrochloric 

acid and 15 ml of distilled water, resulting in a deep black solution. An ice-cooled solution of 

3.105 g (45.01 mmol) of sodium nitrite in 40 ml of distilled water was added dropwise under 

stirring at 0 °C within ca. 20 minutes. After stirring for 30 minutes at 0 °C a solution of 7.047 

g (108.40 mmol) of sodium azide in 70 ml of distilled water was added dropwise at 0°C under 

stirring within ca. 30 minutes. The reaction mixture was stirred for two hours at 0 °C; 30 ml 

of distilled water and a few drops of diethyl ether were added to minimize the foam 

formation. The resulting orange solution was separated from the black insoluble solid via 

filtration and extracted with 6 x 60 ml of diethyl ether. The combined ether phases were then 

washed with 100 ml of sat. aq. NaCl solution, 100 ml of sat. aq. NaHCO3 solution and 100 ml 

of sat. aq. NaCl solution. After drying over Na2SO4, filtration and evaporation of the solvent 

0.494 g (2.60 mmol) of 3,5-diazidobenzyl alcohol were obtained. Extraction of the insoluble 

residue with 5 x 50 ml of diethyl ether and consecutive washing (as described above), drying 

over Na2SO4 and evaporation of the solvent gave an additional crop of 0.174 g (0.92 mmol, 

25% yield in total). 1H-NMR (250 MHz, CDCl3): δ = 6.83 ppm (d, J = 1.9 Hz, 2H, H2/H6), 

6.57 (t, J = 1.9 Hz, 1H, H4), 4.69 (d, J = 3.5 Hz, 2H, CH2OH). 13C-NMR (62.5 MHz, CDCl3): 

δ = 144.7 ppm (C3/C5), 142.2 (C1), 113.6 (C2/C6), 109.1 (C4), 64.5 (CH2OH). MS (EI, 70 

eV): m/z (rel. int.) = 190 (30)[M]+, 162 (24) [M - N2]
+, 155 (20), 133 (6) [M - 2N2 - H]+, 121 

(24),  107 (35) [M - 2N3 + H]+, 105 (42) [M - 2N3 - H]+, 79 (48), 64 (38), 52 (100) [C4H4]
+, 

39 (55) [C3H3]
+, 31 (70) [CH2OH]+. HRMS (EI-TOF) calculated for C7H6N6O 190.01668; 

Found: 190.06031. 

3,5-diazidobenzyl mesylate:  

3,5-diazidobenzyl mesylate was prepared following a literature procedure208. 0.326 g (1.72 

mmol) of 3,5-diazidobenzyl alcohol were dissolved in 40 ml of dry CH2CL2 (DCM). At a 

temperature of 0 °C and under an atmosphere of argon 0.60 ml (0.438 g, 4.33 mmol) of 

triethylamine and 0.27 ml (0.399 g, 3.49 mmol) of CH3SO2Cl were added. After stirring for 

45 minutes at 0 °C 20 ml of cold distilledwater were added and the mixture was extracted 

with 4 x 10 ml of DCM. The collected organic extracts were washed with cold sat. aq. NaCl 

solution. After drying over Na2SO4 and evaporation of the solvent 0.486 g of red oil were 

obtained which were used for the next reaction without further purification. 1H-NMR (400 
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MHz, CDCl3): δ = 6.84 ppm (d, J = 1.8 Hz, 2H, H2/H6), 6.67 (t, J = 1.8 Hz, 1H, H4), 5.17 (s, 

2H, CH2O), 3.02 (s, 3H, CH3). 
13C-NMR (100 MHz, CDCl3): δ = 142.6 ppm (C3/C5), 137.2 

(C1), 115.3 (C2/C6), 110.4 (C4), 69.7 (CH2O), 38.4 (CH3). MS (EI, 70 eV): m/z (rel. int.) = 

268 (10) [M]+, 240 (6) [M – N2]
+, 185 (9), 173 (30) [M – OMs]+, 133 (19), 116 (30), 105 (35), 

79 (100) [Ms]+, 63 (35), 52 (36) [C4H4]
+, 39 (30) [C3H3]

+. HRMS calculated for C8H8N6O3S 

267.96057; Found: 268.03786. 

3,5-diazidobenzyl iodide: 

3,5-diazidobenzyl iodide was prepared according to a modified literature procedure208  To a 

solution of 0.486 g (max. 1.72 mmol) of 3,5-diazidobenzyl mesylate in 10 ml of dry DMF 

1.050 g (7.00 mmol) of dry NaI were added. After stirring at rt for 1.5 hours 20 ml of distilled 

water were added and the aqueous phase was extracted with 4 x 20 ml of ethyl acetate. The 

combined organic extracts were washed with 3 x 20 ml of distilled water and 20 ml of sat. aq. 

NaCl solution, dried over Na2SO4 and filtered. Evaporation of the solvent yielded 0.287 g of 

dark brown oil as crude product which were purified by filtration through a short plug of SiO2 

with hexane as eluent. 0.230 g of orange oil were obtained that was identified by MS and 

NMR spectroscopy as mixture of the targeted iodide as main product and 3,5-diazidobenzyl 

chloride as side product (with a share of ca. 30%). This side product was then converted to the 

iodide compound by Finkelstein reaction whose progress was checked by NMR analysis. 

