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Nitrenium ions are studied for their electronic properties, synthetic reactions, 

and their labeling of biomolecules. Diaryl nitrenium ions have sufficient conjugation 

to allow the nitrenium ions to both exist as a discrete structure and be directly 

observed by laser flash photolysis. In this dissertation the mechanisms and reactions 

of diaryl nitrenium ions will be examined. Further, the peptide WWCNDGR will be 

selectively labeled with a diaryl nitrenium ion. 

Chapter 1 reviews relevant photochemistry fundamentals and nitrenium ion 

basics. Chapter 2 describes the 10,11-dihydrodibenzo[b,f]azepinyl nitrenium ion 2 in 

comparison to the diphenyl nitrenium ion 1. It will be found that although the 

ethylene bridge 10,11-dihydrodibenzo[b,f]azepinyl nitrenium ion 2 raises the triplet 

state energy by approximately 8 kcal/mol, it’s singlet state reaction rates are only 

minorly decreased. Chapter 3 investigates diaryl nitrenium ions’ mechanism with H-

atom donors as the parent amine has been reported in the literature as evidence of 



  

triplet state reactivity. It is concluded there are alternative mechanisms for formation 

of the parent amine through either reducing the nitrenium ion to the neutral radical or 

through direct hydrogen atom abstraction from the singlet state. Chapter 4 examines 

the antiaromaticity of 3,6-dibromocarbazolyl nitrenium ion’s mechanism with 

different electron donors and nucleophiles. It is concluded that the 3,6-

dibromocarbazolyl nitrenium ion either gets trapped by a nucleophile or it gets 

reduced by an electron donor or the parent pyridinium ion to form the neutral radical. 

The neutral radical either gets protonated to form the parent amine or dimerizes to 

form the N-N dimer. Finally, chapter 5 shows that the diaryl nitrenium ion, N-(4,4’-

dibromodiphenyl)nitrenium ion, can selectively label tryptophan on the peptide 

WWCNDGR.  
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Chapter 1: Introduction to Organic Photochemistry and Nitrenium Ions 

1.1 Nitrenium Ion Definition 

Nitrenium ions are hypovalent nitrogens that are isolobal and isoelectronic with carbenes. 

As such nitrenium ions possess a formal Lewis structure which has 2 sigma bonds to R groups, a 

lone pair, and a positive charge on the nitrogen as seen in Figure 1.1.1–4 Since nitrenium ions do 

not possess an octet, they tend to be high energy intermediates which can undergo a number of 

different reactions. These reactions include combining with nucleophiles, oxidizing electron 

donors, H-atom abstraction, or hydride abstraction.2,3,5–17  

 

Figure 1.1. Lewis structures of a nitrenium ion and a carbene. 

 

1.2 Alkyl vs. Aryl Nitrenium Ions 

The parent nitrenium ion NH2
+ is a nitrenium ion that has been well studied in relation to 

its fundamental structural properties. It is a ground state triplet with a singlet-triplet energy gap 

(∆𝐸𝑆𝑇) of + 29.9 kcal/mol in favor of the triplet state.18–21 However, when alkyl groups are added 

to the nitrenium ion, the energy barrier to methyl or hydride rearrangement does not have a local 

minimum. For example, the CH3NH+ nitrenium ion has no energy minimum, so it does not exist 



 

 

2 

 

as a discrete structure.22 Other alkyl nitrenium ions have extremely low energy barriers to 

rearrangement. For instance, the (CH3)2N
+ nitrenium ion does not exist as a discrete structure as 

the energy well is below the zero-point vibrational energy of 0.11 kcal/mol.22 Nearly all alkyl 

nitrenium ions have low barriers for hydride or methyl rearrangement. This along with a lack of 

a chromophore makes them practically impossible to directly observe by LFP. Alkyl nitrenium 

ions have been studied primarily through calculated energies, energy barriers, and transition 

states. Direct observation of alkyl nitrenium ions has not yet been reported. 

 The vinyl nitrenium ions have local energy minima making them true intermediates. The 

amount of energy needed for 1,2-alkyl rearrangement of the t-butyl vinyl nitrenium ion is only 

about 1.4 kcal/mol.22 The methyl vinyl nitrenium ion has a larger 1,2-hydride shift barrier of 13.8 

kcal/mol. Without greater conjugation, the vinyl nitrenium ions do not absorb high enough 

wavelength light to be studied by LFP. Extending conjugation by adding phenyl/aryl groups 

allows the energy well of the nitrenium ion to be lowered enough to be characterized.22 For 

example, the phenyl methyl nitrenium ion has a 1,2-hydride shift rearrangement barrier of 22.8 

kcal/mol.22 This allows for the nitrenium to have lifetimes of hundreds of ns to μs. This makes 

aryl nitrenium ions desirable to study as this deeper energy well means a longer lifetime for the 

nitrenium ion which in turn leads to the possibility of direct characterization. 

Aryl nitrenium ions have been extensively studied over the past several decades, both 

experimentally and through computational methods. Interest in these intermediates can be 

attributed to the role of aryl nitrenium ions in DNA damaging reactions,4,23–31 but also because of 

potential applications as electrophilic nitrogen species in synthetic reactions,32–42 photoaffinity 

agents, as well as interest in their carbene-like electronic structure.42–50 
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In general, aryl nitrenium ions react with alcohols, halide ions and water through addition 

to the aryl ring, rather than the formally positively charged nitrogen.5–9,51 However electron-rich 

arenes, including the DNA base, guanine, can also provide N-adducts. Other reactions include H-

atom or hydride donation to the nitrogen center as well as electron transfer from readily oxidized 

donors. One interesting trend is that para-substitution on the aryl ring attenuates aryl nitrenium 

reactivity toward oxygen centered nucleophiles, without significantly affecting the rate at which 

arenes react at the N center.5,44,52–54 (Scheme 1.1) 

 

Scheme 1.1. Reactions of an aryl nitrenium ion. 

 

Simple aryl nitrenium ions have singlet ground states due to delocalization of the charge 

from the nitrogen into the aromatic ring. However calculations predict that the states can be 

inverted when sufficiently electron-withdrawing substituents are included in the ring and/or the 

C-N-C central bond angle is large.2,11,17,55 Alternatively nitrenium ions with strongly donating 

meta substituents also can have triplet ground states.12,43,56 In these cases the triplet state results 
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from an electronic structure that involves formal transfer of an electron from the donor to the 

nitrogen center, creating a non-disjoint diradical ion state, analogous to the meta-xylylene 

diradical. The electronic spin states of a singlet and triplet nitrenium ion are given in Figure 1.2. 

 

Figure 1.2. Electronic states of a singlet or triplet molecule. Only the electrons in the HOMO are 

shown. 

 

Diaryl nitrenium ions are studied because the aryl rings greatly increase the lifetime of 

the nitrenium ions. Further the additional aryl ring increases the conjugation of the parent 

pyridinium ion leading to a red shifted absorbance allowing the parent pyridinium ion to have a 

higher molar absorptivity at 355 nm. These properties allow a high enough concentration of 

nitrenium ion to accumulate in solution with a laser pulse to obtain accurate pseudo first order 

rate constant measurements and transient absorption spectra of diaryl nitrenium ions via laser 

flash photolysis (LFP). Controlling when nitrenium ions are generated allows their kinetics to be 

studied. These two properties make LFP of pyridinium ion precursors the ideal way to generate 

and study diaryl nitrenium ions.  

In order to support a claim that a new aryl nitrenium ion has been generated, three 

properties are usually shown: 1. The nitrenium ion has a different absorption spectrum than the 

parent compound, in our case a pyridinium ion.8–10,12–14,17,18,57–63 2. The nitrenium ion 

intermediate is shown to be distinct from the radical and the cation radical of the parent aryl 

amine.11,17 3. Product analysis of the photolyzed aryl pyridinium ion can be analyzed to 

determine and infer that the aryl nitrenium ion was the necessary intermediate to give rise to all 



 

 

5 

 

the products.8,9,11,13,18,50,62,64–66 Additionally, aryl nitrenium ions’ reactivity are characterized with 

2nd order rate constants. Usually, they react at or near diffusion limit with tetra(n-

butyl)ammonium chloride (TBACl) and react several orders of magnitude slower with either 

water or methanol.8–11,17,62  

1.3 Aryl Nitrenium Ions and Carcinogenicity 

Nitrenium ions are one of the possible intermediates in the oxidation of aromatic amines 

to aromatic nitro groups. It was previously shown that nitrenium ions can bond to guanosine in 

DNA and that these adducts have been found in cells which were exposed to a sufficiently high 

concentration of aromatic amines.4,26,27,29,30,67 One example, clozapine, a drug prescribed to 

patients with schizophrenia, leads to the death of mice when given in sufficient concentrations, 

due to a covalent bond with guanosine.4 The high effectiveness of clozapine as a therapeutic drug 

has produced interest in synthesizing a derivative which is effective as a therapeutic drug, 

without the carcinogenicity of the aryl nitrenium ion. Therefore, a predictive model for toxicity 

in aryl nitrenium ions would greatly benefit the drug discovery process.4 

This predictive model would require a sufficient number of nitrenium ions to correlate 

the lifetime of the nitrenium ions with carcinogenic behavior in cells and/or animals. The end 

goal would be to find a range of reactivity which is dependent on lifetime, reactions with water, 

guanosine, and other biomolecules in which carcinogenic behavior is observed. Further, 

understanding how the substituents on the aryl rings effect the lifetime and reactivity of a 

nitrenium ion would allow for a predictive model to change the reactivity of these nitrenium 

ions. 
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This predictable model for nitrenium ions would allow for researchers in drug discovery 

to modify a toxic drug candidate like clozapine to remove the toxicity of the nitrenium ion by 

either adding or removing substituents. This end goal is still many years in the future. The short-

term work to properly build this predictive model is to understand nitrenium ion reactivity with 

proteins, RNA, ssDNA, dsDNA, and other biomolecules. 

1.4 Photochemistry Fundamentals 

 Most of the experiments discussed below involve the use of photochemical methods to 

generate nitrenium ions. There are five photochemical fundamentals important to understanding 

nitrenium ion chemistry. These five fundamentals include: the first and second laws of 

photochemistry, quantum yields, Jablonski diagrams, and LFP.  

 The first law of photochemistry, sometimes called the Grotthuss-Draper Law, is that a 

molecule must absorb a photon in order for a photochemical reaction to occur.68 This is relevant 

in photochemically generating nitrenium ions because their parent pyridinium ion precursor must 

absorb the wavelength of irradiation (355-390 nm). The second law of photochemistry, 

sometimes called the Stark-Einstein law, is that for each photon of light absorbed by a chemical 

system, only one molecule is activated for subsequent reactions.69  

 A Quantum yield is the defined by the Equation 1.1. 

     𝜑 =
𝑛𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑛𝑝ℎ𝑜𝑡𝑜𝑛𝑠
     (Equation 1.1)  

𝜑 is the quantum yield, 𝑛𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 is the number of molecules that proceed through the 

investigated pathway, and 𝑛𝑝ℎ𝑜𝑡𝑜𝑛𝑠 is the total number of photons absorbed by the molecule of 

interest.70 The main area quantum yields will be relevant in this work is in photolysis of N-

aminopyridinium ions to yield nitrenium ions. 
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1.5 Jablonski Diagram  

Jablonski diagrams are a fundamental tool for understanding the movement of electrons 

through different electronic, vibrational, and rotational states. Figure 1.3 shows the Jablonski 

diagram relevant to all of the compounds studied in this dissertation. 

 

Figure 1.3. The Jablonski diagram for a molecule that is a ground state singlet and whose triplet 

state has some sort of geometric change to it.71 Only electronic states and vibrational states are 

shown for simplification. 
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The surface (red lines) of each electronic state is a Morse potential. In the S0 state, both 

electrons in the highest occupied molecular orbital (HOMO) are paired and it is not until a 

photon with an energy equal to or greater than the difference in energy between the HOMO and 

the lowest unoccupied molecular orbital (LUMO) that an electron is promoted from the HOMO 

to the LUMO resulting in an electronic configuration change from the S0 state to the S1 state. 

Once the S1 electronic state is achieved, there is potential for a photochemical reaction. A 

number of things can happen from the S1 state: fluorescence, internal conversion, intersystem 

crossing, vibrational relaxation, or photochemical reactions.71 Intersystem crossing results in the 

electronic state of the molecule to crossover from the singlet S1 to the triplet T1. From this triplet 

state both phosphorescence and triplet state reactions are possible. 

 In this work the main molecules photolyzed are n-aminopyridinium ions. When N-

aminopyridinium ions are photolyzed they get excited from the S0 state to the S1 state. From the 

S1 state their N-N bond heterolytically breaks with both electrons ending up on the collidine. 

This generates a nitrenium ion in the S0 electronic state. It is believed that for aryl nitrenium ions 

there is an equilibrium between the S0 ground state and the T1 state. This equilibrium requires a 

spin forbidden transition for the intersystem crossing to occur as seen in Figure 1.4. All aryl 

nitrenium ions described in this work are generated through this process. 
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Figure 1.4. N-(diphenylamino)-2,4,6-trimethylpyridin-1-ium photolyzed to generate the singlet 

diphenyl nitrenium ion 1. The N-(diphenylamino)-2,4,6-trimethylpyridin-1-ium is representative 

of all diaryl nitrenium ions for this process. 

1.6 Laser Flash Photolysis and Transient Absorption Spectroscopy  

Laser flash photolysis (LFP) is the main analytical technique used for directly studying 

nitrenium ions. LFP is a time-resolved spectroscopic technique which can characterize and 

distinguish between different short-lived intermediates such as nitrenium ions, cation radicals, 

and radicals. LFP will be heavily used in this text to characterize nitrenium ions and their rates of 

reactions with other species.  

The experimental setup used to obtain LFP data is shown in Figure 1.5. The excitation 

source is a neodymium-doped yttrium aluminum garnet (Nd:Y3Al5O12, Nd:YAG) laser. The 

Nd:YAG laser is capable of emitting light at 1064 nm, 532 nm, 355 nm, and 266 nm with a pulse 

duration of 4-6 ns. The laser beam is passed through a cylindrical lens and spread evenly across 

the sample cuvette. The probe beam used is a 350 W xenon-arc lamp and this provides a 

continuous broad spectrum of light. The probe beam is used to characterize the absorption 

spectrum of the transient species. The laser and the probe beam are positioned perpendicular to 
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each other to minimize light scattering from the laser to the monochromator. A shutter is 

positioned in front of the probe beam and is in sync with the laser pulses in order to minimize 

excess light exposure to the sample. The probe beam is focused through two lenses, one before 

the sample cuvette to concentrate its light source, and one after the cuvette to concentrate the 

light into the monochromator. After passing through the monochromator, the light reaches a 

photomultiplier tube (PMT) which amplifies the signal. The signal is then measured using an 

oscilloscope. The raw signal measured by the oscilloscope is converted to a change in optical 

density (ΔOD) by computer software. A positive ΔOD indicates the transient species has a 

greater absorbance than the ground state species being excited. The ΔOD at a given wavelength 

can be measured as a function of time to produce a kinetic trace. The kinetic traces can be 

collected at multiple wavelengths and combined to generate transient absorption spectra. The 

experimental spectrum can be compared with those found in literature and/or calculated by time-

dependent density functional theory (TD-DFT) to determine the identity of the transient species. 

The reactivity of the transient species can be studied by monitoring the spectral changes upon 

addition of oxygen, nucleophiles, electron donors/acceptors, and hydrogen atom (H-atom) 

donors.   
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Figure 1.5. Experimental Setup to run Laser Flash Photolysis Experiments. 

  Practically, the best LFP results required the samples used for photolysis to have 

absorbances at 355 nm between 0.75 and 2 so that the sample absorbs all the light within the 

width of the probe beam. The pulse rate of the Nd:YAG laser was 1 Hz, and 20-30 pulses were 

averaged for each LFP measurement. The main limitation to the experimental setup used are 

transient intermediates must have lifetimes greater than 10 ns because of inherent signal to noise 

ratios.  

LFP allows the study of long-lived singlet states and most triplet states. Further, LFP has 

been used to study aryl nitrenium ions for quite some time. Generally, LFP is used to measure 

the transient absorption spectra of nitrenium ions, the quenching of nitrenium ions, and identify 

other intermediates that can be formed from nitrenium ions including cation radicals or neutral 
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radicals.53,63,72–78 This allows us to unambiguously assign nitrenium ions and other short-lived 

intermediates making LFP a powerful tool to understand aryl nitrenium ions. 
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Chapter 2: Photochemical Generation and Characterization of the 5-

endo-10,11-Dihydrodibenzoazepine Nitrenium Ion 

 

The majority of the work in this chapter has been published.10 

Chinn, E. S.; Falvey, D. E. Photochemical Generation and Characterization of the 5-Endo-

10,11-Dihydrodibenzoazepine Nitrenium Ion. Photochemical & Photobiological Sciences 2022, 

21, 1907–1914. 

2.1 Comparing diphenyl nitrenium ion to 5-endo-10,11-dihydrodibenzoazepine nitrenium ion  

Aryl nitrenium ions are nitrenium ions in which one of the two substituents is an aryl 

ring. Diaryl nitrenium ions are nitrenium ions in which both of the substituents are aryl rings as 

seen in Figure 2.1. 

 

Figure 2.1. Important aryl and diaryl nitrenium ions. Aryl nitrenium ion (left), diphenyl 

nitrenium ion 1 (center), and 5-endo-10,11-dihydrodibenzo[b,f]azepinyl nitrenium ion 2.  