0.185 g (0.62 mmol, 36% yield) of the final product were thus obtained as orange solid. 1H-

NMR (200 MHz, CDCl3): δ = 6.80 ppm (d, J = 2.0 Hz, 2H, H2/H6), 6.53 (t, J = 2.0 Hz, 1H, 

H4), 4.36 (s, 2H, CH2I). 
13C-NMR (50 MHz, CDCl3): δ = 142.9 ppm (C3/C5), 142.2 (C1), 

115.7 (C2/C6), 109.4 (C4), 3.0 (CH2). MS (EI, 70 eV): m/z (rel. int.) = 300 (60) [M]+, 272 

(12) [M – N2]
+, 173 (37) [M – I]+, 127 (42) [I]+, 117 (87) [M – 2N2 – I]+, 90 (92) [C7H6]

+, 63 

(86), 52 (53), 39 (45). HRMS calculated for C7H5N6I: 299.91390; Found: 299.96204. 

Diphenyldiazomethane:  

Diphenyldiazomethane was synthesized through two steps reaction. A mixture of 1 eq. of 

benzophenone and 2 eq. of p-toluenesulfonyl hydrazide was refluxed for 40 hours  in absolute 

ethanol. The crude product was purified by recrystallization in ethanol. The tosylhydrazone 

obtained after recrystallization was treated with 1.1 eq. of NaH (previously washed with dry 

pentane to remove the mineral oil) dissolved in dry dichloromethane to generate the 

corresponding sodium salt. Sublimation of the salt on a cold substrate at 45 °C under reduced 
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pressure yields the characteristic dark purple diphenyldiazomethane 2. IR (Ar, 3 K): 3070 

(m), 2046 (vs), 1598 (s), 1582 (m), 1502 (s), 1497 (s), 1457 (m), 1447 (m), 1320 (m), 1268 

(m), 1262 (m), 1034 (m), 936 (m), 756 (s), 750 (s), 697 (s), 692 (s), 651 (s),482 (m) cm-1, H 

NMR (200 MHz, DMSO) δ = 7.44 (m, 4H), 7.27 (m, 6H). 

13C-diphenyldiazomethane  

13C-diphenyldiazomethane was synthesized as described for diphenyldiazomethane by 

replacing benzophenone with 13C-benzophenone. IR (Ar, 3 K): 3070 (m), 2046 (vs), 1598 (s), 

1582 (m), 1502 (s), 1495 (s), 1455 (m), 1446 (m), 1316 (m), 1259 (m), 1034 (m), 927 (m), 

755 (s), 750 (s), 697 (s), 692 (s), 650 (s), 482 (m) cm-1. 

3-azidophenol: 

A solution of 0.764 g (11.07 mmol) of NaNO2 in 10 mL of destilled water was added 

dropwise within 5 minutes at < 0 °C to a solution of 0.999 g (9.15 mmol) of 3-aminophenol in 

20 mL of 2 N HCl. After stirring at 0 °C for 25 minutes a solution of 0.904 g (13.91 mmol) of 

NaN3 in 10 mL of destilled water was added dropwise within 5 minutes and the resulting dark 

red solution was stirred at room temperature for ca. 23 hours in the dark. The reaction mixture 

was extracted with 4 x 40 mL of EtOAc and the combined organic extracts washed with 2 x 

80 ml of destilled water, dried over Na2SO4 and filtered. Evaporation of the solvent gave 

1.060 g (7.84 mmol, 86% yield) of the final product as dark red oil. 1H-NMR (200 MHz, 

CDCl3): δ = 7.20 ppm („t“, J = 8.1 Hz, 1H, H-C5), 6.65 (dd, J = 5.1, 2.3 Hz, 1H, H-C4), 6.61 

(dd, J = 2.9, 2.1 Hz, 1H, H-C6), 6.53 (t, J = 2.2 Hz, 1H, H-C2), 6.43 (s, br, 1H). 

3-allyloxyphenyl azide: 

0.498 g (3.69 mmol) of 3-azidophenol were dissolved in 7 mL of acetonitrile. After addition 

of 0.768 g (5.56 mmol) of K2CO3 and 0.35 mL (0.490 g, 4.05 mmol) of allyl bromide the 

reaction mixture was heated to reflux for 18.5 hours. Acetonitrile was removed by 

evaporation and 20 mL of destilled water were added. The resulting brown suspension was 

extracted with 3 x 20 mL of DCM and the combined organic extracts washed with 3 x 20 mL 

saturated aquos NaHCO3 solution. Drying over Na2SO4, filtration and evaporation of the 

solvent resulted in 0.479 mg of a dark red oil as raw product. Purification by column 

chromatography on neutral Al2O3 (activity level III) with hexane as eluent (Rf = 0.13) gave 

0.214 g (1.22 mmol, 33% yield) of pure product 1 as yellow-greenish oil. 1H-NMR (200 MHz, 
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CDCl3): δ = 7.25 ppm (t, J = 8.1 Hz, 1H, H-C5), 6.70 (dd, J = 8.4, 2.5 Hz, 1H, H-C4), 6.65 

(dd, J = 8.7, 2.1 Hz, 1H, H-C6), 6.58 (t, J = 2.2 Hz, 1H, H-C2), 6.05 ppm (ddt, J = 17.2, 10.5, 

5.3 Hz, 1H, CH=CH2), 5.42 (ddd, J = 17.3, 3.1, 1.5 Hz, 1H, CH=CHtrans), 5.31 (ddd, J = 10.5, 

2.7, 1.3 Hz, 1H, CH=CHcis), 4.53 (dt, J = 5.3, 1.4 Hz, 2H, OCH2) 
13C-NMR (50 MHz, 

CDCl3): δ = 159.9 ppm (C1), 141.3 (C3), 133.0 (CH=CH2), 130.5 (C5), 118.0 (CH=CH2), 

111.6 (C4), 111.5 (C6), 105.9 (C2), 69.0 (OCH2). 
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Methods 

Matrix isolation.  

Matrix isolation experiments were performed using standard techniques, the experimental 

setup is described in refs.209, 210 To generate the cryogenic temperatures needed for the 

experiments, two ddifferent types of cryostats were used: For cooling down to 2.8-4 K, 

Sumitomo Heavy Industries closed-cycle helium cryostats were used. For 10 K, Air Products 

Diplex close-cycle helium cryostats were employed. At the end of the cryostat system, various 

spectroscopic windows or metal surfaces were mounted and maintended, during the 

experiments, under a high vacuum (10-5 – 10-7 mbar). For IR measurements the deposition of 

the matrixes were done on CsI windows. For UV/vis and X-band CW EPR experiments, 

sapphire windows at 10 K and the tip of an oxygen-free high-conductivity copper rod (75 mm 

length, 3 mm diameter) at 5 K were used respectively. The temperature of the windows and 

the copper rod is controlled by resistance heater connected through a silicon diode to an 

Oxford ITC4 temperature controller. The matrices were prepared by codeposition of a gas 

mixture containing small amounts of the compound to investigate and a large excees of the 

matrix host controlling the gas flow with a MKS mass flow controller. In the case of the FVT 

experiments using a quartz tube of 8 mm diameter, an 80 mm heating zone was used as 

thermolisys oven. The liquid azides were sublimed at room temperature, and its vapor 

pressure controlled by a needle valve.  For the solid samples the sublimation was cheived by 

heating up the sample using a high-vacuum tight valve from Swagelok. For the matrix hosts: 

argon (Air Liquide, 99.999 %), xenon (Messer Griesheim, 99.99 %), neon (Air Liquide, 

99.999 %), oxygen (Air Liquide, 99.9995 %), hydrogen (Air Liquide, 99.999 %) and double-

destilated water were used. For water experirnents, water was degassed several times by 

successive freeze-thaw cycles and held at room temperature under vacuum. In addition, for 

trapping experiments 18O2- (Sigma Aldrich, 99 %) BF3 (Messer Griesheim ≥ 96.5%) were 

used.  

IR, UV-vis and X-band CW EPR spectroscopy. 

For IR measurements, Bruker IFS66, a Bruker IFS66s or a Bruker Vertex V70 FTIR 

spectrometer with a resolution of 0.5 cm-1 were employed. The IR spectrometers were purged 

by dry air to avoid water from atmosphere. For UV/vis experiments: A Varian Cary 5000 

spectrometer with a resolution of 0.1 nm was used. For X-band CW EPR experiments: Bruker 

Elexsys 500 X-band spectrometer was used.  

https://www.google.de/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwihw_HSnpHUAhXFyRQKHcx5Dm8QFggoMAA&url=https%3A%2F%2Fwww.swagelok.com%2Fen%2Fcatalog&usg=AFQjCNF7mT4ela9tkWPk3_CjAQwZhVbEew&sig2=5kLRU_Y1o0wkDjuvq-9lHQ
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NMR-spectroscopy.  

NMR spectra were recorded on a Bruker DPX 200 spectrometer and  Bruker DPX 250 

spectrometer. NMR shifts are reported in parts per million (ppm) from tetramethylsilane 

referenced with respect to the solvent signal. Signal multiplicities listed as (s) form singlet, (d) 

for doublet, (dd) for doublet of doublets, (t) for triplet, (m) for multiplet and (ddt) for doublets 

of doublets of triplets. In case of solvent impurities, the reference used for the assignment was 

ref.211  

Mass spectrometry.  

Mass spectrometric analyses were carried out by the SC department of the Ruhr-Universität 

Bochum using a Varian MAT-CH5 spectrometer at 70eV EI, VG Autospec mass spectrometer 

for standard mass spectra (MS) and a Jeol AccuTOF GCv JMS-T100GCV spectrometer for 

high resolution mass spectra (HRMS). Ionization methods: electron ionization (EI) and fast 

atom bombardment (FAB). 

Q- and W-band pulse EPR spectroscopy.  

Q-band (≈ 34 GHz) pulse EPR experiments were performed at 5 K using a Bruker ELEXSYS 

E580 spectrometer equipped with a homebuilt TE011 microwave cavity212 and a cryogen-free 

closed-cycle cryostat (Cryogenic Limited) with a Cryomech liquid He compressor. W-band (≈ 

94 GHz) pulse EPR measurements were carried out at 5 K using a Bruker ELEXSYS E680 

spectrometer employing a homebuilt microwave cavity, which comprised a solenoid of 

Teflon-coated silver wire integrated into a commercial W-band probe head (Bruker). ESE-

detected field-swept EPR spectra were recorded by use of the pulse sequence 

/2----echo213 with microwave pulse lengths  = 40 ns and inter-pulse distances  = 300 ns 

(Q-band) and 200 ns (W-band). 

Light sources.  