 

The diaryl nitrenium ions, like diphenyl nitrenium ion (1) show similar reactivity to the 

aryl series. However, there is an additional decay pathway available to the diaryl nitrenium ions 

which is electrocyclization, ultimately leading to the formation of carbazole derivatives.13,51 The 

second ring destabilizes the (nominally) sp2 orbital on the nitrogen by rotating this ring out of 

plane. This tends to decrease the singlet-triplet gap by approximately 10 kcal/mol relative to 
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phenyl nitrenium ion (approximately 20 kcal/mol). In most cases the diaryls have singlet ground 

states (i.e. a −∆𝐸𝑆𝑇).  

As part of a long-term effort to understand the effects of structure on the behavior of 

nitrenium ions, the current study was aimed at the 5-endo-10,11-dihydrodibenzo[b,f]azepinyl 

nitrenium ion 2. This species differs from diphenyl nitrenium ion (1) in having a two-carbon 

bridge that connects the aryl rings at their respective ortho positions. It was anticipated that this 

feature would inhibit the electrocyclization leading to carbazole, leading to a longer lifetime. The 

weakly electron donating alkyl groups in the ortho-position were also expected to inhibit reaction 

with external nucleophiles, such as H2O and methanol.  For the singlet-triplet energy splitting 

there are two competing effects. The increased C–N–C bond angle enforced by the bridge would 

tend to stabilize the triplet state relative to the singlet. On the other hand, the bridge is also 

expected to keep the two aromatics rings nearly coplanar. This effect would tend to destabilize 

the triplet state.  

 

Scheme 2.1. Generation of nitrenium ion 2. 

 

A combination of calculations, photoproduct analysis, and LFP experiments were 

therefore carried out on 1-(10,11-dihydro-dibenzo[b,f]azepin-5-yl)-2,4,6-trimethylpyridin-1-ium 

tetraflouroborate (3), a photoprecursor to nitrenium ion 2 (see Scheme 2.1). These studies show 
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that 2 (a) has a singlet ground state with a more substantial energy gap than 1 (b) has a 

significantly longer lifetime than 1 due to inhibition of the electrocyclization reactions (c) shows 

a modest decrease in reactivity toward both hydroxylic and aromatic nucleophiles.   

2.2 Computational comparison of diphenyl nitrenium ion to 5-endo-10,11-

dihydrodibenzoazepine nitrenium ion 

Calculations, using density functional theory (DFT – (u)M062x/6-311G(d,p)), were used 

to predict the geometries and electronic characteristics of nitrenium ion 2. To the extent 

experimental data are available, DFT methods have been shown to provide reasonably accurate 

predictions of geometries, spectra, and singlet-triplet energy gaps for carbenes, nitrenium ions 

and related reactive intermediates. Minimized geometries for the singlet state and the triplet state 

are illustrated in Figure 2.2. The singlet state shows a central (C-N-C) bond angle of 132.4 deg 

and the aryl rings deviate from coplanarity by 20.6 deg. The triplet, which lies 18.5 kcal/mol 

above the singlet, shows a larger central angle of 144.4 deg and the aryl rings are 34.8 deg away 

from coplanarity.  
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(a)        (b) 

Figure 2.2. DFT-calculated Geometries and Structures for (a) Singlet and (b) Triplet 2.  

 

The effect of the 2-carbon bridge can be assessed by comparing these geometric 

parameters to those of the unconstrained diphenyl nitrenium ion 1. In the latter case, the singlet 

state shows a slightly more acute bond angle of 124.4 deg, as well as a slightly larger deviation 

from planarity. A more dramatic example is seen with the triplet state. The bridge forces triplet 2 

to lie closer to co-planarity (34.8 deg) whereas in the unconstrained diphenyl system the rings are 

nearly perpendicular (74.6 deg). Similarly, 1’s triplet state can adopt a C-N-C bond angle of 147 

deg.  
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Table 2.1. Comparison of DFT Calculated Geometries and Electronic Properties of Nitrenium 

Ions 2 and 1. 

 2 1 

∆𝐸𝑆𝑇 (kcal/mol) -18.5 -10.0 

λmax (nm) 385 (s) 487 (w) 618 (w) 353 (s) 502 (w) 645 (s) 

Singlet C–N–C angle (deg) 132.4 124.4 

Singlet Aryl dihedral (deg) 20.6 31.2 

Triplet C–N–C angle (deg) 144.4 147.0 

Triplet Aryl dihedral 34.8 74.6 

 

In all, the 2–carbon bridge distorts, and presumably destabilizes, the triplet state far more 

than it does the singlet state. For this reason, the singlet-triplet gap increases from -10.0 kcal/mol 

in 1 (favoring the singlet) to -18.5 kcal/mol for 2 as a consequence of the greater ring strain on 

the triplet. 

2.3 Characterization of the 5-endo-10,11-dihydrodibenzoazepine nitrenium ion 

The photochemical precursor to 2 is the N-amino-pyridinium ion 3. The latter was 

prepared from 10,11-dihydro-dibenzoazepine 4 by subjecting that compound to nitrosation, 

reduction and condensation with 2,4,6-trimethylpyryllium tetrafluoroborate, following a 

previously described approach.13,17 The identity of the product was confirmed by standard 

spectroscopic methods. Characterization data and detailed procedures are provided in the 

supporting information. The UV-Vis spectrum of the compound is provided in Figure 2.3. 

Similar to other examples of N-aminopyridinium ions, 3 shows a high wavelength absorption 

maximum in the near UV at 395 nm.  
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Figure 2.3. UV-Vis absorption spectrum of 3 in CH3CN. 

 

Consistent with previous examples, photolysis of the current pyridinium salt 3 generates 

stable products consistent with the formation of a short-lived nitrenium ion. For example, 

photolysis (390 nm) of 3 with TBACl in CH3CN provides the corresponding adduct 5 that would 

result from nucleophilic addition to the 2-position (i.e. para to the nitrogen) followed by a net 

1,5 hydrogen shift. This product was isolated by column chromatography and characterized by 

standard spectroscopic methods. (See Scheme 2.2) 

 

Scheme 2.2. Trapping nitrenium ion 2 with Cl- to form a chloro-adduct 5. 
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Similarly, photolysis (370 nm) of the pyridinium ion 3 in CDCl3 solutions containing 1,4-

cyclohexadiene (CHD, a reactive H-atom donor) were photolyzed. Product analysis by 1H NMR 

spectroscopy showed clean formation of the corresponding amine 4, accompanied by benzene 

(from oxidation of the CHD). Below will be presented spectroscopic evidence supporting a 

stepwise H atom transfer mechanism for this process.  

 

Scheme 2.3. Trapping nitrenium ion 2 with CHD to form the parent amine through H-atom 

transfer. 

 

      

Figure 2.4. Transient spectra from LFP (355 nm, 7 ns, 40 mJ/pulse) of pyridinium ion 3 in 

CH3CN solution taken 200 ns, 10 μs, and 80 μs following the excitation pulse. This difference 

spectrum should give the absorption spectrum of 2 which can be compared to the TD-DFT 

modeled UV-VIS spectrum of 2.  
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LFP experiments were used to characterize the nitrenium ion intermediate 2. Shown in 

Figure 2.4 are transient spectra measured following pulsed laser excitation (355 nm, 7 ns, 40 mJ) 

of pyridinium ion 3 in CH3CN solution. A strong absorbance with an apparent maximum of 450 

nm appears immediately following the excitation pulse and decays in a kinetically complex 

manner, persisting for over 100 μs following the excitation pulse. A nearly identical spectrum 

and decay profile were also obtained in DCM.  

The assignment of the signal to nitrenium ion 2 is supported by the following 

observations: (1) The 450 nm decay profile is not significantly changed when the experiment is 

carried out with N2 saturated or air-equilibrated solutions. Generally speaking, aryl and diaryl 

nitrenium ions, being ground state singlets, are unreactive toward oxygen. (2) The lifetime of the 

450 nm signal, however, is diminished when nucleophiles known to react with similar aryl 

nitrenium ions such as chloride ions, and methanol are added to the solution (see Table 2.2). (3) 

The transient spectrum in Figure 2.4 shows reasonable agreement with a UV-VIS spectrum 

calculated by time-dependent density functional theory (TD-DFT) (Figure 2.4). The latter 

predicts a significant peak at 395 nm and a weaker absorption at 618 nm. It should be noted that 

the transient spectrum in Figure 2.4 is a difference spectrum. Depletion of the photoprecursor 3 

at 405 nm (see Figure 2.2) subtracts from the positive signal for the photoproduct. Thus, the true 

experimental maximum could be at significantly lower wavelengths than the apparent maximum 

at 450 nm.  

The substantially increased lifetime of 2 compared to 1 and other diaryl nitrenium ions 

can be attributed to the inhibition of the electrocyclization reaction. Under comparable 

conditions, 1 lives for ca. 1.5 μs and has been shown to produce carbazole along with oligomeric 

species when generated in the absence of added nucleophiles. Generation of 2 under similar 
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conditions also generates complex-colored mixtures which we assume to result from 

oligomerization processes similar to what was reported previously.17,51 However, no product 

analogous to carbazole was identified.  

2.4 Reactivity of the 5-endo-10,11-dihydrodibenzoazepine nitrenium ion  

The reactivity of nitrenium ion 2 was ascertained by measuring the dependence of the 

pseudo-first order decay rate constants kobs on the concentrations of the various trapping agents 

[Trap] listed in Table 2.2. In all cases the rate constants agreed reasonably well with Equation 

2.1, where k0 reflects the projected decay rate constant absent the trap and ktrap is the second 

order rate constant.  

 

𝑘𝑜𝑏𝑠 = 𝑘0 + 𝑘𝑡𝑟𝑎𝑝[𝑇𝑟𝑎𝑝]     (Equation 2.1) 

 

  



 

 

22 

 

Table 2.2. Rate constants and predicted products for reactions of nitrenium ion 2 and nitrenium 

ion 1 in CH3CN with various trapping agents determined by LFP. (AMP = Adenosine 

Monophosphate. GMP = Guanosine Monophosphate.) 

Trapping 

Agent 

𝒌𝒕𝒓𝒂𝒑 (M-1 s-1 ) 

with 2 

Predicted Product 

from 2 

𝒌𝒕𝒓𝒂𝒑 (M-1 s-1 ) 

with 1 

Predicted Product 

from 1 

TBACl 2.57 x 1010 

 
+ 

 

1.0 x 1010 
 

+ 

 

MeOH 5.46 x 105 

 
+ 

 

5.2 x 1010 
 

+ 

 

H2O 3.97 x 104 

 
+ 

 

6.1 x 1010 
 

+ 

 

AMP 4.46 x 107 

 

  

GMP 9.60 x 107 

 

  

L-cysteine 3.95 x 108    
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L-tryptophan 2.52 x 109    

L-methionine 8.63 x 108    

L-tyrosine 2.10 x 107    

L-arginine 6.49 x 107    

L-lysine 3.72 x 107    

 

A general trend that emerges from these rate data is the diminished reactivity of 

nitrenium ion 2 toward typical nucleophiles. For example, the rate constant of reaction with 

water is ca. 4 x 104 M-1s-1, which about 20 times slower than the reaction of 1 with the same 

nucleophile (6.1x105 M-1s-1).17 In contrast the electron rich amino acid, tryptophan, reacts at near 

the diffusion limit in H2O with both nitrenium ions. This effect is similar to the reactivity of the 

para-substituted dihalo-diphenyl nitrenium ions with H2O. The most electrophilic position on the 

diarylnitrenium ions is the para position, but the rate constant of the reaction with water is the 

same order of magnitude for 2 as well as for the para-dihalo-diphenyl nitrenium ions. Therefore, 

the decreased rate constant with of the reaction with water is primarily due to restricting one of 

the electrophilic ortho sites on the aryl rings. 

Calculations (M062x/6-311G(d,p) including implicit CH3CN solvation simulated using 

the SMD model) on the transition states for addition of water to 2 and 1 are consistent with the 

experimental trends (Figure 2.5). The Gibbs free energy of activation for addition of H2O to 2 is 

8.6 kcal/mol, this is ca. 2 kcal/mol higher than that for addition to 1 (6.4 kcal/mol). However, it 

should be noted that in both cases the addition reactions are expected to be endergonic. However, 

under experimental conditions these can occur with concerted deprotonation to other water 
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molecules resulting in the net exergonic addition of hydroxide. More extensive simulations using 

explicit solvent molecules would be needed to quantitatively model this reaction.  

 

Figure 2.5. Transition state geometries (M062x/6-311G(d,p)- SMD) for addition of H2O to 2 and 

1 in CH3CN.  

  

Nitrenium ion 2 reacts with the H-atom donor, CHD, with a rate constant of 1.8 x 105 M-

1s-1. LFP experiments show that this reaction happens through a H atom transfer mechanism. 

Figure 2.6 shows transient spectra taken following LFP of 3 in the presence of 0.5 M of CHD. 

Following the decay of the nitrenium ion signal (450 nm) there appears weaker, but persistent, 

signals at 520 nm and 690 nm. These agree well with the transient spectrum of the 2b cation 

radical generated independently by using LFP to photolyze the 5-Nitroso-10,11-dihydro-

dibenzo[b,f]azepine in the presence of acid (Figure 6.1). Further, the rate constant of 2 with CHD 

is around 20 times lower than the rate constant of diphenyl nitrenium ion with CHD or the 

dihalo-diphenyl nitrenium ions with CHD. This would suggest that although 2 is similar to the 

dihalo-diphenyl nitrenium ions in regards to its reactivity to nucleophiles, it has a greater 

difference in its 2nd order rate constants with H-atom donors than do the dihalo-diphenyl 

nitrenium ions. This is evidence that indeed the triplet state of the nitrenium ion is destabilized 

for 2 in comparison to diphenyl nitrenium ion, but the reactivity of the singlet state is 
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approximately the same as the dihalo-diphenyl nitrenium ions as measured through 2nd order rate 

constants with different nucleophiles. 

 

Figure 2.6. Transient spectra resulting from LFP (355 nm, 7 ns, 40 mJ) of 3 and CHD in 

CH3CN. Nitrenium ion 2 Max at 450 nm can be seen decaying into cation radical max at 670 nm 

and radical max at 430 nm. 

 

Previous studies of other diaryl nitrenium ions have shown some level of radical cation 

formation under certain conditions.61 These have been attributed to reactions of nitrenium ion 

triplet states and/or branching from the initially formed pyridinium excited states. This example 

further establishes this pathway in a case where the nitrenium ion triplet state is even more 

energetically separated from the singlet. The large ∆𝐸𝑆𝑇 value for 2 tends to exclude H atom 

transfer via the equilibrated triplet state. One possibility is that the singlet abstracts H atoms 

directly. Additional studies would be needed to test this hypothesis.  

2.5 Conclusions 

When comparing nitrenium ion 2 to 1, the most significant effect of the saturated two-

carbon bridge is to destabilize the triplet state relative to the singlet, further increasing the ∆𝐸𝑆𝑇. 
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Analysis of the geometries shows that the second ring in 1 is able to rotate out of planarity and 

destabilize the filled sp2 non-bonded orbital on nitrogen. The bridge makes this impossible and 

the two aryl rings lie nearly coplanar. The bridge significantly extends the lifetime of 2 by 

inhibiting the electrocyclization reaction leading to carbazole in the case of 2. The bridge also 

shows a modest effect on reaction with nucleophiles, inhibiting the addition of H2O to the ring 

by ca. a factor of 10. This supports the idea that singlet state of 2 is not greatly affected by the 

two-carbon bridge as its reactivity with nucleophiles is not greatly affected.   
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Chapter 3: H-atom Donors with Diaryl Nitrenium Ions 

3.1 Parent Methylene Carbene 

Nitrenium ions are isoelectronic and isolobal with carbenes. Both nitrenium ions and 

carbenes have two non-bonding electrons which can be assigned to give either a triplet state or a 

singlet state as shown in Figure 3.1. The difference between nitrenium ions and carbenes is seen 

in the formal positive charge on the nitrogen. Therefore, precedents in carbene chemistry have 

been used for nitrenium ion chemistry. 

 

Figure 3.1. Singlet and triplet states of nitrenium ions and carbenes. 

 

Methylene carbene (CH2) 6 has been extensively studied and it is accepted that two 

different electron configurations are relevant. These are the 1A1 and 3B2 states and both can be 

distinguished spectroscopically and have distinct chemistries.79–85 These observations have led to 

Skell-Woodworth’s rules which essentially state that the electron spins states are conserved 

throughout a simple reaction step. These predict that for any given carbene, if its electrons are in 

the 1A1 state then it will generate singlet products and if they are in the 3B2 state then it will 
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generate triplet products.86,87 Often there is an equilibrium between the 1A1 and 3B2 states. In that 

case, the ratio of singlet and triplet products depend on the singlet-triplet energy gap (∆𝐸𝑆𝑇). It is 

assumed that this equilibrium is fast enough that no matter which state is initially formed, the 

product distribution is determined by the ∆𝐸𝑆𝑇. For methylene carbene and most aryl carbenes 

the 3B2 state is the ground state. 

3.2 Parent Nitrenium Ion 

The parent nitrenium ion (NH2
+) 7 is the nitrenium ion equivalent of methylene carbene. 

It can be generated through the photolysis of a N-amino(2,4,6-triphenylpyridinium ion 8.18 It has 

a calculated ∆𝐸𝑆𝑇 of + 29.9 kcal/mol and a measured energy gap of 30.1 kcal/mol.19–21  

 

Scheme 3.1.66 Important reactions and generations of parent nitrenium ion NH2
+ 7. 