UV/vis irradiation was done with custom made LEDs (max= 650, 530, 505, 495, 450, 405 and 

365 nm with FWHM=25 nm) and a low pressure mercury arc lamp with  = 254 nm 

(Gräntzel). For monochromatic UV irradiation a XeCl-eximer laser with  = 308 nm from 

Lambda Physik and an OPO laser from InnoLas Laser (for 6064 cm-1 irradiation) were used. 
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Quantum Chemical Calculations 

Calculations for the project of the phenylnitrene 3a reaction with oxygen were carried out 

with the Gaussian 09214 suite of programs. Optimized geometries and vibrational frequencies 

of all species were calculated using the B3LYP215-217 density functional in combination with 

the Dunning’s correlation consistent basis set218, 219 aug-cc-pVTZ. The anharmonic 

frequencies were calculated at the B3LYP/cc-pVTZ level of theory. In the case of the 

investigations of the ring expansion reactions of benzazirines the B3LYP/6-311++g(d,p) level 

of theory as implemented in Gaussian 09214 was used for all geometry optmizations and 

calculated frequencies. In Chapter 3 geometry optimizations, vibrations analysis and excited 

state calculations were carried out using the B3LYP and M06 functionals as implemented in 

Gaussian 09214 in combination with the def2-TZVP220 basis set. Experimental EPR spectra 

were analyzed using the Easyspin program package.221  

Calculations of the magnetic properties were conducted using the ORCA program package.222 

The PBE functional223 with the zeroth-order regular approximation (ZORA)224-226 and the 

specially adapted segmented all-electron relativistically recontracted basis set227 ZORA-SVP 

was used. Locally dense radial grids were used for N, O, Cl and I atoms. The spin–spin 

contribution to the zero-field splitting was calculated using spin densities from the spin-

unrestricted natural orbital (UNO) determinant.228 The spin-orbit coupling contributions were 

computed based on the Pederson-Khanna method.229 In Chapter 4 the B3LYP functional 

including D3 dispersive corrections230 and the M06231 functionals in combination with the 6-

311++g(d,p) basis set as implemented in Gaussian 09214 were used. Energies were corrected 

at the CCSD(T)/cc-PVTZ level of theory. The open-shell singlet species were calculated at 

the CASPT2(10,10)/6-311g(d)//CASSCF(10,10)/6-311g(d) level of theory. For the reaction of 

diphenylcarbene and BF3 the geometry optimizations and frequency calculations were 

performed using the B3LYP functional with D3 dispersion corrections employing the cc-

pVTZ and def2-TZVP basis sets as implemented in Gaussian 09.214 
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triplet phenylnitrene 3a 

 

Method: UB3LYP/aug-cc-pVTZ 

Charge: 0 

Multiplicity: 3 

Symmetry: C2v 

E= –286.410224 a.u. 

E + ZPE = –286.319175 a.u. 

Atomic Symbol X               Y                     Z 

C  0.00000000   1.21200200 -1.04140392 

C  0.00000000   0.00000000 -1.73941192 

C  0.00000000  -1.21200200 -1.04140392 

C  0.00000000  -1.22908300  0.33556808 

C  0.00000000   0.00000000  1.06865108 

C  0.00000000   1.22908300  0.33556808 

H  0.00000000   2.14567700 -1.58762292 

H  0.00000000   0.00000000 -2.82041092 

H  0.00000000  -2.14567700 -1.58762292 

H  0.00000000  -2.15773600  0.88775908 

H  0.00000000   2.15773600  0.88775908 

 N  0.00000000 0.00000000     2.38781908 

 
 

     phenylazide 6 

  
Method: B3LYP/aug-cc-pVTZ 

Charge: 0 

Multiplicity: 1 

Symmetry: Cs 

E= –395.984783 a.u. 

E + ZPE = –395.881431 a.u. 

Atomic Symbol          X           Y           Z 

 C          -0.14854191   -0.36228202     0.00000000 

C           0.87922210   -1.30476400     0.00000000 

C           2.20030110   -0.88276098     0.00000000 

C          1.47959406    1.40960801     0.00000000 

C          0.15234406    1.00049899     0.00000000 

N         -1.47007290   -0.87713404     0.00000000 

N         -2.41096192   -0.08759306     0.00000000 

N         -3.35519893    0.53078392     0.00000000 

H          0.62722312   -2.35564000     0.00000000 

H         -0.63982795    1.73739597     0.00000000 

C          2.50811707    0.47433203     0.00000000 

H          3.53899707    0.79951705     0.00000000 
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    syn-nitroso oxide (syn-17a) 

  
Method: B3LYP/aug-cc-pVTZ 

Charge: 0 

Multiplicity: 1 

Symmetry: Cs 

E= –436.812257 a.u. 

E + ZPE = –436.711252 a.u. 

Atomic Symbol         X            Y           Z 

C   -2.49545622      0.47109099    0.00000000 

C   -1.46594727      1.40553304    0.00000000 

C   -0.13649625      1.01087410    0.00000000 

C    0.16767081     -0.37129288    0.00000000 

C   -0.89138514     -1.31028193    0.00000000 

C   -2.20444416     -0.89357499    0.00000000 

H   -3.52495524      0.80297195    0.00000000 

H   -1.69865532      2.46143403    0.00000000 

H    0.65538572      1.73344214    0.00000000 

H   -0.63520609     -2.35981892    0.00000000 

H   -3.00348513     -1.62148003    0.00000000 

N    1.38856184     -1.01904383    0.00000000 

O    2.50011282     -0.39724777    0.00000000 

O    2.58030375          0.92758123    0.00000000   

 

     anti-nitroso oxide (anti-17a) 

  
Method: B3LYP/aug-cc-pVTZ 

Charge: 0 

Multiplicity: 1 

Symmetry: Cs 

E= –436.810584 a.u. 

E + ZPE = –436.709991 a.u. 

Atomic Symbol         X           Y           Z 

C  -0.07380801  -0.24436813  0.00000000 

C   0.37412087   1.08899591  0.00000000 

N  -1.40262597  -0.66134025  0.00000000 

C   1.73190985   1.34388003  0.00000000 

C   2.65314294   0.29418811  0.00000000 

C   2.21056306   -1.02392793  0.00000000 

C   0.85239308   -1.29686605  0.00000000 

H  -0.33564320   1.90213085  0.00000000 

H   2.08255776   2.36668606  0.00000000 

H   3.71281892   0.50914120  0.00000000 

H   2.92292213  -1.83690787  0.00000000 

H   0.47985217  -2.31121008  0.00000000 

O  -2.20704106   0.32960668  0.00000000 

O  -3.48471604   0.04890957  0.00000000 
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    dioxaziridine 18a 

  
Method: B3LYP/aug-cc-pVTZ 

Charge: 0 

Multiplicity: 1 

Symmetry: Cs 

E= –436.789734 a.u. 