 

The singlet reactivity has been established through the reactions of 17 with toluene. Toluene 

reacts with the singlet 17 to give 4-benzyltoluene 12. The mechanism is hydride abstraction from 

the benzylic C-H, followed by the resulting benzyl cation reacting with a toluene molecule.66 

Further ortho and para amino adducts to toluene 9 and 10 were also identified. The triplet 
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reaction of 37 was identified as H-atom abstraction from toluene. In this case the benzylic radical 

dimerizes to give bibenzyl 13.66 Support for the H-atom abstraction pathway resulting from the 

triplet was provided by experiments where a triplet sensitizer was used to generate the triplet 

nitrenium ion 37 directly. This resulted in higher yields of 13 compared to 12.66 On the basis of 

this study, it has been assumed that nitrenium ions are analogous to carbenes in that the singlet 

nitrenium ions react with nucleophiles and the triplet nitrenium ions react as diradicals. 

3.3 Diaryl Carbene Mechanistic Pathways 

The Skell-Woodworth rules applied to diaryl carbenes rely on a preequilibrium between 

the singlet and the triplet carbene 14 to predict the products ratios of 14 with trapping agents. We 

define this mechanism as the preequilibrium model. Two examples of triplet traps would be an 

H-atom donor like CHD or triplet O2, and an example of a singlet trap would be methanol.  

It is observed that diphenyl carbene inserts into methanol to make the ether adduct as 

shown in Scheme 3.2.88  

 

Scheme 3.2. Reaction of diphenyl carbene with methanol. 

 

The electronic ground state for 14 is the triplet state.89 The ether adduct 15 appears to result from 

a concerted O-H insertion forming the ether. Triplet carbenes normally react like diradicals 

following stepwise pathways involving radical pairs. Therefore, the methanol insertion 

mechanism must occur by one of two pathways: Either it proceeds through the preequilibrium 

pathway or the ground triplet state directly reacts with methanol and undergoes intersystem 
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crossing in the transition state, sometimes referred to as the surface crossing mechanism.90 as is 

depicted in Scheme 3.3. 

 

Scheme 3.3. Preequilibrium mechanism in which there is an equilibrium between the triplet 

ground state of the carbene 14 and the first excited singlet state (black). The insertion of 

methanol directly into the triplet carbene with intersystem crossing in the transition state (blue).  

 

The alternative mechanism by which 14 reacts with methanol is that there is a 

preequilibrium between the ground state triplet and the singlet state, followed by a reaction 

between the singlet state and methanol. 

The equations that govern the preequilibrium mechanism depend on steady state kinetics 

and a prior rapid equilibrium between the singlet state carbene and the triplet state carbene. This 

equilibrium is governed by the ∆𝐸𝑆𝑇. The equilibrium constant Keq
 is given by Equation 3.1. 

 𝐾𝑒𝑞 =  
[𝑆]

[𝑇]
     (Equation 3.1)   

The observed rate constant is related to the second order rate constant by Equation 3.2. 

 𝑘𝑜𝑏𝑠 =  𝑘2𝐾𝑒𝑞     (Equation 3.2) 

Equations 3.1 and 3.2 can combine to form Equation 3.3. 

 𝑘𝑜𝑏𝑠 = 𝑘2
[𝑆]

[𝑇]
      (Equation 3.3) 
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Therefore, the observed rate constant is heavily dependent on the concentration of singlet 

carbene from the Keq. [S] is the concentration of singlet carbene and [T] is the concentration of 

triplet carbene. k2 is the 2nd order rate constant of the singlet carbene reacting with methanol and 

the kobs is the observed rate constant of the system. 

The preequilibrium mechanism has a predicted apparent barrier for the reaction of 

diphenyl carbene with methanol of 5-7 kcal/mol.90 However, Griller, Nazran, and Scaiano 

measured kinetic barriers ranging from 1.17 to 3.61 kcal/mol depending on the solvent used.90 

There are two different proposed explanations given for this lower projected kinetic barrier.  

The first proposal is that the measured kinetic barrier is lower than projected. Using 

Equation 3.4 

∆𝐺≠ =  ∆𝐻≠ − 𝑇∆𝑆≠    (Equation 3.4) 

where the ∆𝐻≠ is equal to the ∆𝐸𝑆𝑇, the T is the temperature, and the ∆𝑆≠ is assumed to be 

Rln(3)90 where the R is the gas constant and the “3” is for the three different possible triplet 

states, it is possible that the entropy term is greater than the assumed Rln(3). This greater entropy 

term is because the singlet carbene has some zwitterionic character with a filled sp2 orbital and 

an empty p orbital. This zwitterionic carbene would require a greater amount of order for 

solvation than the triplet state. Therefore, if the entropy is greater than projected, the predicted 

∆𝐺𝑆𝑇 is lower which could account for the lowered measured energy barriers. If this theory is 

correct, then adding either a para-substituted electron donating group or a para-substituted 

electron withdrawing group should lower or raise the energy barrier respectively by reducing the 

zwitterionic character of the carbene. This trend, however, is not observed.91  

The second proposal offered by Griller et. al. is that the mechanism of this reaction does 

not proceed by the preequilibrium mechanism, but rather by a surface crossing mechanism.90 In 
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this mechanism, the transition state of the triplet reacting with methanol and the transition state 

of the singlet reacting with methanol have very similar geometries allowing for the diphenyl 

carbene to insert into methanol and undergo an intersystem crossing in the transition state to 

form the ether adduct. This theory has the benefit of explaining why the energy barriers are 

lower than expected although it seemingly contradicts the Skell-Woodworth rules. 

3.4 Aryl Nitrenium Ions 

Aryl nitrenium ions have long been known to produce their parent amines as a 

byproduct.11,14,57–60,63,92,93 The mechanism for generating the amine has never been studied in 

great detail, but it has always been observed when a parent pyridinium ion is photolyzed in an 

inert solvent. There are three examples: N,N-di(4-bromophenyl)nitrenium ion 16, N,N-di(4-

chlorophenyl)nitrenium ion 17,17 and 3,6-dibromocarbazolyl nitrenium ion 18.94 All three of 

these nitrenium ions are para-substituted diaryl nitrenium ions and produce the N-N dimer 

instead. The non-halogenated versions diphenyl nitrenium ion 1 and carbazolyl nitrenium ion 19 

still produce the parent amine. The parent amines for the dihalogenated nitrenium ions are 

exclusively observed when an H-atom donor such as CHD, phenol (PhOH), 4-bromophenol (4-

BrPhOH), or 4-cyanophenol (4-CNPhOH) are used to trap the nitrenium ion. The proposed 

mechanism is the nitrenium ion abstracts an H-atom to form the cation radical and then an 

electron to form the parent amine.17,94 H-atom abstraction is possible from the singlet state of the 

diaryl nitrenium ions, but has historically been ignored since singlet nitrenium ions generally 

have other reactive pathways available to it, but triplet nitrenium ions do not. Because of both the 

precedent from the Skell-Woodworth rules in carbene chemistry and the multiple pathways 

available to singlet nitrenium ions, the presence of the parent amine product has been attributed 

to triplet nitrenium ion chemistry.9,10,17,66,93,95  
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Most aryl and diaryl nitrenium ions are ground state singlets50, and nearly all known aryl 

nitrenium ions generated through photolysis of an N-amino-2,4,6-trimethylpyridinium ions or N-

amino-2,4,6-triphenylpyridinium ions initially produce singlet nitrenium ions. Therefore, the 

equilibrium between the singlet nitrenium ion and the triplet nitrenium ion would be the pathway 

expected to produce triplet nitrenium ions to abstract H-atoms. If this assumption is correct the 

measured 2nd order rate constants between different diaryl nitrenium ions with different H-atom 

donors should be dependent on the ∆𝐸𝑆𝑇. The latter is difficult to measure, but can be calculated 

via DFT. Converting the ∆𝐸𝑆𝑇 to ∆𝐺𝑆𝑇  will give a minimum energy barrier for the H-atom 

abstraction for all ground state singlet nitrenium ions, and the ∆𝐺𝑆𝑇 can be used to predict 

maximum k2 for the different H-atom donor traps.  

Alternatively, it is possible for the diaryl nitrenium ions to oxidize H-atom donors to 

form neutral radicals. Neutral radicals can then form cation radical via protonation. The cation 

radicals then are reduced to the parent amines as is seen in Scheme 3.4. This mechanism is 

considered in chapter 4 of this dissertation. 

 

Scheme 3.4. Mechanism to form parent amine through an initial electron transfer step. 

 

Although nitrenium ions and carbenes share many similar properties, two important 

differences between diaryl nitrenium ions and diaryl carbenes exist. First, nitrenium ions have a 

formal positive charge and carbenes are neutral. Second, diaryl nitrenium ions’ ground state is 

the singlet state as opposed to the diaryl carbenes’ ground state which is the triplet state.  
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Both diphenyl carbene 14 and diphenyl nitrenium ion 1 have been studied 

extensively90,96–98, and it has been noted that diaryl nitrenium ion reactions with CHD has a 

higher 2nd order rate constant than is predicted by using ∆𝐸𝑆𝑇 values obtained with DFT 

calculations.96 This suggests that the triplet state of the diaryl nitrenium ions is not the only 

mechanism to produce the parent amine. We propose singlet state diaryl nitrenium ions can react 

directly with H-atom donors to produce the parent amine. Further that some diaryl nitrenium ions 

can oxidize H-atom donors to form neutral radicals and follow the mechanism in Scheme 3.4 

above. Therefore, observation of the parent amine product cannot be used to conclude that a 

triplet state was involved.  

The mechanism for diaryl nitrenium ions’ reaction with H-atom donors can be 

determined by a combination of the 2nd order rate constants of different H-atom donors and 

kinetic isotope effect (KIE) experiments with phenol (PhOH)/phenol-d1 (PhOD). If the diaryl 

nitrenium ions quenching by H-atom donors is governed by triplet state reactivity, then the k2’s 

should correspond to ∆𝐸𝑆𝑇 can be used to estimate the upper limit on k2. If the observed rates are 

faster than the ∆𝐸𝑆𝑇 values would allow, then different mechanism(s) are able to produce the 

parent amine product. A KIE experiment can distinguish between H-atom abstraction from the 

singlet state and electron transfer mechanism. A normal KIE would indicate that the nitrenium 

ion abstracts an H-atom. If no KIE is observed with PhOH/PhOD, then an alternative mechanism 

is responsible for the final parent amine product such as electron transfer (Scheme 3.4). 

Several nitrenium ions will be generated by irradiating N-(arylamino)-2,4,6-

trimethylpyridinium ions with 355 nm light. Irradiation with 355 nm light cleaves the N-N bond 

heterolytically which results in the generation of diaryl nitrenium ion and 2,4,6-collidine 20 as 

can be seen in Scheme 3.5.  
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Scheme 3.5. Different diaryl pyridinium ions which will be photolyzed to make diaryl nitrenium 

ions. 

 

Several chemical and spectroscopic properties of diaryl nitrenium ions have been 

previously established.9–11,61,93,95,96 The list of nitrenium ions studied can be seen in Figure 3.2. 

 

Figure 3.2. Diaryl nitrenium ions used to test mechanism with H-atom donors. Diphenyl 

nitrenium ion 1, 10,11-dihydro-dibenzoazepinyl nitrenium ion 2, N,N-Di(4-

chlorophenyl)nitrenium ion 17, and N,N-di(4-bromophenyl)nitrenium ion 16, carbazolyl 

nitrenium ion 19, and 3,6-dibromocarbazolyl nitrenium ion 18. 
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3.5 2nd Order Rate Constants of Nitrenium Ions with H-atom Donors 

Since the generation of these nitrenium ions have been previously established,8–11,17 

trapping with H-atom donors and KIE experiments can test if parent amine formation is through 

the triplet state. The experimental and predicted results for the H-atom donors with the diaryl 

nitrenium ions can be seen in Table 3.1.  
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Table 3.1. Singlet-triplet energy gaps of different nitrenium ions compared to experimental 

second order rate constants and predicted second order rate constants with H-atom donors. The 

equation governing the relationship between ∆𝐸𝑆𝑇  and kH is 𝑘𝐻 = 𝑘𝑑𝑖𝑓𝑓𝑒
∆𝐺

𝑅𝑇, and ∆𝐺 =  ∆𝐸𝑆𝑇 −

𝑅𝑇𝑙𝑛(3),99 where kH is the measured 2nd order rate constant of CHD with the respective 

nitrenium ion, kdiff is the estimated diffusion limited 2nd order rate constant in CH3CN,100 R is the 

gas constant, T is the temperature, and ∆𝐸𝑆𝑇 is the singlet-triplet energy gap. 

  1 16 17 2 19 18 

Calculated 

∆𝑬𝑺𝑻 

(kcal/mol) 

-10.1 -9.7 -9.9 -18.5 -7.8 -9.9 

Predicted kH 

from ∆𝑬𝑺𝑻 

(M-1s-1) 

2.4 x 103 4.6 x 103 3.3 x 103 1.6 x 10-3 1.1 x 105 3.3 x 103 

CHD kH 

M-1s-1 

6.5 x 106  5.13 x 106 5.86 x 106  2.40 x 105  9.1 x 109  8.13 x 109 

Inferred ∆𝑬𝑺𝑻 

from CHD kH 

(kcal/mol) 

-5.41 -5.55 -5.47 -7.36 -1.12 -1.18 

Phenol kH 

(M-1s-1) 

  4.73 x 105  6.81 x 105  1.0 x 107  7.98 x 109  1.21 x 109  

Inferred ∆𝑬𝑺𝑻 

from PhOH 

kH (kcal/mol) 

  -6.77 -6.74 -5.15 -1.19 -2.32 

4-BrPhOH kH 

(M-1s-1) 

  4.89 x 105  3.76 x 105 6.4 x 106  6.38 x 108 1.25 x 109 

Inferred ∆𝑬𝑺𝑻 

from 4-

BrPhOH kH 

(kcal/mol) 

  -6.96 -7.09 -5.42 -2.69 -2.27 

4-CNPhOH 

kH (M-1s-1) 

  4.89 x 105 3.31 x 105 < 1 x 105   < 1 x 105 

Inferred ∆𝑬𝑺𝑻 

from 4-

CNPhOH kH 

(kcal/mol) 

  -6.94 -7.17 < -7.88   < -7.88 

 

 It can be seen from Table 3.1 that the calculated ∆𝐸𝑆𝑇 for nitrenium ion 1 is -10.1 

kcal/mol. Using the equations in the description of Table 3.1, this corresponds to a maximum kH 

of 2.4 x 103 M-1s-1. Adding halogens to the para positions of 1 minimally effects the ∆𝐸𝑆𝑇 with 
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nitrenium ion 16’s ∆𝐸𝑆𝑇 = -9.7 kcal/mol and nitrenium ion 17’s ∆𝐸𝑆𝑇 = -9.9 kcal/mol. This 

would correspond to maximum kH of 4.6 x 103 M-1s-1 or 3.3 x 103 M-1s-1 respectively. Adding an 

ethylene bridge to the ortho positions of nitrenium ion 1 increases the ∆𝐸𝑆𝑇 from -10.1 kcal/mol 

to -18.5 kcal/mol in nitrenium ion 2. This would have a predicted maximum kH = 1.6 x 10-3 M-1s-

1. With such a large ∆𝐸𝑆𝑇 nitrenium ion 2 should not be able to observably populate its triplet 

state. Thus, reactions via the triplet state can be excluded. The carbazolyl nitrenium ions have 

∆𝐸𝑆𝑇 = -7.8 kcal/mol and -9.9 kcal/mol for carbazolyl nitrenium ion 19 and 3,6-

dibromocarbazolyl nitrenium ion 18 respectively. The maximum kH for 19 and 18 based off of 

their ∆𝐸𝑆𝑇 is predicted to be 1.1 x 105 kcal/mol and 3.3 x 103 kcal/mol.  

CHD, PhOH, 4-BrPhOH, and 4-CNPhOH are used to trap each of the nitrenium ions as 

each have low bond dissociation energy BDE so they are good H-atom donors (see Table 3.2). 

Each of these traps are observed to produce the parent amine as the major product. Nitrenium ion 

1 has a measured kH with CHD of 6.5 x 106 M-1s-1 which implies a ∆𝐸𝑆𝑇 of -5.41 kcal/mol. This 

trend of greater rate constants holds true for nitrenium ions 16 and 17 with measured kH’s of 5.13 

x 106 M-1s-1 and 5.86 x 106 M-1s-1. The trend shows that nitrenium ions 1, 16, and 17 all react 

about 3 orders of magnitude faster than the predicted maximum kH. It is possible that CHD is 

reacting with these nitrenium ions as a hydride donor instead of an H-atom donor, so H-atom 

donor traps PhOH, 4-BrPhOH, and 4-CNPhOH were used as they would all be poor hydride 

donors. Nitrenium ions 16, and 17 have kH’s with PhOH of 4.73 x 105 and 6.81 x 105, 4-BrPhOH 

of 4.89 x 105 and 3.76 x 105, and 4-CNPhOH of 4.89 x 105 and 3.31 x 105. These observed kH’s 

are still 2 orders of magnitude faster than the predicted kH.  

Nitrenium ion 2 was predicted to not be able to practically react through its triplet state, 

but still had kH’s with CHD of 2.40 x 105, with PhOH of 1.0 x 107, and 4-BrPhOH of 6.4 x 106. 
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4-CNPhOH was unable to quench nitrenium ion 2 so its kH was < 1 x 105. Since this limit still 

allows 7 orders of magnitude of kH before the rate constant would be consistent with triplet 

reactivity, we do not consider 4-CNPhOH to be trapping nitrenium ion 2 exclusively from 2’s 

triplet state. CHD, PhOH, and 4-BrPhOH all trap nitrenium ion 2 8-10 orders of magnitude faster 

than expected. This indicates these traps are not trapping the nitrenium ions through an H-atom 

transfer mechanism.  