E + ZPE = –436.689519 a.u. 

Atomic Symbol         X           Y           Z 

C      1.55702030      1.35215119      0.00000000 

C      2.50026981      0.32486882      0.00000000 

C      2.09023788     -1.00185559      0.00000000 

C      0.73315644     -1.30675662      0.00000000 

C     -0.19514606     -0.27488927      0.00000000 

C      0.20279188      1.05927316      0.00000000 

H      1.88245380      2.38335771      0.00000000 

H      2.82116672     -1.79834165      0.00000000 

H      0.38423495     -2.32982711      0.00000000 

H     -0.54014399      1.84210324      0.00000000 

N     -1.57196069     -0.70924927      0.00000000 

O     -2.40181333      0.21168308      0.72805019 

O     -2.40181333      0.21168308     -0.72805019 

H      3.55504516      0.56377328      0.00000000 
 
     

 nitrobenzene 19a 

  
Method: B3LYP/aug-cc-pVTZ 

Charge: 0 

Multiplicity: 1 

Symmetry: C2v 

E= –436.917926 a.u. 

E + ZPE = –436.815050 a.u. 

Atomic Symbol         X           Y           Z 

C     0.00000000     0.00000000     -2.50959884 

C     0.00000000     1.20696600     -1.81706484 

C     0.00000000     1.21503000     -0.42926884 

C     0.00000000     0.00000000      0.24136316 

C     0.00000000    -1.21503000     -0.42926884 

C     0.00000000    -1.20696600     -1.81706484 

H     0.00000000     0.00000000     -3.59102184 

H     0.00000000     2.14328100     -2.35713384 

H     0.00000000     2.13487000      0.13383616 

H     0.00000000    -2.13487000     0.13383616 

H     0.00000000    -2.14328100     -2.35713384 

N     0.00000000     0.00000000      1.71818416 

O     0.00000000    -1.08239200     2.28598416 

O     0.00000000     1.08239200      2.28598416 
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     1-(allyloxy)-2,4,6-trichloro-3,5-diazidobenzene 46 

 

Method: B3LYP/def2-TZVP 

Charge: 0 

Multiplicity: 1 

Symmetry: C1 

E= –2130.4779927 a.u. 

E+ ZPE = –2130.335740 a.u. 

Atomic Symbol         X           Y           Z 

C 1.20540700 1.16109500 0.08297500 

C -0.18156800 1.30061300 -0.07538100 

C -1.00100100 0.18944300 -0.28017600 

C 0.95259400 -1.26106300 -0.12794800 

C 1.75307600 -0.12774900 0.07990100 

N 1.61849900 -2.49578400 -0.19515900 

N 1.92949400 2.33732400 0.33405100 

N 1.13963200 -3.51823200 0.29526400 

N 0.86453800 -4.53118900 0.70051100 

N 3.04593400 2.52836000 -0.14834100 

N 4.05008000 2.87542000 -0.51822600 

C -0.42211100 -1.08338200 -0.32678600 

Cl -1.43868000 -2.43729900 -0.69840300 

Cl -0.89379600 2.87540200 -0.06286600 

Cl 3.44135500 -0.34962400 0.39808700 

O -2.32338300 0.34656400 -0.53119500 

C -3.20041300 0.30990100 0.62337200 

H -2.99498600 -0.60854000 1.18374800 

H -2.99407400 1.16974400 1.26517600 

C -4.60886000 0.32374900 0.13545800 

H -4.86935800 -0.46001700 -0.56863700 

C -5.51822300 1.20311200 0.53188300 

H -5.27504500 1.99984800 1.22570600 

H -6.54106000 1.15670100 0.18117400 
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     Triplet 1-(allyloxy)-3-azido-2,4,6-trichloro-5-nitrenobenzene 48 

 

Method: B3LYP/def2-TZVP 

Charge: 0 

Multiplicity: 3 

Symmetry: C1 

E= – 2020.9066784 a.u. 

E+ ZPE = –2020.776394 a.u. 

Atomic Symbol         X           Y           Z 

 C  -1.39708100 -0.63933700 0.07858000 

 C  -0.02207600 -0.91141100 -0.11845000 

 C  0.92985100 0.11779800 -0.25446200 

 C  -0.87226800 1.76648500 0.01268100 

 C  -1.80274300 0.68438000 0.16942600 

 N  -1.26894100 3.01631700 0.07607800 

 N  -2.22763900 -1.75650900 0.25295700 

 N  -3.37918500 -1.78433600 -0.18461800 

 N  -4.42858000 -1.99243600 -0.53107400 

 C  0.50614700 1.43523100 -0.20184800 

 Cl 1.63618000 2.71972900 -0.40391000 

 Cl 0.50878600 -2.54317600 -0.22950500 

 Cl -3.44153700 1.09710900 0.52229800 

 O  2.22322700 -0.18534900 -0.51804500 

 C  3.09842700 -0.31433200 0.63313300 

 H  2.99159300 0.58433500 1.24917400 

 H  2.79988200 -1.18549200 1.22137300 

 C  4.49725700 -0.44971200 0.13693600 

 H  4.84260300 0.34589900 -0.51536300 

 C  5.30429700 -1.44732300 0.46988800 

 H  4.97467000 -2.25629000 1.11197500 

 H  6.32668700 -1.48983400 0.11748400 
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     Quintet 1-(allyloxy)-2,4,6-trichloro-3,5-dinitrenobenzene 47 (isomer A) 

 

Method: B3LYP/def2-TZVP 

Charge: 0 

Multiplicity: 5 

Symmetry: C1 

E= –1911.3385708 a.u. 