The carbazolyl and 3,6-dibromocarbazolyl nitrenium ions 19 and 18 were respectively 

trapped at near diffusion rates by CHD with kH of 9.1 x 109, PhOH with kH of 7.98 x 109 and 

1.21 x 109, 4-BrPhOH with kH of 6.38 x 108
 and 1.25 x 109. Nitrenium ions 19 and 18 still have 

measured kH’s 3-6 orders of magnitude greater than the predicted kH based off of the measured 

∆𝐸𝑆𝑇. Presumably the antiaromatic character of nitrenium ions 19 and 18 lead to their increased 

rates of reactivity over nitrenium ions 1, 16, 17, and 2. Certainly all of the nitrenium ions studied 

have greater measured kH’s than the predicted kH’s. 

The kH’s are significantly greater than expected. Either there is a significant error in how 

B3LYP calculates ∆𝐸𝑆𝑇 of these nitrenium ions, or H-atom abstraction occurs through a pathway 

not involving the higher energy triplet state. The alternative pathways are hydride abstraction for 

CHD, electron transfer, or H-atom abstraction from the singlet state of the nitrenium ion. 

Nitrenium ion 2’s transient absorption spectrum has been previously reported to decay 

into the cation radical in the presence of CHD giving evidence of H-atom abstraction. Although 

triplet state nitrenium ion abstracting the H-atom cannot be ruled out from these observations, 

the singlet state diaryl nitrenium ion directly abstracting the H-atom is the simplest explanation. 

We propose that the singlet state is directly abstracting the H-atom. The mechanism explains the 

increased 2nd order rate constants of the diphenyl nitrenium ion series (1, 2, 16, and 17) relative 
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to their ∆𝐸𝑆𝑇 as shown in Scheme 3.6. It is assumed that nitrenium ions 1, 16, and 17 follow the 

same trend as nitrenium ion 2, but further experimentation would be needed to establish this.  

 

Scheme 3.6. Singlet and triplet state H-atom abstraction for 2 with CHD. 

 

The initial nitrenium ion quenching step is electron transfer for nitrenium ions 18 and 19. 

KIE experiments show that nitrenium ion 18 oxidizes an electron donor to produce the radical 

instead of H-atom abstraction. The neutral radical 18c then gets protonated to the cation radical 

18b, and finally reduced to the parent amine. A longer discussion of this mechanism is given in 

Chapter 4.6. 

Since all observed diaryl nitrenium ions have 2nd order rate constants significantly higher 

than the expected 2nd order rate constants, it cannot be assumed that the parent amine product is 

evidence of the triplet diaryl nitrenium ions. The antiaromatic carbazolyl nitrenium ions (18 and 

19) are unstable enough to oxidize the phenol derivative traps to form the neutral radical. The 

phenols are acidic enough to protonate the neutral radicals to forming the cation radical which 

also get reduced to the parent amine. CHD also reacts significantly faster with the antiaromatic 

carbazolyl nitrenium ions. The oxidation potential of CHD is close to PhOH and 4-BrPhOH so it 

may be able to reduce the antiaromatic nitrenium ions. The phenol derivative traps follow such a 
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pathway as seen in Table 3.2. Alternatively, CHD could react as a hydride donor with nitrenium 

ions 18 and 19 as has been proposed previously for nitrenium ion 19.11 Since the reaction of 

CHD with antiaromatic nitrenium ions does not occur through an H-atom abstraction, 19’s exact 

mechanism for reacting with CHD is not relevant to triplet state nitrenium ions chemistry.  

 

Table 3.2. BDE’s and oxidation potentials of the H-atom donors. 
 

BDE 

(kcal/mol) 
Eox vs SCE 

(V) 

CHD 73101 1.74 

PhOH 90.417 1.63102 

4-BrPhOH 90.717 1.69102 

4-CNPhOH 94.217 2.08102 

 

It should be noted that triplet aryl nitrenium ions can abstract H-atoms and form the 

parent amine as has been recently observed via a ground state triplet aryl nitrenium ion.14 

Additionally, it has been previously observed for the parent nitrenium ion NH2
+ 7 Therefore, if a 

singlet diaryl nitrenium ion intersystem crosses to the triplet state, it is able to react with H-atom 

donors. However, the singlet diaryl nitrenium ion is still able to react with the H-atom donor 

directly from the singlet state or via electron transfer. 

3.6 Conclusions 

Diaryl nitrenium ions have 2nd order rate constants with H-atom donors which are 

between 2-10 orders of magnitude greater than those predicted on the basis of DFT calculated 

singlet-triplet energy gaps. The significantly higher 2nd order rate constants rule out H-atom 

abstraction from the triplet state as the primary mechanism of parent amine formation as was 

previously believed. Instead, the data are consistent with the diaryl nitrenium ions reacting 

directly with H-atom donors from the singlet state either by H-atom transfer or electron transfer.  
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 The future work of this research is in exploring a larger scope of the diaryl nitrenium 

ions. More diaryl nitrenium ions are needed to investigate which nitrenium ions abstract H atoms 

and which oxidize H-atom donors. Further, it can be seen that both the 17 and the 18 have the 

same calculated ∆𝐸𝑆𝑇, but their 2nd order rate constants differ by 3-4 orders of magnitude. This 

difference in reactivity is related to the difference in mechanism as 17 abstracts an H atom and 

the 18 gets reduced to the neutral radical. More diaryl nitrenium ions must be investigated to be 

able to understand this difference in reactivity.  
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Chapter 4: Generation of the Antiaromatic 3,6-Dibromocarbazolyl 

Nitrenium Ion: Mechanistic Studies and Alkene Trapping 

4.1 Antiaromatic Carbazolyl Nitrenium Ion Previous Characterization 

In a previous publication, we described the generation and detection of the antiaromatic 

carbazolyl nitrenium ion 19 and determined that its lowest energy electronic configuration was a 

singlet. The important electronic configuration can be seen in Figure 4.1.11  

 

Figure 4.1. Ground state electronic configuration for carbazolyl nitrenium ion 19. 

 

Recently, carbazolyl nitrenium ion 19 has also been independently characterized by 

photoelectron spectroscopy and the lowest two energy states measured matched well with the 

calculated energies of the closed shelled singlet and the triplet.103 This confirms that the ground 

state of carbazolyl nitrenium ion 19 is its singlet state. The current work seeks to understand the 

mechanisms by which antiaromatic carbazolyl nitrenium ion derivatives’ react with H-atom 

donors, electron donors, and related trapping agents.  

Carbazolyl nitrenium ion 19 reacts significantly faster with nucleophiles, electron donors, 

and H-atom donors when compared with diphenyl nitrenium ion 1. This difference in reactivity 

is attributed to the antiaromaticity of carbazolyl nitrenium ion 19. However, it is unknown if the 
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antiaromaticity of carbazolyl nitrenium ion 19 allows for new reactivity, such as trapping with 

nucleophiles weaker than H2O and MeOH. Alternatively, it is possible that the antiaromatic 

character increases the reduction potential of nitrenium ion 19 and rates of H-atom abstraction to 

the point that no new aryl nitrenium adducts can be formed.  

Practically, the longer the lifetime of the nitrenium ion, the easier it is to measure 2nd 

order rate constants via LFP trapping experiments and characterize adducts with 1H NMR, 13C 

NMR, and MS. Carbazolyl nitrenium ion 19 has a lifetime of 0.3 μs. The lifetime is defined as 

the half-life of the nitrenium ion divided by √2. Therefore, a carbazolyl nitrenium ion derivative 

expected to have a longer lifetime was generated to probe the reaction mechanisms of 

antiaromatic carbazolyl nitrenium ions.  

It has been observed for diphenyl nitrenium ion 1 that if chlorines or bromines are added 

to the para positions of the phenyl rings then the lifetime of these derivatives is increased by two 

orders of magnitude.17 This moves the lifetime of 1 from 1.5 µs to 240 µs (17) or 124 (16) µs 

respectively.17 Therefore, we designed the antiaromatic carbazolyl nitrenium ion derivative to 

have two bromines added to the two para or the 3,6 positions. It is expected that the antiaromatic 

nitrenium ion’s lifetime will increase from 0.3 µs to around 10 µs as seen in Figure 4.2. This 

should allow 2nd order rate constants measured through LFP trapping experiments to be 

measured with less error and require lower amounts of trapping agents for product formations. 

The synthetic route can be seen in Scheme 4.1. N-carbazolyl-(2,4,6-trimethyl)pyridinium ion 24 

was synthesized by our previously published method.11 N-carbazolyl-(2,4,6-trimethyl)pyridinium 

ion 24 was added to 10 equivalents of NBS and stirred at room temperature for 3 days to produce 

the 3,6-dibromocarbazolyl-(2,4,6-trimethyl)pyridinium ion 25. 25 was cleaned with AgBF4 and 
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styrene to ensure no leftover Br2 or Br- was still in solution. Pyridinium ion 25 can be photolyzed 

to generate nitrenium ion 18. 

 
Figure 4.2. Lifetimes of 3,6-dibromocarbazolyl nitrenium ion 18 and other related nitrenium 

ions. 

 

 

Scheme 4.1. Synthesis of 3,6-dibromocarbazolyl pyridinium ion 25 and generation of 3,6-

dibromocarbazolyl nitrenium ion 18. 
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4.2 Previous Mechanistic Work for Carbazolyl Nitrenium Ions 

Previous mechanistic work with aryl nitrenium ions shows that nucleophiles add 

predominately to the ortho and para positions of the aromatic ring followed by a tautomerization 

to regain aromaticity in the ring. Less frequently, nucleophiles will also add to the N position.11,17 

It is been previously observed that the carbazolyl nitrenium ion 19 also forms ortho and para 

adducts with TBACl (26 and 27) and MeOH (28 and 29).11 When a transient absorption 

spectrum of carbazolyl nitrenium ion 19 in the presence of CHD was reported, the nitrenium ion 

signal did not decay into the cation radical spectrum expected from H-atom transfer step. 

Therefore, this reaction was presumed to occur via hydride abstraction. Carbazolyl nitrenium ion 

19 has also had its transient absorption spectrum measured in the presences of the electron 

donors DMA and DMB. In both cases the nitrenium ion 19 absorbance decays into the 

absorbance of the neutral radical 19c as well as the known spectrum of the cation radical of 

DMA or DMB. This gives evidence that electron transfer has occurred as seen in Scheme 4.2.11 

Further, aryl nitrenium ions have long been known to produce their parent amines when 

photolyzed in an inert solvent.11,14,57–60,63,92,93  



 

 

47 

 

 

Scheme 4.2. Previous mechanistic work of the carbazolyl nitrenium ion 19.11 

 

The mechanistic work that still needs to be addressed are primarily for the electron 

donors, the H-atom donors, and the products in inert solvents. For electron donors, the first step 

of the nitrenium ion oxidizing an electron donor to form the radical is known, but the final 

product has not been determined. For H-atom donors the final product is established as the parent 

amine, but whether this happens through electron transfer. H-atom donation, or hydride donation 

has not been determined. For most diaryl nitrenium ions there is an electrocyclization decay 

pathway that predominates in inert media. However, the bridge between the two aryl rings in 

carbazole derivatives rules out this decay pathway. Therefore, both the final products and their 

formation mechanisms need to be determined. This work seeks to determine all of the 
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mechanistic pathways and products for the 3,6-dibromocarbazolyl nitrenium ion 18 with H-atom 

donors and electron donors. 

4.3 Targeting Alkenes 

Previously, diphenyl nitrenium ion 1 was shown to react with electron rich alkenes. All of 

the alkenes explored had a trimethylsilyl leaving group on an enol ether or a leaving group on an 

allylic carbon.15 It was found that diphenyl nitrenium ion 1 could make covalent bonds through 

its ortho, para, and N positions.15 Since we have this precedent with 1, we chose to explore 18’s 

reactivity with alkenes of different electron density as can be seen in Figure 4.3. 

 

Figure 4.3. Different alkenes for trapping nitrenium ion 18. From most electron rich to least 

electron rich: 30, 31, 32, 33, then 34. 

 

 In this work, we first characterize 18 and measure its 2nd order rate constants with several 

nucleophilic, electron transfer, and H-atom traps. The measured 2nd order rate constants are 

slightly slower than carbazolyl nitrenium ion 19 but much faster than N,N-di(4-

bromophenyl)nitrenium ion 16. The mechanisms of 3,6-dibromocarbazolyl nitrenium ion 18 

reacting with different electron donor and H-atom donor traps are investigated as well as 18 in an 

inert solvent. It was found that the singlet nitrenium ion 18 can be trapped by nucleophilic traps, 

both H-atom donors and electron donors act as reductants to nitrenium ion 18, and in inert 

solvents the pyridinium ion 25 serves as the reductant. Finally, we trapped nitrenium ion 18 with 

different alkenes to assess if new reactivity can be accessed with nitrenium ions. Out of all the 
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alkenes studied, only the silyl enol ether 30 could trap the nitrenium ion 18. Similar behavior has 

previously been seen with 1. Therefore, no new alkenes could be used to trap the antiaromatic 

nitrenium ion. 

4.4 Characterizing 3,6-Dibromocarbazolyl Nitrenium Ion 18 

 First, the 3,6-dibromocarbazolyl nitrenium ion 18 was characterized. The pyridinium ion 

25 was photolyzed in CH3CN and the transient absorption spectra can be seen in Figure 4.4. 

 

 

Figure 4.4. LFP of 25 in CH3CN generates nitrenium ion 18. The times in the legend are in µs. 
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The nitrenium ion 18 spectrum can be distinguished from the cation radical spectrum 

(Figures 6.18-6.21) and the radical spectrum (Figures 6.17). Although the nitrenium ion, cation 

radical, and the radical spectra all absorb at similar wavelengths, they can be distinguished 

through their reactivity and lifetimes. A summary of the important high energy intermediates can 

be seen in Table 4.1. The max absorbances of the nitrenium ion 18 are 590 nm and 640 nm. The 

radical 18c and cation radical 18b both have max absorbances at 570 nm and 620 nm. The 

distinguishing characteristic between the radical and cation radical spectra are their lifetimes 

which are 5.87 μs and 30.4 μs respectively. The nitrenium ion 18’s lifetime in CH3CN was 

expected to be about 10 μs, but turned out only to be 1.15 μs. All of the high energy 

intermediates spectra were calculated with TD-DFT and they differ from their calculated 

absorptions by approximately 120-160 nm. For most aryl nitrenium ions TD-DFT is able to 

predict the max absorbances of the nitrenium ions to within 30 nm.8,10,17 However, with the 

carbazolyl nitrenium ion 19, TD-DFT was not able to accurately predict its max absorbance or 

absorbance profile.11 Although the source of this significantly greater error in calculated 

nitrenium ion absorbance spectra is not known, we assume that the same error exists in 3,6-

dibromocarbazolyl nitrenium ion 18 as does for the carbazolyl nitrenium ion 19. A much longer 

discussion of this error can be found in the journal article on the carbazolyl nitrenium ion.11 

 

Table 4.1. Summary of the high energy intermediates related to nitrenium ion 17. 

High Energy 

Intermediate 

Measured 

Absorptions 

(nm) 

Calculated 

Absorptions 

(nm) 

Lifetime (μs) Solvent 

Nitrenium Ion 18 590, 640 433, 522  1.15 CH3CN 

Cation Radical 18b 570, 620 444, 579  30.4 CH3CN 

Radical 18c 570, 620 426, 548  5.87 CH3CN 
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4.5 Mechanisms of 3,6-Dibromocarbazolyl Nitrenium Ion with Different Traps 

To further support that the transient signal in Figure 4.4 is the nitrenium ion, LFP 

experiments were carried out to determine 2nd order rate constants for reactions of the transient 

signal with different nucleophiles. The resulting stable adducts were also isolated or compared to 

authentic samples. The nucleophilic traps used are TBACl, MeOH, H2O. The 2nd order rate 

constants of TBACl for other diaryl nitrenium ions are close to diffusion limited rate constant of 

2 x 1010 M-1s-1, MeOH, and H2O are between 104-107 M-1s-1.9–11,17 For nitrenium ion 18, the 2nd 

order rate constant for TBACl was 2.9 x 1010 M-1s-1 which is in good agreement with the 

expected diffusion limited 2nd order rate constant. H2O gave 2.2 x 106 M-1s-1 and MeOH gave 1.4 

x 107 M-1s-1 both of which are similar to rate constants for diaryl nitrenium ions. Standard 

spectroscopic methods are used to characterize the products resulting from nitrenium ion 18 with 

TBACl and MeOH nucleophilic traps (compounds 35 and 36). The presence of these adducts 

shows that the singlet nitrenium ion 18 can be trapped with nucleophiles as was seen for the 

carbazolyl nitrenium ion 19.11 

A summary of all adducts for nitrenium ion 18 can be seen in Scheme 4.3. The 2nd order 

rate constants measurements obtained by kinetic trace experiments via LFP for nucleophilic traps 

are shown in Table 4.2.  
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Scheme 4.3. Reactions of nitrenium ion 18. Compounds 38, and 39 are compared by 1H NMR to 

authentic standards.104,105 Compounds 35, 36 and 37 are characterized by 1H NMR, 13C NMR, 

and ESI-MS. 