E+ ZPE = –1911.220037 a.u. 

Atomic Symbol         X           Y           Z 

 C   1.54246900 -1.28702700 0.00930100 

 C   2.28404600 -0.06921900 -0.09773300 

 C   1.64385400 1.20692800 -0.01930500 

 C   0.21291800 1.22419400 0.16862600 

 C   -0.53487000 0.04942100 0.26923300 

 C   0.11473900 -1.18440200 0.19442900 

 O   -1.86552000 0.10538700 0.51175100 

 C   -2.73100700 0.14460100 -0.65518800 

 H   -2.38986000 0.95342400 -1.30929500 

 H   -2.65678800 -0.80308800 -1.19355300 

 C   -4.12368100 0.39525700 -0.18807200 

 H   -4.26427000 1.28805000 0.41262200 

 C   -5.15256800 -0.38460700 -0.48897800 

 H   -5.03070900 -1.28565100 -1.07936200 

 H   -6.15643700 -0.14836600 -0.16089500 

 N   2.13297600 -2.45406000 -0.05935700 

 N   2.32675000 2.32041400 -0.11384800 

 Cl  -0.78578400 -2.63857600 0.34392900 

 Cl  -0.56538800 2.75072200 0.28920500 

 Cl  3.97874400 -0.14054900 -0.32166100 
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     Quintet 1-(allyloxy)-2,4,6-trichloro-3,5-dinitrenobenzene 47 (isomer B) 

 

Method: B3LYP/def2-TZVP 

Charge: 0 

Multiplicity: 5 

Symmetry: C1 

E= –1911.3382985 a.u. 

E+ ZPE = –1911.219780 a.u. 

Atomic Symbol         X           Y           Z 

 C  1.56522000 1.24813700 0.01869700 

 C  2.26153500 -0.00000300 -0.02385100 

 C  1.56521500 -1.24814000 0.01869700 

 C  0.12480900 -1.20591400 0.10111200 

 C  -0.57773400 0.00000300 0.13718900 

 C  0.12481400 1.20591700 0.10111300 

 O  -1.92388800 0.00000500 0.28312900 

 C  -2.69634300 0.00000500 -0.93102700 

 H  -2.43837600 0.88532900 -1.52354800 

 H  -2.43837200 -0.88531500 -1.52355100 

 C  -4.15430200 0.00000100 -0.61428400 

 H  -4.79052300 0.00000300 -1.49458400 

 C  -4.68924700 -0.00000400 0.59750700 

 H  -5.76299400 -0.00000700 0.72962300 

 H  -4.07684400 -0.00000600 1.48884600 

 N  2.20673000 -2.38942800 -0.01640000 

 N  2.20674000 2.38942300 -0.01640100 

 Cl 3.96940600 -0.00000600 -0.12437800 

 Cl -0.72410600 2.69630300 0.17562700 

 Cl -0.72411700 -2.69629700 0.17562600 
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    Quintet 1-(allyloxy)-2,4,6-trichloro-3,5-dinitrenobenzene 47 (isomer C) 

 

Method: B3LYP/def2-TZVP 

Charge: 0 

Multiplicity: 5 

Symmetry: C1 

E = –1911.3375466 a.u. 

E+ ZPE = –1911.218695 a.u. 

Atomic Symbol         X           Y           Z 

C    1.45168800 -1.18787400 0.04203200 

C    2.04287700 0.10714300 0.16680600 

C    1.29552700 1.29574800 -0.09814800 

C    -0.09246500 1.14595100 -0.46410400 

C    -0.70407200 -0.10733600 -0.56589300 

C    0.06379300 -1.25455700 -0.34912700 

O    -1.99191500 -0.18333400 -0.97515100 

C    -3.00306000 -0.57008800 0.00012200 

H    -3.89450300 -0.69809600 -0.61394000 

H    -2.74425900 -1.53222700 0.44293200 

C    -3.21557000 0.46594900 1.05552400 

H    -3.51460600 1.44963900 0.70985500 

C    -3.07254600 0.22556200 2.35268500 

H    -2.77101700 -0.74927000 2.71995500 

H    -3.26027400 0.98941300 3.09633400 

N    2.14388400 -2.27721700 0.26435800 

N    1.84541200 2.48097000 -0.00439100 

Cl   -0.60958200 -2.81756800 -0.60094600 

Cl   -0.98174500 2.57337300 -0.80534200 

Cl   3.68532000 0.23583900 0.62904700 
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     Sextet 2,4,6-trichloro-3,5-dinitrenophenoxyl radical 44 

 

Method: B3LYP/def2-TZVP 

Charge: 0 

Multiplicity: 6 

Symmetry: C2v 

E= –1793.963166 a.u. 

E+ ZPE = –1793.917878a.u. 

Atomic Symbol         X           Y           Z 

C 1.27692100 -0.70388800 0.00000000 

C 1.20019400 0.75784300 0.00000000 

C -0.04659600 1.45980100 0.00000000 

C -1.25920000 -0.73998200 0.00000000 

C 0.00000000 -1.41943100 0.00000000 

N -0.07476700 2.77532700 0.00000000 

N -2.38658100 -1.41851900 0.00000000 

C -1.25967200 0.69438500 0.00000000 

Cl -2.75563300 1.51900600 0.00000000 

Cl 2.65513500 1.63199500 0.00000000 

Cl 0.03762800 -3.11635800 0.00000000 

O 2.35354300 -1.29736800 0.00000000 
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    Triplet Diphenylcarbene-BF3 complex T-62 

 

Method: B3LYP-D3/cc-pVTZ 

Charge: 0 

Multiplicity: 3 

E = -826.1964725 a.u. 