 

Table 4.2. Nucleophilic traps of nitrenium ion 17 and related nitrenium ions. Carbazolyl 

nitrenium ion’s TBACl and MeOH trapping were previously published11 

Trap 19 

Carbazolyl 

Nitrenium Ion11 

18 

3,6-

Dibromocarbazolyl 

Nitrenium Ion  

1 

Diphenyl 

Nitrenium Ion17 

 

16 

N,N-di(4-

bromophenyl) 

nitrenium ion 17 

TBACl 3.5 x 1010 M-1s-1 2.9 x 1010 M-1s-1 1.0 x 1010 M-1s-1 9.83 x 109 M-1s-1 

H2O 1.1 x 108 M-1s-1 2.2 x 106 M-1s-1 6.1 x 105 M-1s-1 1.12 x 104 M-1s-1 

MeOH 9.8 x 108 M-1s-1 1.4 x 107 M-1s-1 5.2 x 106 M-1s-1 7.74 x 104 M-1s-1 

 

Nitrenium ions 19 and 18 were then trapped with different electron and H-atom donors 

and their 2nd order rate constants were measured via LFP. Their reactivity trends and can be seen 
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in Tables 4.3 and 4.4. Both 19 and 18 trap TMB at 7.2 x 109 M-1s-1 and 1.3 x 1010 M-1s-1 which 

are both close to diffusion limit as is only slightly faster than diphenyl nitrenium ion 1 and N,N-

di(4-bromophenyl) nitrenium ion 16. A similar trend is seen for DMB with 19 and 18 trapping 

DMB at 8.1 x 109 M-1s-1 and 2.5 x 109 M-1s-1, however, when compared to nitrenium ions 1 and 

16 both 19 and 18 trap DMB 1-2 orders of magnitude faster. We attribute this to the antiaromatic 

character of nitrenium ions 19 and 18. DMA traps 19 and 18 the fastest at diffusion limited rates 

of 1.7 x 1010 M-1s-1 and 2.5 x 1010 M-1s-1 which is only 1 order of magnitude faster than 

nitrenium ion 16. Finally, DABCO is used to trap nitrenium ion 18 to support the mechanism 

that the radical 18c can be protonated by an acidic proton to the cation radical 18b. Since 

DABCO does not have any acidic proton, two 18c radical combine to form the N-N dimer 38.  

 

Table 4.3. Electron donor traps of nitrenium ion 18 and related nitrenium ions. TMB = 

Trimethoxybenzene. DMA = Dimethylaniline. DMB = Dimethoxybenzene. DABCO = 1,4-

Diazabicyclo[2.2.2]octane. 

Trap Eox 

(V vs 

SCE) 

19 18 18 16 17 

TMB 1.49106 7.2 x 109 M-1s-1 1.3 x 1010 M-1s-1 3.1 x 109 M-1s-1 5.17 x 109 M-1s-1 

DMA 0.74102 1.7 x 1010 M-1s-1 2.5 x 1010 M-1s-1  6.01 x 109 M-1s-1 

DMB 1.34106 8.1 x 109 M-1s-1 2.5 x 109 M-1s-1 3.4 x 108 M-1s-1 4.03 x 107 M-1s-1 

DABCO 0.69107  1.5 x 1010 M-1 s-1   

 

 Next, 19 and 18 were trapped with different H-atom donors as seen in Table 4.4. 

Nitrenium ions 19 and 18 were both trapped with CHD at 9.1 x 109 M-1s-1 and 8.13 x 109 M-1s-1. 

Nitrenium ion 19’s mechanism with CHD has been previously proposed to be by hydride 

abstraction instead of H-atom abstraction.11 Both 19 and 18 are trapped by CHD 3 orders of 

magnitude faster than diphenyl nitrenium ion 1 and N,N-di(4-bromophenyl) nitrenium ion 16. 
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This can be attributed to either 19 and 18 abstracting an electron from CHD or abstracting a 

hydride as was previously proposed. 

Phenol (PhOH) traps both 19 and 18 with rate constants of 7.98 x 109 M-1s-1 and 1.21 x 109 M-1s-1 

which is 5 orders of magnitude greater than nitrenium ion 16. Nitrenium ions 19 and 18 are 4-9 

kcal/mol more likely to abstract an H-atom from CHD based off of calculated BDE’s for 

nitrenium ions 19, 18, 1, and 16 as seen in Table 4.4, so this increased reactivity could be 

attributed to either H-atom abstraction or electron transfer. To determine this mechanism, a KIE 

experiment on trapping nitrenium ion 18 with PhOH and Phenol-d1 (PhOD) is performed as seen 

in Figure 4.5. Theoretically the KIE between kH/kD should be about 7. The kinetic traces 

obtained via LFP for PhOH vs PhOD are not statistically different, so no KIE is observed. 

Therefore, 18 does not abstract an H-atom from PhOH, but rather 18 is reduced to the neutral 

radical 18c. 4-bromophenol traps 19 and 18 with rate constants of 6.38 x 108 M-1s-1 and 1.25 x 

109 M-1s-1. These values are still 5 orders of magnitude faster than nitrenium ion 16. It is 

assumed that 4-BrPhOH follows the same mechanism as PhOH. The nitrenium ions 19 and 18 

react with 4-BrPhOH to initially form neutral radicals. Finally, 4-cyanophenol (4-CNPhOH) was 

used to trap nitrenium ions 18. Nitrenium ion 18 was not quenched by 4-CNPhOH which means 

that the 2nd order rate constant for this reaction is < 1 x 105 M-1s-1.  
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Figure 4.5. Kinetic isotope effect measurements with PhOH vs PhOD. No KIE is observed, so 

phenol quenches nitrenium ion 18 through electron transfer. 
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Table 4.4. H-atom donor traps of nitrenium ion 18 and related nitrenium ions. The BDE’s are 

calculated by b3lyp-d3/def2svp EE + ZPVE. Carbazolyl nitrenium ion’s CHD trapping was 

previously published.11 

Trap Eox 

(V vs 

SCE) 

19 18 117 1617 

CHD 1.7417 9.1 x 109 M-1s-1 8.13 x 109 M-1s-1 6.5 x 106 M-1s-1 5.13 x 106  

M-1s-1 

Phenol 1.63102 7.98 x 109 M-1s-1 1.21 x 109 M-1s-1  4.73 x 105  

M-1s-1 

4-bromo 

phenol 

1.69102 6.38 x 108 M-1s-1 1.25 x 109 M-1s-1  4.89 x 105  

M-1s-1 

4-cyano 

phenol 

2.08102  Below Detection 

Limit or 

< 1 x 106 M-1s-1 

  

Est. BDE 

(kcal/mol) 

 -90.11 -92.3 -85.8 -83.17 

 

Once the 2nd order rate constants are measured, product analysis is used to better 

understand the mechanism by which nitrenium ion 18 reacts with different traps. NMR tubes 

with pyridinium ion 25 and different traps were photolyzed and the 1H NMR products from the 

mixtures were compared to authentic standards as seen in Table 4.5. In the absence of any trap 

and in an inert solvent, nitrenium ion 18 forms the N-N dimer 38. However, in the presence of 

CHD, PhOH, 4-BrPhOH, 4-CNPhOH, and DMA, the product is the parent amine 39. 

Surprisingly, in the presence of DMA which is a good electron donor, the final product is also 

the parent amine 39 instead of the dimer 38. A plausible mechanism for forming the parent 

amine 39 for all of the traps in Table 4.5 is that the nitrenium ion 18 is reduced by the traps to 

form the radical 17c. When acidic species are present, the radical 18c is protonated to form the 

cation radical 18b. The cation radical 18b then is reduced again to the parent amine 39 shown in 

Scheme 4.4. 
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Table 4.5. NMR experiments of pyridinium ion 25 with different traps. Each sample was 

photolyzed at 370 nm until all of pyridinium ion 25 was converted. Only the parent amine (39) 

was observed as a product. In the absence of a trap only the dimer (38) was observed. 

Trap Products 

CHD 39 

PhOH 39 

4-BrPhOH 39 

4-CNPhOH 39 

DMA 39 

H2SO4 (diluted) 39 

None  38 

 

 

Scheme 4.4. Mechanistic pathway for nitrenium ion 18. In the presence of TBACl, or MeOH it 

forms nucleophilic adducts. Nuc = Cl or OMe. 

 

Additional support for the mechanism in Scheme 4.4 was obtained by the NMR 

experiment with 4-CNPhOH. This step produces the parent amine 39 even though it has no 

measurable 2nd order rate constant as seen in Table 4.4. The nitrenium ion 18 produces the 

radical 18c even in the absence of any trap. 4-CNPhOH serves as an acid and it protonates 18c to 

form the cation radical 18b and eventually the parent amine 39.  
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Further support for this mechanism comes from an experiment where a strong acid is 

added to the photolysis of pyridinium ion 25 in CH3CH. High yields of parent amine 39 are 

obtained when 25 is photolyzed in the presence of H2SO4 as seen in Table 4.5. The added acid 

protonates the radical 18c and causes the major product to be the parent amine 39 instead of the 

dimer 38. We do not directly observe the cation radical 18b accepting an electron to form the 

parent amine 39. However, in all reaction conditions where cation radical 18b is formed, parent 

amine 39 is observed in the product mixture via 1H NMR.  

In neutral conditions, neutral radical 18c couples to itself to form the dimer 38. Electron 

donors which do not easily donate a proton such as DABCO or TMB were able to produce the 

dimer 38. It can be seen in Table 4.3 that both DABCO and TMB donate an electron at near 

diffusion limited rates for nitrenium ion 18. Further, 18’s signal in the presence of DABCO 

clearly gets quenched to make neutral radical 18c (see Figure 6.22). Photolysis of DABCO and 

TMB produces the dimer 38 as the primary product and the parent amine 39 as a minor product. 

The minor product, parent amine 39, is attributed to prolonged photolysis of the dimer 38. If the 

dimer 38 is photolyzed it breaks apart to form 18c.  

The antiaromaticity of the carbazolyl nitrenium ion derivatives destabilizes the nitrenium 

ions to the extent that they oxidize an electron from the H-atom donor traps to form their 

corresponding radicals instead of an H-atom to form their corresponding cation radicals. It is 

unclear whether the antiaromatic nitrenium ions are abstracting an electron or a hydride from 

CHD as KIE experiments were not done on CHD, but the mechanism for nitrenium ion 18 with 

traps have been determined.  
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4.6 Mechanisms of 3,6-Dibromocarbazolyl Nitrenium Ion in the Absence of Traps 

With electron donor traps, the nitrenium ion 18 oxidizes trap to form the neutral radical 

18c which combine to make the dimer 38 as seen in Scheme 4.5. However, the dimer 38 is still 

observed in inert solvents in the absence of trapping agents. The source of electrons in this case 

must be accounted for. The N-N dimer 38 is very cleanly formed from photolysis of pyridinium 

ion 25 in the absence of any traps by 1H NMR. Similar N-N dimers were observed with the N,N-

di(4-halophenyl) nitrenium ions 16 and 17.17 The question then is what does the nitrenium ion 18 

oxidize? There are two different ways to assess the mechanism of nitrenium ion 18 in the 

absence of any traps. First, LFP can be used to determine the initial mechanistic step. Second, 1H 

NMR can be used to determine the source of reducing equivalents.  

 

Scheme 4.5. Mechanistic pathway to get from nitrenium ion 18 to dimer 38.  

 

 The initial step of this mechanism is the reduction of nitrenium ion 18 by pyridinium ion 

25. LFP shows that this reaction has a 2nd order rate constant of 3.09 x 108 M-1s-1 (see Figure 

4.6). A closer examination of the transient spectra from LFP shows nitrenium ion 18 decaying to 

form neutral radical 18c as seen in Figure 4.4 (in CH3CN) and Figure 4.8 (in DCM).  

We considered the possibility that nitrenium ion 18 might react with the counter ion BF4
-. 

Pyridinium ion 25 has a counter ion BF4
- which could potentially be what nitrenium ion 18 is 
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oxidizing as increasing concentrations of pyridinium ion 25 also increase the concentration of 

BF4
-. To rule out this possibility, LFP experiments with the pyridinium ion 25 and varying 

concentrations of tetra(n-butyl)ammonium BF4
- showed that nitrenium ion 18’s pseudo first 

order decay was unchanged by differing concentrations of BF4
- (see Figures 6.26). To further 

support the pyridinium ion 25 as the initial reductant and not BF4
- the counter ion was changed 

from BF4
- to ClO4

-. The LFP trapping experiment with nitrenium ion 18 and ClO4
- again showed 

there was no difference in rate constant (see Figures 6.27). These experiments exclude the 

counter ion from reducing nitrenium ion 18. Therefore, nitrenium ion 18 is trapped by 

pyridinium ion 25.  

 

Figure 4.6. LFP trapping experiment shows that nitrenium ion 18 gets trapped by pyridinium ion 

25.  

 

We also examined the possibility of that the solvent quenches nitrenium ion 18. To test 

this a KIE experiment using LFP was performed in this experiment, the pyridinium ion 25 was 

photolyzed in CH3CN as well as CD3CN. Since no difference in pseudo-first order rate constants 

were observed, there is no KIE with CH3CN/CD3CN (see Figure 4.7). Therefore, it is unlikely 
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that nitrenium ion 18 abstracts an H-atom from the solvent. Additionally, the pyridinium ion 25 

was photolyzed in both CH3CN and DCM. The lifetime of the nitrenium ion 18 was the same in 

both solvents. It is extremely unlikely that both solvents would react at identical rates. Therefore, 

the solvent is not reducing the nitrenium ion 18 to the neutral radical 18c. Further, N,N-di(4-

bromophenyl)nitrenium ion 16 also makes its N-N dimer, and was found to have consistent 

lifetimes in CH3CN, DCM, chlorobenzene, and nitrobenzene as well.17 Therefore, the solvent has 

been ruled out as the oxidant, and the pyridinium ion 25 is the initial oxidant. 

 

 
Figure 4.7. Nitrenium ion 18 shows no KIE with the solvent in CH3CN/CD3CN. 
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High yields of collidine exclude this species as the source of reducing equivalent. The 

photolysis of pyridinium ion 25 in CH3CN has a 1H NMR integration ratio of the dimer 38 to 

collidine 20 of 0.4:1. The collidine 20 yield is between 90-100%, so collidine 20 is discounted as 

the final donor of electrons.  

In contrast to the collidine leaving group, only 40% of the 3,6-dibromocarbazolyl product 

is accounted for in the yield of dimer 38. ESI-MS shows a small fragment at m/z 768 with the 

appropriate isotopic distribution for a nitrenium ion 18 bonded to a pyridinium ion 25. Another 

5% of the 3,6-dibromocarbazolyl product can be attributed to this pyridinium ion adduct 40, and 

a possible mechanism and structure is given in Scheme 4.6. The missing 55% of 

dibromocarbazolyl product is attributed to oligomers similar to what has been previously 

observed.51 These oligomers would presumably be oxidized to form persistent cation radicals 

which would not be observed in 1H NMR as their unpaired electrons’ spin would cause the T2
* to 

decrease to the point that it would not be observable in 1H NMR. Analogous oligomers have 

been previously observed in MALDI MS.51 Oligomers of nitrenium ion 18 are what we attribute 

the final oxidant to be.  
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Scheme 4.6. Proposed mechanism of formation of pyridinium-nitrenium ion adduct 40 observed 

in product mixture by ESI-MS. This product accounts for approximately 5% of the product 

mixture by 1H NMR impurities. The dimer 38 accounts for 40% of the product mixture. 

 

To discount other possible final electrons sources, BF4
- is ruled out by using 19F NMR to 

determine if there is any change in chemical shift of BF4
- or if any additional peaks grow in. 

Neither of these are observed (see Chapter 6.4.4). Further, collidine 20 can be ruled out as its 

yield is between 90-100%.  

A mechanism which can account for all the data is shown in Scheme 4.7. In the first step, 

nitrenium ion 18 oxidizes pyridinium ion 25 to make the neutral radical 18c and the dicationic 

pyridinium ion 41. The formation of the 18c can be clearly seen by LFP in CH3CN and in DCM, 

but is a little clearer in DCM and can be seen in Figure 4.8. Next, two 18c’s dimerize to give the 

final dimer product 38. 41 then pulls an electron from the dimer 38 or oligomeric species to 
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regenerate the pyridinium ion 25 and either the cation radical of 38 or the cation radical of an 

oligomeric species. This second step is attributed to the fact that 20 and BF4
- do not form any 

side products, and the pyridinium ion 25 can be cleanly converted to make 20, but only 40% of 

38. The final proposed mechanism is shown in Scheme 4.7. 

 

Figure 4.8. Nitrenium ion 18 decaying into neutral radical 18c. Solvent is DCM. Times are in 

μs. 18c is clearly visible at 1.5 μs and still visible when the nitrenium ion is completely decayed 

at 5 μs. 
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Scheme 4.7. Mechanism for formation of Dimer 38 from nitrenium ion 18. Additionally, instead 

of 38 being oxidized to its cation radical, short oligomers could be oxidized as well. 

 

 A couple final points need to be made on the formation of 38. The earlier mechanism 

proposed for the N-N dimer formation of the nitrenium ions 16 and 17 suggest that the nitrenium 

ions were reduced by a trace impurity.17 The issue with this explanation is that it would be 

dependent on the sample purity. Presumably the more times the reaction is carried out, the 

concentrations of trace impurities would change, unless they are solvent impurities. In this case, 

distilling the solvent should change trace impurity concentration. Further, changing the solvent 

should change the impurities or their concentrations in the solvents as well. None of these 

changes in nitrenium ion lifetime were observed, so the trace impurity explanation is ruled out. 
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 Second, it is worthwhile to consider why N-N dimers only form as the only product in the 

cases where the para positions are substituted. Our hypothesis is that in examples where the para 

position are unsubstituted for electrophilic aromatic substitution, a mixture of N-N dimers (head-

to-head) and N-para dimers (head-to-tail), and even possibly para-para dimers (tail-to-tail). This 

mixture of dimers and even eventually the formation of oligomers make it difficult to isolate and 

characterize the various products.11,17,51  

 Additionally, it is possible that the dicationic pyridinium ion 41 photolyzes to form 

nitrenium ion 18 and the cation radical of collidine instead of accepting an electron from 38 or 

short oligomer. The cation radical of collidine then accepts an electron from the dimer or short 

oligomer. 

 In summary, we believe the mechanism of dimer 38 formation’s first step is the nitrenium 

ion 18 oxidizing pyridinium ion 25 to form the neutral radical 18c and the dicationic pyridinium 

ion 36. Two neutral radicals dimerize to make dimer 38. 41 reforms the pyridinium ion 25 by a 

subsequent electron transfer presumably from the dimer 38 or oligomers of the dimer 38.  

4.7 Trapping Alkenes with 3,6-Dibromocarbazolyl Nitrenium Ion  

 The last objective of this study is to determine if the antiaromatic nitrenium ion 18 can 

react with weak nucleophiles. The nucleophiles investigated are alkenes with different electron 

density as seen in Figure 4.3. First, nitrenium ion 18 was trapped by the 1-phenyl-1-

trimethylsiloxyethylene 30 to give adduct 37 (see Scheme 4.3 above). This trap has previously 

been used to successfully trap diphenyl nitrenium ion 1.15 Surprisingly only the N-adduct was 

formed as seen in Scheme 4.3, but in the case of 1, the ortho and para products were isolated.15 

This suggests that 30 could be trapping 18 through a radical mechanism which has been seen in 
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similar silyl enol ethers with a sufficient oxidant.108 A proposed mechanism for the formation of 

adduct 37 can be seen in Scheme 4.8. 

 

Scheme 4.8. Proposed mechanism for the formation of only the N-adduct 37. 

 

 Since nitrenium ion 18 is reactive with 30, we decided to test 18’s reactivity with less 

electron rich alkenes, namely cis-stilbene 32, styrene 33, and cyclohexene 34. The yields of these 

traps were obtained with 1H NMR as described in Chapter 6.4.1 and the results can be seen in 

Table 4.6.  

 

Table 4.6. NMR yields of different alkene traps. Only 30 is reactive with nitrenium ion 18. EVE 

31 makes an insoluble polymeric gel mixture, so its yields were not accurate with 1H NMR as 

not everything went into solution, so it is not included in this table. 

Alkene Trap Adduct (%) Amine 39 (%) Dimer 38 (%) Total (%) 

1-phenyl-1-

trimethylsiloxyethylene 

30 

82 

(Adduct 37) 

Peaks covered 

up by 30 

Peaks covered 

up 30 

82 

Cis-Stilbene 32 Not Detected 24.8 29.5 54.3 

Styrene 33 Not Detected 24.0 39.4 63.4 

Cyclohexene 34 Not Detected 8.5 31.8 40.3 

No Trap N/A 0% Only Product N/A 

 

Surprisingly, none of the other alkenes were able to trap the nitrenium ion 18, despite its 

antiaromaticity. Alkenes 32, 33, and 34 did not produce any adducts, but rather the parent amine 
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39 (yields 8.5-24.8%) and dimer 38 (yields 29.5-31.8%). Since no adducts were observed in 1H 

NMR, only alkene 30 can form adducts with nitrenium ion 18. It is possible that the 

trimethylsilyl (TMS) leaving group may be necessary to achieve trapping at the concentrations of 

alkene trapping. Ethyl vinyl ether (EVE) 31 was used to probe this hypothesis. Photolysis of 

pyridinium ion 25 with alkene 31 generated a polymeric gel like mixture. This is not surprising 

since nitrenium ions will eventually generate an equivalent of acid, and 31 is known to 

cationically polymerize in the presence of acid109. The gel itself is soluble in CH3CN so ESI-MS 

was used to identify any adducts with a dibrominated isotopic distribution. No adducts were 

observed, so 31 is not able to trap the nitrenium ion 18. 

The Mal group has been able to achieve intramolecular trapping of alkenes and 

intermolecular trapping of a nitrenium ion with aryl rings.110,111 We interpret our results to mean 

that a higher concentration of alkene is needed to achieve labeling as nitrenium ion 18 is being 

reduced before the alkenes can nucleophilically trap it. The pyridinium ion 25 was not soluble in 

neat alkene solvent like styrene, so the concentration of alkene was kept constant across all 

alkene traps 30-34 and matched the concentrations used for the 1 with silyl enol ethers.15 It is 

possible that if the concentration of the alkenes used was maximized that adducts could 

potentially be isolated. 

Therefore, we conclude that the nitrenium ion 18 is reduced so rapidly that either it has to 

be trapped with a nucleophile that has a 2nd order rate constant close to the diffusion limit like Cl-

, or nitrenium ion 18 can be trapped by a nucleophilic solvent like MeOH. Otherwise, it accepts 

an electron to form 18c. Once 18c is formed alkene 30 can trap it. If there are no acidic protons 

then it forms the dimer 38. If there are acidic protons it forms 18b and eventually the parent 

amine 39. 
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4.8 Conclusions and Future Work 

The 3,6-dibromocarbazolyl nitrenium ion 18 can be characterized by LFP and product 

analysis. It has 2nd order rate constants consistent with 19 with nucleophilic traps and electron 

donor traps, and H-atom donor traps. In neutral conditions 18 accepts an electron to form 18c 

which then dimerizes to form the N-N dimer 38. In acidic conditions 18c get protonated to form 

18b which then accept another electron to form the parent amine 39. Finally, 18 was unable to be 

trapped with different alkenes except for 30 which is believed to form through a radical 

mechanism. Therefore, the antiaromaticity of the high energy nitrenium ion does not lead to any 

new synthetically useful reactivity, but mainly results in electron transfer. 

The future work of this project would be to investigate the 3,6-dichlorocarbazolyl 

nitrenium ion and determine if it follows the same pattern as 18. Further, synthesizing a new 

nitrenium ion which alkylates the 3 and 6 positions would isolate the substitution patten of the 

antiaromatic nitrenium ion from the electronic effects of the lone pairs on the halogens. 
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Chapter 5: Selective Labeling and Isolating Tryptophan adducts in N-

acetyl-L-Tryptophan ethyl ester and Peptide WWCNDGR 

The majority of the work in this chapter has been published. 

Chinn, E. S.; Li, Y.; Joyce, A. M.; Falvey, D. E. Selective Photo Labeling of Tryptophan with N-

Acetyl-L-Tryptophan Ethyl Ester and Peptide WWCNDGR. 2025. 

https://doi.org/10.26434/CHEMRXIV-2025-96K9J. 112 

5.1 Aryl Nitrenium Ions as a Tryptophan Labeling Candidate 

 Covalent modification of proteins is important for controlling protein activity. To this end 

it is desirable to develop reagents capable of reacting with specific amino acids. Many methods 

have been developed for selectively labeling natural occurring amino acids. Some of the amino 

acids studied include but are not limited to, lysine,113 glutamine,114 cysteine,115 tyrosine,116–119 

arginine,120 methionine,121,122 tryptophan,123–129 as well as the N and C terminus amino acids.130 

 There are many ways to target amino acid labeling in peptides and proteins, but a 

previously unexplored way is through using nitrenium ions. Aryl nitrenium ions have previously 

been shown to covalently modify guanosine monophosphate (GMP). This labeling has been 

suspected to cause mutations in DNA causing cancer.28,131,132 The advantage of covalently 

modifying peptides and proteins with aryl nitrenium ions is that aryl nitrenium ions are easily 

photochemically generated. This allows for both spatial and temporal control of the peptide or 

protein modification.  

In a previous work, the Falvey lab showed that aryl nitrenium ions also react with amino 

acids, GMP, and proteins. These experimental measurements were done using LFP of 1-(N-

methyl-N-4-biphenylyl)-2,4,6-trimethylpyridinium tetrafluoroborate 42 to its corresponding 
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nitrenium ion 43 and observing quenching of 43’s signal by different biomolecules.133 More 

recently we designed the 10,11-dihydrodibenz[b,f]azepinyl nitrenium ion 2 and showed that the 

fastest trapped amino acids are tryptophan, cysteine, and methionine.10,133  A summary of the 

important trapping rate constants can be seen in Table 5.1. 

 

Table 5.1. 2nd order rate constants measured using LFP trapping different nitrenium ions with 

naturally occurring amino acids.  

Amino Acid Trap 

 
43133 

 

 
210 

Tryptophan (2.91 ± 0.1) x 109 M-1 s-1 2.52 x 109 M-1 s-1 

Methionine (1.29 ± 0.7) x 109 M-1 s-1 8.63 x 108 M-1 s-1 

Cysteine (2.79 ± 0.2) x 108 M-1 s-1 3.95 x 108 M-1 s-1 

Lysine (8.04 ± 1.6) x 107 M-1 s-1 3.72 x 107 M-1 s-1 

Tyrosine (2.95 ± 0.7) x 108 M-1 s-1 2.10 x 107 M-1 s-1 

Arginine (3.04 ± 0.5) x 107 M-1 s-1 6.49 x 107 M-1 s-1 

Serine (7.93 ± 0.7) x 106 M-1 s-1  

Histidine (5.39 ± 0.5) x 107 M-1 s-1  

 

 The LFP experiments in Table 5.1 shows that tryptophan reacts the fastest out of all the 

amino acids. However, the earlier studies did not distinguish between different mechanisms for 

this reaction. It is unclear whether the mechanism of trapping the nitrenium ion with tryptophan 

is by electron transfer, nucleophilic addition, or H-atom transfer. Our expectation is that 

tryptophan will add to an aryl nitrenium ion through a nucleophilic addition mechanism. Before 

labeling a peptide with an aryl nitrenium ion, the tryptophan adducts with the aryl nitrenium ion 

will be characterized. Once we characterize the tryptophan adducts, we hypothesize that we will 

be able to selectively label tryptophan in a short peptide chain. 
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 Tryptophan is the least abundant naturally occurring amino acid in nature, comprising 

only about 1% of amino acids in proteins.134 Tryptophan labeling agents are important to develop 

to understand protein interactions.130 Current selective tryptophan labeling reactions use rhodium 

carbenoids,126 opening an oxaziridine ring,127 exciting the tryptophan indole ring to react with 

short halohydrocarbon,123 or oxidizing the alpha carbon of the indole ring.124 Most relevant to 

this study is the Taylor Lab’s work on selectively labeling tryptophan with photoinduced 

electron transfer from the tryptophan to an N-carbamoylpyridinium salt which results in a group 

transfer of the N-carbamoyl group to the tryptophan producing collidine as a by-product.128,129 

The Taylor lab discounts the possibility of a nitrenium ion intermediate because they see no 

rearrangement products and non-aryl nitrenium ions quickly rearrange.64,129 

5.2 Designing a Nitrenium Ion for Tryptophan and Peptide Adducts 

In designing an aryl nitrenium ion to use for labeling a peptide, a dibrominated nitrenium 

ion is used as the two bromines would give an isotopically unique isotopic distribution in our 

mass spectra. The N,N-di(4-bromophenyl)nitrenium ion 16 is a good option. It is also known to 

be generated from the N-(4,4’-dibromodiphenylamino)-2,4,6-trimethylpyridinium ion (44) with 

UV light as can be seen in Scheme 5.1.17 

 

Scheme 5.1. Generation of nitrenium ion 16 from compound 44. 
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In this work, we first demonstrate that tryptophan traps nitrenium ion 16 and leading to 

two major covalent adducts. Further, we show that nitrenium ion 16 covalently bonds to the 

indole ring in a short peptide WWCNDGR. In using a dibrominated nitrenium ion, we are be 

able to unambiguously identify labeled fragments in tandem mass spectrometry analysis. We 

propose that nitrenium ion 16 is representative of aryl nitrenium ions and that aryl nitrenium ions 

should be considered an option for tryptophan labeling.  

5.3 N,N-di(4-bromodiphenyl)nitrenium ion-Tryptophan Adducts Characterized 

First, nitrenium ion 16 is used to label N-acetyl-L-tryptophan ethyl ester 45. The trapping 

of nitrenium ion 16 produces two major adducts 46 and 47. The identity of these products was 

established using 1H NMR, 13C NMR, HSQC NMR, and ESI+ MS and their formation 

mechanisms are shown in Schemes 5.2 and 5.3.  
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Scheme 5.2. Proposed Mechanism for the labeling of 45 with 16 to make compound 46. 

 

 
Scheme 5.3. Proposed Mechanism for the labeling of 45 with 16 to make compound 47. 
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5.4 Labeling and Identifying Amino Acid Binding on Peptide WWCNDGR with Nitrenium Ion 16  

Once the tryptophan adducts were isolated and identified, it was assumed that tryptophan 

in peptides would make the analogous adducts as well. A short peptide containing tryptophan 

was used to determine if similar adducts could form in a peptide. Photolysis of nitrenium ion 16 

was carried out in the presence of peptide WWCNDGR. This peptide was used because it is the 

T9 trypsin digest fragment of lysozyme.135 The m/z of the peptide and the labeled peptide can be 

seen in Figure 5.1. 

  

Figure 5.1. The expected m/z values of the peptide and the labeled peptide.  

Since the labeled peptide has a unique dibrominated isotopic distribution, we are able to 

unambiguously identify the labeled peptide in the mass spectrum. After photolyzing the 

pyridinium ion, an isotopic distribution with m/z 1259.27, 1261.27, 1263.27 was seen. This 

corresponds to the peptide with one nitrenium ion bonded to it as can be seen in Figure 5.2. 
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Figure 5.2. Labeling of peptide WWCNDGR. Reaction Scheme (Top), the ESI+ mass spectra of 

the peptide (left), and of the labeled peptide (right). The labeled peptide shows the characteristic 

isotopic distribution of having two bromines alongside of the expected second isotopic 

distribution resulting from 13C isotopes. A full comparison of the calculated mass spectra to 

measured mass spectra can be seen in Figure 6.33. 

 

After the mass of the labeled peptide has been identified by mass spectrometry, the CID 

spectrum of the m/z 631.14 ion, which is the doubly charged labeled peptide ion, was obtained to 

determine which amino acid is labeled. We expect nitrenium ion 16 to label one of the two 

tryptophans. Figure 5.3 shows that unambiguously there is a labeled fragment from tryptophan. 

This can be seen by the isotopic distribution m/z 452.95, 454.95, 456.95. These three ions 

correspond to a labeled fragment from tryptophan which has two bromines on it. Since there are 

two tryptophans on the peptide, it is unsurprising that the unlabeled fragment from tryptophan 

with a m/z 130.07 can also be seen. These observations do not identify if the terminal 
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tryptophan, the interior tryptophan, or a mixture of both are labeled, but it does unambiguously 

show that tryptophan has been labeled by the nitrenium ion because of the dibrominated ion 

pattern. 

  

Figure 5.3. CID spectrum of the m/z 631.14 ion provides two tryptophan fragments. A labeled 

fragment from tryptophan (m/z 454.95) and an unlabeled fragment from tryptophan (m/z 

130.07). 
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A summary of the tandem mass spectrometry data of the peptide and the labeled peptide 

are given in Figure 5.4. In Taylor’s selective tryptophan labeling work, the last seven amino 

acids in their peptide sequence are the same as ours. The fragmentation pattern seen on these 

amino acids showed the y6
+ and the y5

+ fragments.129 Figure 5.4 shows that we can further 

fragment our peptide to make the a1
+, y6

+, y5
+, and y2

+ fragments (See Figure 6.32).  

 

Figure 5.4. Summary of the peptide fragmentation in tandem mass spectrometry. The W* is the 

labeled tryptophan. The [y6
+]* fragment is the labeled fragment. The a1

+, y5
+, and y2

+ fragments 

can be seen in Figure 6.32.  

 

The [y6
+]* and the y6

+ fragments can be seen in Figure 5.5. The isotopic bromine signature 

in the [y6
+]* fragment confirms that the peptide fragment was labeled. The y5

+ fragment 

corresponds to all of the amino acids in the peptide except for the two tryptophans on the N-

terminus. Since, there is no evidence for labeling the y5
+ or y2

+ fragments, there is no detectable 

labeling of any amino acid except for tryptophan. Therefore, this photolabeling of tryptophan is 

selective in the peptide.  
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Figure 5.5. CID spectra of the peptide (top) and the labeled peptide (bottom). A comparison of 

the spectra show that the peptide is labeled on the y6
+ fragment which contains tryptophan. Also, 

this labeling is only observed as a result of photolyzing pyridinium ion 44 in the presence of the 

peptide. The original y6
+ fragment is (m/z 750.30). The labeled [y6

+]* fragment is (m/z 1075.19). 
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 The Taylor Group proposed that even when the pyridinium ion was excited instead of 

tryptophan, the mechanism still occurred via electron transfer from the tryptophan to the 

pyridinium ion followed by group transfer.129 This brings up the question of whether our 

system’s mechanism is the same. LFP of 44 generates transient absorption spectra of the 

nitrenium ion 16. If a solution of both 44 and the peptide WWCNDGR is photolyzed and the 

labeling occurs via the electron transfer mechanism then no nitrenium ion intermediate will be 

observed. If it occurs through a nitrenium ion then the nitrenium ion signal will be quenched by 

the peptide WWCNDGR. A spectrum of nitrenium ion 16 in the presence of the peptide 

WWCNDGR shows that the nitrenium ion’s spectrum is the same as is seen in literature (see 

Figure 5.6).17 Therefore, we propose that the mechanism of tryptophan labeling proceeds through 

a nitrenium ion. 

 

Figure 5.6. Transient Absorption Spectra of nitrenium ion 16 with peptide WWCNDGR 

concentration of 0.5mM. The spectra match the nitrenium ion spectra previously published.17 

Time slices are in μs. 
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There is no direct evidence that the terminal tryptophan is not labeled. Ideally the a1
+ 

fragment would be paired with an [a1
+]* fragment, but this fragment is not observed. Indirectly, 

the presence of the m/z = 750.30 ion in the labeled peptide CID MS data suggests that the 

terminal tryptophan labeled with a nitrenium ion has been cleaved off. However, this labeling of 

the terminal tryptophan is suggestive not definitive. Therefore, nitrenium ion 16 is able to 

selectively label tryptophan in the peptide WWCNDGR. 