E+ ZPE = -825.9996165 a.u. 

Atomic Symbol         X           Y           Z 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

H 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

H 

C 

B 

F 

F 

F 

-1.00310900 

-1.22245700 

-2.09093400 

-2.45094900 

-0.41311100 

-3.31514700 

-1.94616200 

-3.50497200 

-2.59719000 

-4.13185100 

-4.46609900 

1.59737500 

2.11470100 

2.51746500 

3.46485400 

1.43378300 

3.86511700 

2.14584300 

4.35054900 

3.83667500 

4.54854200 

5.40685300 

0.23450400 

-0.96628600 

1.59791800 

1.57007000 

0.24267200 

-0.75470200 

-1.56048000 

-0.56045900 

-2.15062500 

-1.69809100 

-1.15200500 

0.06433500 

-1.95253200 

-2.76375100 

-0.99227100 

-2.41247200 

-0.34261600 

-1.65543200 

0.73727500 

-1.85825500 

-2.49462200 

0.51330000 

1.74082100 

-0.78014300 

-2.86435800 

1.35205400 

-0.94686400 

-0.14340800 

2.50502700 

2.60972800 

1.97866200 

3.01722900 

-0.32056700 

0.83050800 

-1.20942900 

1.05285800 

1.53364900 

-0.96661800 

-2.07915000 

0.16011300 

1.93244900 

-1.65792700 

0.34435100 

-0.31692500 

-0.12889900 

-0.30306300 

0.07880500 

-0.15713200 

-0.09883700 

-0.44785600 

0.09647300 

0.22290300 

-0.08817900 

0.25660700 

-0.54352000 

0.31132000 

-0.83963100 

1.35395100 

0.44104600 
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Singlet Diphenylcarbene-BF3 complex 62 

 

Method: B3LYP-D3/cc-pVTZ 

Charge: 0 

Multiplicity: 1 

E = -826.2423163 a.u. 

E+ ZPE = -826.0414983a.u. 

Atomic Symbol         X           Y           Z 

C   

 C  

 C  

 C  

 H  

 C  

 H  

 C  

 H  

 H  

 H  

 C  

 C  

 C  

 C  

 H  

 C  

 H  

 C  

 H  

 H  

 H  

 C  

 B  

 F  

 F  

 F 

 -1.27882700   

 -1.43977000  

 -2.41128000  

 -2.67013700  

 -0.60118800  

 -3.62378700  

 -2.30708900  

 -3.75994000  

 -2.78597800  

 -4.47424200  

 -4.71999200  

  1.19792100  

  1.24998300  

  2.40081400  

  2.43872500  

  0.35995800  

  3.57359900  

  2.37805000  

  3.59851500  

  2.46844300  

  4.47893100  

  4.52723000  

 -0.01439200  

  0.11404000  

  1.14880600  

 -1.07658100  

  0.43190100 

 -0.23797700   

 -1.43327800  

  0.30166300  

 -2.05673900  

 -1.82504200  

 -0.36161600  

  1.22348900  

 -1.53198500  

 -2.94837900  

  0.04444700  

 -2.02813500  

 -0.32761900  

 -1.62368800  

  0.23316000  

 -2.32591100  

 -2.04182900  

 -0.49533200  

  1.22172800  

 -1.76949800  

 -3.30126000  

 -0.06687200  

 -2.32346300  

  0.43852200  

  2.12293600  

  2.52405600  

  2.74922000  

  2.34588300  

 0.00353700 

 0.74622700 

-0.64898300 

 0.82664900 

 1.30241400 

-0.60770500 

-1.19613500 

 0.13518600 

 1.42718200 

-1.13752000 

 0.18810700 

-0.06154600 

-0.63093300 

 0.43302900 

-0.68941900 

-1.07667600 

 0.40956300 

 0.86155700 

-0.15547700 

-1.15504600 

 0.81638000 

-0.19352600 

-0.05204000 

 0.01179900 

-0.82648300 

-0.33081700 

 1.36349300 
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     Difluoro(fluorodiphenylmethyl) borane 63 

 

Method: B3LYP-D3/cc-pVTZ 

Charge: 0 

Multiplicity: 1 

E = -826.2339636 a.u. 

E+ ZPE = -826.0327926 a.u. 

Atomic Symbol         X           Y           Z 

 C 

 C  

 C  

 C  

 H  

 C  

 H  

 C  

 H  

 H  

 H  

 C  

 C  

 C  

 C  

 H  

 C  

 H  

 C  

 H  

 H  

 H  

 C  

 B  

 F  

 F  

 F 

 -1.32132600  

 -1.79773600 

 -2.06618200 

 -2.99582000 

 -1.22644100 

 -3.26514300 

 -1.71984300 

 -3.73407500 

 -3.35372500 

 -3.83208900 

 -4.66785400 

  1.20424000 

  1.22234500 

  2.30236000 

  2.31824700 

  0.37536700 

  3.39487300 

  2.29300700 

  3.40776500 

  2.31781400 

  4.23711300 

  4.25913000 

  0.01694300 

  0.26142300 

  0.56719000 

  0.22498100 

  0.08465800 

0.02084000   

-0.83662700  

 0.18363600  

-1.51382300  

-0.96131400  

-0.50323200  

 0.83681900  

-1.35153600  

-2.17177900  

-0.36618600  

-1.88118700  

-0.20691100  

-0.97190700  

-0.24462500  

-1.77011300  

-0.95169500  

-1.05136100  

 0.34664500  

-1.81460000  

-2.36282300  

-1.08040600  

-2.44058000  

 0.70830900  

 2.05990700  

 3.17776500  

 2.08693900  

 1.05137000 

 0.22756900 

  1.22123100 

 -0.93856100 

  1.05171400 

  2.12944800 

 -1.10962500 

 -1.72567500 

 -0.11693900 

  1.83232500 

 -2.02063900 

 -0.24912000 

  0.14644700 

 -1.02018900 

  1.00460400 

 -1.31757900 

 -1.69131500 

  0.70627400 

  1.90765400 

 -0.45420000 

 -2.22246000 

  1.38459700 

 -0.68493300 

  0.45976700 

 -0.34671700 

  0.27410700 

 -1.66977000 

  1.83017700 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix 

209 

 

 

     TS1 (Reaction 62----->63) 

 

Method: B3LYP-D3/cc-pVTZ 

Charge: 0 

Multiplicity: 1 

E = -826.2339636 a.u. 

E+ ZPE = -826.0327926 a.u. 

Atomic Symbol         X           Y           Z 

 C  

 C 

 C 

 C 

 H 

 C 

 H 

 C 

 H 

 H 

 H 

 C 

 C 

 C 

 C 

 H 

 C 

 H 

 C 

 H 

 H 

 H 

 C 

 B 

 F 

 F 

 F 

 -1.27625000   

 -1.48415200  

 -2.29133900  

 -2.68630700  

 -0.70142200  

 -3.48361100  

 -2.14658300  

 -3.68500900  

 -2.84523700  

 -4.25932300  

 -4.61986800  

  1.25140500  

  1.24028300  

  2.45783200  

  2.40734000  

  0.32041700  

  3.61275500  

  2.47709700  

  3.59472700  

  2.38286200  

  4.53319400  

  4.50128400  

  0.01167300  

  0.05212300  

  1.20409700  

 -1.06466200  

  0.09177500 

 -0.14609100   

 -1.18040700  

  0.18137300  

 -1.86843200  

 -1.42755500  

 -0.53174200  

  0.99145000  

 -1.55084000  

 -2.65556800  

 -0.28096600  

 -2.09515800  

 -0.23329800  

 -1.46536400  

  0.23250400  

 -2.20668200  

 -1.83821300  

 -0.52478000  

  1.17661500  

 -1.74300800  

 -3.15117700  

 -0.16000100  

 -2.32575700  

  0.57615800  

  2.13385400  

  2.76484400  

  2.84859600  

  1.48219500 

 0.04082700 

  0.96044000 

 -0.86013500 

  0.98054400 

  1.66379200 

 -0.85949500 

 -1.55925500 

  0.06322800 

  1.70495200 

 -1.56996000 

  0.07239900 

 -0.04001900 

 -0.70441700 

  0.49770100 

 -0.83766000 

 -1.13029700 

  0.38572500 

  1.01764800 

 -0.28730800 

 -1.36405500 

  0.82107500 

 -0.38031200 

  0.01344600 

 -0.19928100 

 -0.44369700 

 -0.36449900 

  1.43076900 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix 

210 

 

 

    TS2 (Reaction 62---->63) 

 

Method: B3LYP-D3/cc-pVTZ 

Charge: 0 

Multiplicity: 1 

E = -826.23019 a.u. 

E+ ZPE = -826.029462 a.u. 

Atomic Symbol         X           Y           Z 

 C  

 C 

 C 

 C 

 H 

 C 

 H 

 C 

 H 

 H 

 H 

 C 

 C 

 C 

 C 

 H 

 C 

 H 

 C 

 H 

 H 

 H 

 C 

 B 

 F 

 F 

 F 

 -1.28644600  

 -1.70438600 

 -2.04853100 

 -2.86703500 

 -1.11572300 

 -3.20688300 

 -1.75108000 

 -3.61961500 

 -3.18566400 

 -3.78896100 

 -4.52451900 

  1.23340900 

  1.25484700 

  2.36505900 

  2.38894100 

  0.38049200 

  3.49435600 

  2.35600600 

  3.51236700 

  2.38958900 

  4.36255100 

  4.39311900 

  0.01408500 

  0.08792400 

  1.19433000 

 -0.94669300 

  0.07053700 

 -0.05978600   

 -0.97937400  

  0.11054600  

 -1.71146400  

 -1.10933400  

 -0.63444700  

  0.82885200  

 -1.54490000  

 -2.41682000  

 -0.49269500  

 -2.11877100  

 -0.17771600  

 -1.02945700  

 -0.08811000  

 -1.77675100  

 -1.12082300  

 -0.84545200  

  0.56675800  

 -1.68952500  

 -2.43468000  

 -0.77248900  

 -2.27649800  

  0.68373300  

  2.12022700  

  2.55678000  

  2.93689800  

  1.08427600 

0.20483100 

 1.16659300 

-0.94743800 

 0.97765200 

 2.06352400 

-1.14484500 

-1.70112900 

-0.18160200 

 1.73340000 

-2.04534900 

-0.32910000 

 0.12997400 

-0.97410100 

 0.93866100 

-1.26517900 

-1.60349700 

 0.65204100 

 1.79692700 

-0.45162300 

-2.12389300 

 1.29340500 

-0.67455800 

 0.41462800 

-0.29336600 

-0.86030900 

-0.27315600 

 1.79341600 

 

 

 

 

 

     

 

 

 

 