5.5 Conclusions and Future Work 

Nitrenium ion 16 is able to make two major adducts with N-acetyl-L-tryptophan ethyl 

ester. We assume that tryptophan in a peptide will make the same adducts. We labeled the 

peptide WWCNDGR with nitrenium ion 16, and see direct evidence of the labeled fragment 

from tryptophan and the interior tryptophan being labeled. This shows that nitrenium ions indeed 

can make sigma bonds with tryptophan in peptides, and these nitrenium ion-peptide/protein 

interactions must be considered for future nitrenium ion-DNA reactions on a cellular level. 

The labeled tryptophan is unstable under 370 nm UV light, absorbing all the way to 

approximately 470 nm. A nitrenium ion with less conjugation should blue shift the absorption 

spectrum of the adducts which should minimize or even eliminate this issue. Therefore, new 

nitrenium ions should be used as labeling agents which have less conjugation than nitrenium ion 

16. 

 Now that it has been proven that peptides can be labeled with aryl nitrenium ions, the 

next step is to label a protein. The peptide WWCNDGR was chosen as a model peptide because 

it is a short trypsin digest fragment of the protein lysozyme with two tryptophans in it.135 

Therefore, a next step would be to label lysozyme with a nitrenium ion as well. 
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Chapter 6: Supporting Information 

6.1 General Methods 

6.1.1 General Chemicals and Analytical Methods 

All chemicals and solvents were purchased from chemical suppliers and were used without 

further purification. 1H NMR and 13C NMR spectra were collected on either a Bruker 400 MHz 

instrument or a Bruker 600MHz instrument. Chemical shifts are reported in parts per million (ppm) 

and are referenced to the solvent signal. UV-Vis spectra were collected on a Shimadzu UV-1800 

spectrometer using UVProbe 2.43 software. Samples were scanned using a fast scanning speed 

and a sampling interval of 1.0 nm. Each sample was blanked with the solvent of choice used in 

solvating the compound. Mass spectrometry experiments were performed on a JEOL AccuTOF-

CS-ESI-TOF or with a Bruker Maxis-II QTOF, an ultra-high resolution Q-TOF mass spectrometer. 

Kinetic decay curves were fitted using MATLAB software. 

6.1.1 Laser Flash Photolysis Setup 

Laser Flash Photolysis experiments were conducted with a Nd:YAG Surelite II laser 

purchased from Continuum with 4-6 ns excitation pulses. The 3rd harmonic is used to produce a 

355 nm laser pulse with 90-100 mJ pulse energy. The laser is spread across the width of the 

cuvette with a cylindrical lens to ensure even photolysis. A 350 W Xe arc lamp is used as the 

probe beam with a monochromator and PMT to amplify the detection signal. In this way a 

difference spectrum of the sample can be measured at any wavelength the monochromator is set 

to. The transient of each wavelength can be combined with a LabVIEW program to give the full 

spectra.  
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6.1.2 Full Spectral Analysis Flow System Setup 

The solution is set up in a flow system. All glassware is sealed with rubber septums and 

parafilmed. Cannulas are used to connect the 100 mL RBF to a quartz cuvette, and the cuvette to 

a 100 mL graduated cylinder. A bleed needle is added to the graduated cylinder so that there is 

no buildup of pressure. The 100 mL RBF is connected to a N2(g) tank via a needle. The solution 

is purged for 20 min with the N2(g) bubbling the solution and an additional 10 min with the 

N2(g) purging the air gap.  

To flow the system the N2(g) needle is moved to the 100 mL RBF air gap and the canula 

connecting the RBF to the cuvette is lowered into the solution of the 100 mL RBF. This causes 

the sample to be continually replenished so that there is no buildup of photoproducts. The full 

spectrum is measured with a 1 Hz laser pulse frequency with each data point being the average 

of 20 laser pulses. 

6.1.3 Kinetic Trace Experimental Setup 

All kinetic trace experiments are performed by making parent pyridinium ion solution in 

CH3CN with an absorbance at 355 nm between 1 and 2 as a stock solution. 6 different 

concentrations of each trap were measured out by serial dilution to make 6 different final 

cuvettes with identical concentrations of parent pyridinium ion and equidistant concentrations of 

trap. Each cuvette is analyzed via LFP to obtain a pseudo 1st order rate constant with 

MATLAB’s curve fitter app. These 6 pseudo 1st order rate constants are fitted to give a 2nd order 

rate constant for each trap. 
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6.2 Chapter 2 Experimental 

6.2.1 Synthesis 

5-Nitroso-10,11-dihydro-dibenzo[b,f]azepine:136 

 

10,11-dihydro-5H-dibenzo[b,f]azepine (3.0006 g, 15.21 mmol) was placed in a 100 mL RBF and 

dissolved in 8 mL dimethylformamide and 1.3588 g (19.69 mmol) of NaNO2. The solution was 

then cooled to 0°C. Upon cooling, 15.2 mL of 2M HCl was added dropwise while being stirring. 

The reaction mixture was stirred in ice bath for 30 minutes. Orange precipitate began to form as 

the reaction proceeded. The precipitate was collected by vacuum filtration to yield 3.3300 g 

(97.6%) of pure orange-yellow powder of 5-nitroso-10,11-dihydro-dibenzo[b,f]azepine. 

1H NMR: (600 MHz, CD3OD) δ = 7.64-7.60 (m, 1H), 7.30-7.45 (m, 6H), 7.06 (d, 1H), 2.78-3.14 

(m, 4H) 

5-Amino-10,11-dihydrodibenzo[b,f]azepine:17 

 

5-nitroso-10,11-dihydro-dibenzo[b,f]azepine was reduced to a hydrazine using zinc dust. In a 

100 mL RBF, 9.0 mL H2O, 9.0 mL glacial acetic acid, 4.5 mL ethanol, 10.3 mL THF and 1.46 

mL HCl were cooled in an ice bath for 10 minutes. 2.9496 g (45.11 mmol) of zinc dust was 

added to the solution. After stirring for 5 min, 1.0055 g (4.524 mmol) of nitrosamine was added 

to the suspension. The suspension was at first stirred in ice bath for 20 minutes and then at room 
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temperature for another 10 minutes. Excess zinc was filtered off and the filtrate was neutralized 

using NaHCO3. The filtrate was extracted two times with diethyl ether. The combined organic 

extract was washed with H2O and dried over MgSO4. The solvent was removed under reduced 

pressure. The resulting crude solid was used as it is and it gave a yield of 0.6501 g (68%) of 5-

Amino-10,11-dihydrodibenz[b,f]azepine. 

1H NMR: (600 MHz, CD3OD) δ = 7.38 (dd, 2H), 7.15 (dt, 2H), 7.07 (dd, 2H), 6.89 (dt, 2H), 

3.14 (s, 4H) 

2,4,6-Trimethylpyrylium tetrafluoroborate:137 

 

 In a 250 mL round bottom flask equipped with a stir bar was added 4 mL of t-butyl alcohol and 

50 mL of acetic anhydride. 6 mL of 50% tetrafluoroboric acid was added dropwise at such a rate 

that the final temperature reached 100°C. The reaction mixture was then cooled to 5°C and 

precipitate began to form. 100 mL of diethyl ether was added to complete precipitation. The 

precipitate was vacuum filtered and washed with diethyl ether to yield 2.5635 g (42%) of 

pyrylium salt. 

1H NMR: (400 MHz, CD3OD) δ = 7.88 (s, 2H), 2.87 (m, 6H), 2.70 (m, 3H) 

ESI MS+: 123.06 

1-(10,11-Dihydro-dibenzo[b,f]azepin-5-yl)-2,4,6-trimethylpyridin-1-ium (3):17 
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5-Amino-10,11-dihydrodibenz[b,f]azepine (0.6501 g, 3.09 mmol) was suspended in 15 ml of 1-

butanol. Freshly prepared 2,4,6-trimethylpyrylium tetrafluroborate 0.1523 g (1.24 mmol) was 

added to the solution. The color of the reaction mixture changed from dark red to reddish brown. 

The mixture was heated at reflux for an hour at 70°C and then cooled to room temperature. 

Green precipitate began to form upon addition of 80mL of diethyl ether. The precipitate was 

collected and washed with diethyl ether to yield 0.2522 g (50.7%) of pure 1-(10,11-dihydro-

dibenzo[b,f]azepin-5-yl)-2,4,6-trimethylpyridin-1-ium. 

1H NMR: (600 MHz, CD3OD) δ = 8.10 (s, 2H), 7.38 (dd, 2H), 7.17 (dt, 2H), 7.09 (t, 2H), 5.89 

(d, 2H), 3.25 (s, 4H), 2.79 (s, 3H), 2.55 (s, 6H) 

13C NMR: (600 MHz, CD3OD) δ = 162.48, 157.76, 139.47, 131.24, 130.78, 130.09, 127.55, 

122.77, 113.90, 36.12, 20.51, 17.33 

ESI MS+: 315.19 

 

2-Chloro-10,11-dihydro-5H-dibenzo[b,f]azepine (5): 

 

0.1091 g (0.271 mmol) of 1-(10,11-dihydro-dibenzo[b,f]azepin-5-yl)-2,4,6-trimethylpyridin-1-

ium 3 is dissolved in CH3CN with 0.7549 g (2.712 mmol) of TBACl. The solution was irratiated 

with 390 nm Kessel lamps for 7 hours. The resulting solution was purified twice by column 

chromatography to result in light-yellow crystals of 2-chloro-10,11-dihydro-dibenzo[b,f]azepine. 

1H NMR: (600 MHz, CH3OD) δ = 7.01 (m, 4H), 6.86 (dt, 2H), 6.71 (dt, 1H), 3.01 (m, 4H) 
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13C NMR: (600 MHz, CH3OD) δ = 141.97, 141.46, 129.96, 129.68, 129.29, 127.98, 126.36, 

125.88, 122.26, 118.94, 118.72, 117.46, 34.10, 33.93 

ESI MS+: 230.11, 232.10 

6.2.2 Transient Absorption Spectra 

Generation of 10,11-dihydro-dibenzo[b,f]azepinyl cation radical in CH3CN (2b) 

 

5-Nitroso-10,11-dihydro-dibenzo[b,f]azepine is dissolved in CH3CN in pH = 2.08 phosphate 

buffer. The solution was purged with N2(g) and was analyzed with LFP using a 355 nm laser 

pulse, resulting in the generation of the cation radical of 10,11-dihydro-5H-dibenzo[b,f]azepine 

2b. 

 

Figure 6.1. Generation of 10,11-dihydro-dibenzo[b,f]azepinyl cation radical 2b in CH3CN. 
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Generation of 10,11-dihydro-dibenzo[b,f]azepinyl radical (2c) in CH3CN 

 

5-Nitroso-10,11-dihydro-dibenzo[b,f]azepine is dissolved in CH3CN. The solution was purged 

with N2(g) and was analyzed with LFP using a 355 nm laser, resulting in the generation of the 

radical of 10,11-dihydro-5H-dibenzo[b,f]azepine 2c. 

 

Figure 6.2. Generation of 10,11-dihydro-dibenzo[b,f]azepinyl radical 2c in CH3CN. 
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6.2.3 Kinetic Data from LFP 

 
Figure 6.3. Kinetic Trace of TBACl with 10,11-dihydro-dibenzo[b,f]azepinyl nitrenium ion 2. 

 

 
Figure 6.4. Matlab Fitting of TBACl with 10,11-dihydro-dibenzo[b,f]azepinyl nitrenium ion 2. 
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Fit Name: TBACl 0.2mM 

 

Custom Curve Fit 

f(x) = a*exp(-b*x)+c 

 

Coefficients and 95% Confidence Bounds 

  Value Lower  Upper 

a 1.5769 1.5677 1.5862 

b 4.2237 4.1969 4.2505 

c 0.0392 0.0391 0.0393 

 

Goodness of Fit 

  Value 

SSE 0.397 

R-square 0.9771 

DFE 8940 

Adj R-sq 0.977 

RMSE 0.0067 

 

 

 
Figure 6.5. Kinetic Trace of CHD with 10,11-dihydro-dibenzo[b,f]azepinyl nitrenium ion 2. 
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Figure 6.6. Matlab Fitting of CHD with 10,11-dihydro-dibenzo[b,f]azepinyl nitrenium ion 2. 

 

Fit Name: CHD 0.8M 

 

Custom Curve Fit 

f(x) = a*exp(-b*x)+c 

 

Coefficients and 95% Confidence Bounds 

    Value   Lower   Upper  

  Value Lower  Upper 

a 1.2161 1.213 1.2191 

b 0.2133 0.2125 0.2141 

c 0.1051 0.1047 0.1055 

 

Goodness of Fit 

  Value 

SSE 2.3644 

R-square 0.9922 

DFE 8939 

Adj R-sq 0.9922 

RMSE 0.0163 
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Figure 6.7. Kinetic Trace of H2O with 10,11-dihydro-dibenzo[b,f]azepinyl nitrenium ion 2. 

 

 
Figure 6.8. Matlab Fitting of H2O with 10,11-dihydro-dibenzo[b,f]azepinyl nitrenium ion 2. 
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Fit Name: H2O 4M 

 

Custom Curve Fit 

f(x) = a*exp(-b*x)+c 

 

Coefficients and 95% Confidence Bounds 

  Value Lower  Upper 

a 1.2537 1.2496 1.2578 

b 0.2559 0.2546 0.2571 

c 0.0872 0.0867 0.0877 

 

Goodness of Fit 

  Value 

SSE 3.5266 

R-square 0.9872 

DFE 8940 

Adj R-sq 0.9872 

RMSE 0.0199 

 

6.2.4 Cartesian Coordinates & Energies 

10,11-dihydro-dibenzo[b,f]azepinyl radical (2c) 

 
                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0       -1.602392   -0.726240    0.243842 

      2          6           0       -1.236391    0.637299    0.000738 

      3          6           0       -2.952250   -1.067828    0.237592 

      4          6           0       -2.287815    1.575068   -0.216398 

      5          6           0       -3.617567    1.203776   -0.228875 
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      6          6           0       -3.959176   -0.131396    0.000913 

      7          1           0       -3.226793   -2.102914    0.421886 

      8          1           0       -1.987274    2.603852   -0.376657 

      9          1           0       -4.389111    1.945434   -0.408403 

     10          1           0       -4.998717   -0.442447    0.000860 

     11          6           0        2.952249   -1.067828   -0.237596 

     12          6           0        3.959176   -0.131396   -0.000920 

     13          6           0        3.617568    1.203776    0.228871 

     14          6           0        2.287816    1.575068    0.216399 

     15          6           0        1.236390    0.637298   -0.000734 

     16          6           0        1.602392   -0.726240   -0.243840 

     17          1           0        3.226792   -2.102913   -0.421891 

     18          1           0        4.998718   -0.442447   -0.000870 

     19          1           0        4.389113    1.945434    0.408398 

     20          1           0        1.987275    2.603851    0.376661 

     21          7           0        0.000000    1.206619    0.000004 

     22          6           0       -0.572434   -1.790104    0.512981 

     23          1           0       -0.149590   -1.664677    1.518089 

     24          1           0       -1.066506   -2.765855    0.510499 

     25          6           0        0.572434   -1.790106   -0.512976 

     26          1           0        0.149590   -1.664682   -1.518085 

     27          1           0        1.066505   -2.765856   -0.510492 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=           -595.344457 

 Sum of electronic and thermal Energies=              -595.333535 

 Sum of electronic and thermal Enthalpies=            -595.332591 

 Sum of electronic and thermal Free Energies=         -595.381964 

 

10,11-dihydro-dibenzo[b,f]azepinyl cation radical (2b) 

 
 

                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0       -0.108531    1.629087   -0.755522 
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      2          6           0        0.095109    1.280786    0.608520 

      3          6           0        0.000000    2.974817   -1.089488 

      4          6           0        0.371147    2.287303    1.571622 

      5          6           0        0.469796    3.609490    1.201558 

      6          6           0        0.285944    3.959295   -0.141652 

      7          1           0       -0.150643    3.266035   -2.123212 

      8          1           0        0.519106    2.003690    2.609791 

      9          1           0        0.688612    4.367403    1.943943 

     10          1           0        0.360800    4.995950   -0.449071 

     11          6           0        0.000000   -2.974817   -1.089488 

     12          6           0       -0.285944   -3.959295   -0.141652 

     13          6           0       -0.469796   -3.609490    1.201558 

     14          6           0       -0.371147   -2.287303    1.571622 

     15          6           0       -0.095109   -1.280786    0.608520 

     16          6           0        0.108531   -1.629087   -0.755522 

     17          1           0        0.150643   -3.266035   -2.123212 

     18          1           0       -0.360800   -4.995950   -0.449071 

     19          1           0       -0.688612   -4.367403    1.943943 

     20          1           0       -0.519106   -2.003690    2.609791 

     21          6           0       -0.458812    0.616494   -1.811087 

     22          1           0       -1.502307    0.298591   -1.691769 

     23          1           0       -0.405923    1.103394   -2.786479 

     24          6           0        0.458812   -0.616494   -1.811087 

     25          1           0        1.502307   -0.298591   -1.691769 

     26          1           0        0.405923   -1.103394   -2.786479 

     27          7           0        0.000000    0.000000    1.121453 

     28          1           0        0.000000    0.000000    2.136016 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=           -595.721347 

 Sum of electronic and thermal Energies=              -595.710271 

 Sum of electronic and thermal Enthalpies=            -595.709327 

 Sum of electronic and thermal Free Energies=         -595.758249 

 

Singlet State of 10,11-dihydro-dibenzo[b,f]azepinyl nitrenium ion (12) 

 
 

                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 
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 --------------------------------------------------------------------- 

      1          6           0        1.603637   -0.761699   -0.218255 

      2          6           0        1.227008    0.615120    0.008644 

      3          6           0        2.953538   -1.066337   -0.226303 

      4          6           0        2.256728    1.598173    0.201716 

      5          6           0        3.586564    1.250545    0.221268 

      6          6           0        3.932597   -0.088638    0.001689 

      7          1           0        3.266135   -2.088944   -0.407353 

      8          1           0        1.930385    2.620873    0.344500 

      9          1           0        4.353849    1.996931    0.386866 

     10          1           0        4.977679   -0.380056   -0.000636 

     11          6           0       -2.953538   -1.066337    0.226302 

     12          6           0       -3.932597   -0.088638   -0.001689 

     13          6           0       -3.586564    1.250546   -0.221266 

     14          6           0       -2.256728    1.598173   -0.201715 

     15          6           0       -1.227008    0.615120   -0.008643 

     16          6           0       -1.603637   -0.761700    0.218254 

     17          1           0       -3.266135   -2.088945    0.407351 

     18          1           0       -4.977679   -0.380056    0.000636 

     19          1           0       -4.353849    1.996931   -0.386864 

     20          1           0       -1.930385    2.620873   -0.344497 

     21          7           0        0.000000    1.152030    0.000000 

     22          6           0        0.583164   -1.826635   -0.497358 

     23          1           0        0.200492   -1.702834   -1.520040 

     24          1           0        1.074656   -2.801250   -0.480043 

     25          6           0       -0.583164   -1.826636    0.497356 

     26          1           0       -0.200492   -1.702836    1.520039 

     27          1           0       -1.074656   -2.801251    0.480040 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=           -595.096562 

 Sum of electronic and thermal Energies=              -595.085638 

 Sum of electronic and thermal Enthalpies=            -595.084694 

 Sum of electronic and thermal Free Energies=         -595.133458 

 

Triplet State of 10,11-dihydro-dibenzo[b,f]azepinyl nitrenium ion (32) 

 
                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 



 

 

97 

 

 --------------------------------------------------------------------- 

      1          6           0       -0.364708    1.612532   -0.711924 

      2          6           0        0.033965    1.256832    0.634481 

      3          6           0       -0.356435    2.955321   -1.040482 

      4          6           0        0.472229    2.265278    1.551792 

      5          6           0        0.427778    3.587335    1.183627 

      6          6           0        0.000000    3.941065   -0.109118 

      7          1           0       -0.612848    3.250897   -2.052384 

      8          1           0        0.782610    1.958402    2.542845 

      9          1           0        0.720352    4.356791    1.888074 

     10          1           0       -0.031084    4.985002   -0.398932 

     11          6           0        0.356435   -2.955321   -1.040482 

     12          6           0        0.000000   -3.941065   -0.109118 

     13          6           0       -0.427778   -3.587335    1.183627 

     14          6           0       -0.472229   -2.265278    1.551792 

     15          6           0       -0.033965   -1.256832    0.634481 

     16          6           0        0.364708   -1.612532   -0.711924 

     17          1           0        0.612848   -3.250897   -2.052384 

     18          1           0        0.031084   -4.985002   -0.398932 

     19          1           0       -0.720352   -4.356791    1.888074 

     20          1           0       -0.782610   -1.958402    2.542845 

     21          7           0        0.000000    0.000000    1.045784 

     22          6           0       -0.575243    0.528059   -1.732853 

     23          1           0       -1.533039    0.020047   -1.571838 

     24          1           0       -0.636946    0.986234   -2.721149 

     25          6           0        0.575243   -0.528059   -1.732853 

     26          1           0        1.533039   -0.020047   -1.571838 

     27          1           0        0.636946   -0.986234   -2.721149 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=           -595.066807 

 Sum of electronic and thermal Energies=              -595.055607 

 Sum of electronic and thermal Enthalpies=            -595.054663 

 Sum of electronic and thermal Free Energies=         -595.104243 
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6.2.5 Calculated UV-VIS Spectra and Oscillator Strength 

Singlet State of 10,11-dihydro-dibenzo[b,f]azepinyl nitrenium ion (12) 

 

Table 6.1. Calculated UV-Vis bands and oscillator strengths for 10,11-dihydro-

dibenzo[b,f]azepinyl singlet nitrenium ion 12 

State Energy 

(eV) 

Excitation 

Wavelength (nm) 

Oscillator 

Strength 

S1 2.0050 618.38 0.0384 

S2 2.3287 532.42 0.0006 

S3 2.4825 499.43 0.0225 

S4 3.2256 384.37 0.6305 

S5 4.2351 292.76 0.0000 

S6 4.3535 284.79 0.0043 

S7 4.6650 265.78 0.0030 

S8 5.0076 247.59 0.0000 

S9 5.0216 246.90 0.0161 

S10 5.0645 244.81 0.0046 

S11 5.4021 229.51 0.0045 

S12 5.4856 226.02 0.0016 

 

 
Figure 6.9. 10,11-dihydro-dibenzo[b,f]azepinyl singlet nitrenium ion 12 UV-VIS calculated 

spectrum 
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Triplet State of 10,11-dihydro-dibenzo[b,f]azepinyl nitrenium ion (32) 

 

Table 6.2. Calculated UV-Vis bands and oscillator strengths for 10,11-dihydro-

dibenzo[b,f]azepinyl triplet nitrenium ion 32 

State Energy 

(eV) 

Excitation 

Wavelength (nm) 

Oscillator 

Strength 

T1 1.2929 958.99 0.0016 

T2 1.3372 927.18 0.0001 

T3 1.7152 722.86 0.0010 

T4 2.3910 518.55 0.0017 

T5 2.4790 500.14 0.0044 

T6 2.8210 439.51 0.0709 

T7 2.9024 427.18 0.0608 

T8 3.6429 340.35 0.0048 

T9 3.6996 335.13 0.0000 

T10 3.8022 326.08 0.0000 

T11 3.9307 315.43 0.4246 

T12 4.1005 302.36 0.0002 

 

 
Figure 6.10. 10,11-dihydro-dibenzo[b,f]azepinyl triplet nitrenium ion 32 UV-VIS calculated 

spectrum 
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Radical of 10,11-dihydro-dibenzo[b,f]azepinyl nitrenium ion (2c) 

 

Table 6.3. Calculated UV-Vis bands and oscillator strengths for 10,11-dihydro-

dibenzo[b,f]azepinyl Radical 2c 

State Energy 

(eV) 

Excitation 

Wavelength (nm) 

Oscillator 

Strength 

1 1.7066 726.52 0.0171 

2 2.6129 474.51 0.0105 

3 2.7297 454.21 0.0066 

4 2.7908 444.27 0.0515 

5 3.8082 325.57 0.0107 

6 3.8418 322.73 0.3388 

7 3.9709 312.23 0.0128 

8 4.0090 309.26 0.1527 

9 4.2394 292.46 0.0010 

10 4.3700 283.72 0.0218 

11 4.7526 260.88 0.0002 

12 4.8793 254.10 0.0000 

 

 

 
Figure 6.11. 10,11-dihydro-dibenzo[b,f]azepinyl radical 2c UV-VIS calculated spectrum 
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Cation Radical of 10,11-dihydro-dibenzo[b,f]azepinyl nitrenium ion (2b) 

 

Table 6.4. Calculated UV-Vis bands and oscillator strengths for 10,11-dihydro-

dibenzo[b,f]azepinyl cation radical 2b 

State Energy 

(eV) 

Excitation 

Wavelength (nm) 

Oscillator 

Strength 

1 1.6763 739.63 0.0077 

2 1.8014 688.27 0.0035 

3 2.1512 576.35 0.2238 

4 3.6914 335.88 0.0017 

5 3.9458 314.22 0.2044 

6 3.9887 310.84 0.0112 

7 4.0679 304.79 0.0001 

8 4.1167 301.18 0.0013 

9 4.2288 293.19 0.0086 

10 4.4871 276.31 0.0316 

11 4.5379 273.22 0.0130 

12 4.5914 270.03 0.0153 

 

 
Figure 6.12. 10,11-dihydro-dibenzo[b,f]azepinyl cation radical 2b UV-VIS calculated spectrum 
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6.3 Chapter 3 Experimental 

6.3.1 Cartesian Coordinates & Energies 

Carbazolyl Radical (19c) 

 
 

                        Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0        3.065324    1.098954    0.000104 

      2          6           0        3.423190   -0.257813   -0.000001 

      3          6           0        2.443888   -1.258203   -0.000077 

      4          6           0        1.711897    1.499627    0.000266 

      5          1           0        4.480280   -0.534371    0.000049 

      6          1           0        2.703861   -2.318687   -0.000058 

      7          1           0        1.451905    2.561396    0.000352 

      8          6           0       -1.093327   -0.870935    0.000262 

      9          6           0       -2.443854   -1.258206    0.000485 

     10          6           0       -3.423201   -0.257814    0.000149 

     11          6           0       -3.065355    1.098928   -0.000352 

     12          6           0       -1.711912    1.499623   -0.000226 

     13          6           0       -0.732262    0.519401    0.000109 

     14          1           0       -2.703892   -2.318675    0.000893 

     15          1           0       -4.480269   -0.534440    0.000271 

     16          1           0       -1.451984    2.561406   -0.000181 

     17          7           0        0.000007   -1.701462   -0.000664 

     18          6           0        1.093334   -0.870911   -0.000112 

     19          6           0        0.732285    0.519360    0.000079 

     20          1           0       -3.848972    1.860779   -0.000815 

     21          1           0        3.848978    1.860758    0.000031 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=           -516.303231 

 Sum of electronic and thermal Energies=              -516.294696 

 Sum of electronic and thermal Enthalpies=            -516.293752 

 Sum of electronic and thermal Free Energies=         -516.337609 
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Carbazolyl Cation Radical (19b) 

 
                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0       -1.125237    0.000103   -3.068468 

      2          6           0        0.227387    0.000121   -3.445830 

      3          6           0        1.237420   -0.000010   -2.481323 

      4          6           0        0.835902   -0.000071   -1.133504 

      5          6           0       -0.535253   -0.000126   -0.733074 

      6          6           0       -1.519210   -0.000066   -1.706588 

      7          1           0        0.492749    0.000220   -4.504624 

      8          1           0        2.292891   -0.000162   -2.761865 

      9          1           0       -2.578781   -0.000153   -1.442828 

     10          6           0        0.835902   -0.000071    1.133504 

     11          6           0        1.237420   -0.000010    2.481323 

     12          6           0        0.227387    0.000121    3.445830 

     13          6           0       -1.125237    0.000103    3.068468 

     14          6           0       -1.519210   -0.000066    1.706588 

     15          6           0       -0.535253   -0.000126    0.733074 

     16          1           0        2.292891   -0.000162    2.761865 

     17          1           0        0.492749    0.000220    4.504624 

     18          1           0       -2.578781   -0.000153    1.442828 

     19          7           0        1.613371   -0.000012    0.000000 

     20          1           0        2.632070    0.000308    0.000000 

     21          1           0       -1.895746    0.000269    3.842665 

     22          1           0       -1.895746    0.000269   -3.842665 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=           -516.676566 

 Sum of electronic and thermal Energies=              -516.667729 

 Sum of electronic and thermal Enthalpies=            -516.666784 

 Sum of electronic and thermal Free Energies=         -516.711122 
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Carbazolyl Singlet Nitrenium Ion (119) 

 
                     Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0        3.089756    1.060250    0.000093 

      2          6           0        3.436394   -0.292720   -0.000229 

      3          6           0        2.434312   -1.274463   -0.000210 

      4          6           0        1.726296    1.507980    0.000155 

      5          1           0        4.488452   -0.583333   -0.000601 

      6          1           0        2.663710   -2.342340   -0.000320 

      7          1           0        1.507234    2.577874    0.000218 

      8          6           0       -1.091292   -0.841488    0.000242 

      9          6           0       -2.434231   -1.274469    0.000217 

     10          6           0       -3.436406   -0.292722   -0.000172 

     11          6           0       -3.089831    1.060196   -0.000269 

     12          6           0       -1.726312    1.507954   -0.000048 

     13          6           0       -0.740796    0.556342    0.000191 

     14          1           0       -2.663683   -2.342335    0.000410 

     15          1           0       -4.488428   -0.583462   -0.000482 

     16          1           0       -1.507334    2.577866    0.000239 

     17          7           0        0.000031   -1.645469    0.000018 

     18          6           0        1.091289   -0.841484    0.000027 

     19          6           0        0.740797    0.556325    0.000258 

     20          1           0       -3.883582    1.811905   -0.000844 

     21          1           0        3.883554    1.811912   -0.000276 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=           -516.026888 

 Sum of electronic and thermal Energies=              -516.018187 

 Sum of electronic and thermal Enthalpies=            -516.017242 

 Sum of electronic and thermal Free Energies=         -516.060813 

 

Carbazolyl Triplet Nitrenium Ion (319) 
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                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0        3.030915    1.121623   -0.000051 

      2          6           0        3.390964   -0.261482    0.000017 

      3          6           0        2.432362   -1.278423   -0.000055 

      4          6           0        1.698532    1.525790   -0.000024 

      5          1           0        4.451875   -0.524209    0.000060 

      6          1           0        2.706942   -2.334572   -0.000169 

      7          1           0        1.434276    2.585360    0.000011 

      8          6           0       -1.084690   -0.895611    0.000077 

      9          6           0       -2.432361   -1.278422    0.000001 

     10          6           0       -3.390963   -0.261482   -0.000051 

     11          6           0       -3.030908    1.121634   -0.000092 

     12          6           0       -1.698527    1.525782    0.000085 

     13          6           0       -0.712086    0.524931    0.000130 

     14          1           0       -2.706935   -2.334572   -0.000002 

     15          1           0       -4.451879   -0.524186   -0.000082 

     16          1           0       -1.434231    2.585344    0.000135 

     17          7           0       -0.000003   -1.719536    0.000009 

     18          6           0        1.084681   -0.895621    0.000022 

     19          6           0        0.712078    0.524937   -0.000008 

     20          1           0       -3.825737    1.870819   -0.000252 

     21          1           0        3.825729    1.870826   -0.000064 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=           -516.014246 

 Sum of electronic and thermal Energies=              -516.005459 

 Sum of electronic and thermal Enthalpies=            -516.004515 

 Sum of electronic and thermal Free Energies=         -516.049311 
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3,6-dibromocarbazolyl Radical (18c) 

 
 

                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0       -3.053212   -0.022702    0.000131 

      2          6           0       -3.424453    1.332317    0.000143 

      3          6           0       -2.443614    2.327100    0.000117 

      4          6           0       -1.090816    1.946077    0.000079 

      5          6           0       -0.731875    0.554405    0.000068 

      6          6           0       -1.702310   -0.432821    0.000092 

      7          1           0       -4.482123    1.599314    0.000175 

      8          1           0       -2.712099    3.385234    0.000137 

      9          1           0       -1.448661   -1.494310    0.000076 

     10          6           0        1.090816    1.946077   -0.000017 

     11          6           0        2.443614    2.327100   -0.000095 

     12          6           0        3.424453    1.332317   -0.000151 

     13          6           0        3.053212   -0.022702   -0.000136 

     14          6           0        1.702310   -0.432820   -0.000058 

     15          6           0        0.731875    0.554405    0.000001 

     16          1           0        2.712099    3.385234   -0.000097 

     17          1           0        4.482123    1.599314   -0.000208 

     18          1           0        1.448661   -1.494310   -0.000046 

     19          7           0        0.000000    2.774304    0.000071 

     20         35           0        4.410304   -1.355045   -0.000209 

     21         35           0       -4.410304   -1.355045    0.000164 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=          -5662.864110 

 Sum of electronic and thermal Energies=             -5662.852532 

 Sum of electronic and thermal Enthalpies=           -5662.851588 

 Sum of electronic and thermal Free Energies=        -5662.904939 
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3,6-dibromocarbazolyl Cation Radical (18b) 

 
                        Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0       -0.050297   -0.000064   -3.057933 

      2          6           0        1.308043   -0.000375   -3.443689 

      3          6           0        2.312964   -0.000267   -2.482272 

      4          6           0        1.924798    0.000178   -1.132093 

      5          6           0        0.553584    0.000428   -0.732270 

      6          6           0       -0.440960    0.000234   -1.694238 

      7          1           0        1.565522   -0.000688   -4.503651 

      8          1           0        3.365029   -0.000444   -2.774706 

      9          1           0       -1.498877    0.000334   -1.427364 

     10          6           0        1.924798    0.000178    1.132093 

     11          6           0        2.312964   -0.000267    2.482272 

     12          6           0        1.308043   -0.000375    3.443689 

     13          6           0       -0.050297   -0.000064    3.057933 

     14          6           0       -0.440960    0.000234    1.694238 

     15          6           0        0.553584    0.000428    0.732270 

     16          1           0        3.365029   -0.000444    2.774706 

     17          1           0        1.565522   -0.000688    4.503651 

     18          1           0       -1.498877    0.000334    1.427364 

     19          7           0        2.703045    0.000352    0.000000 

     20         35           0       -1.382898   -0.000046    4.376289 

     21         35           0       -1.382898   -0.000046   -4.376289 

     22          1           0        3.720593    0.000701    0.000000 

 ---------------------------------------------------------------------  

 Sum of electronic and zero-point Energies=          -5663.234600 

 Sum of electronic and thermal Energies=             -5663.222879 

 Sum of electronic and thermal Enthalpies=           -5663.221934 

 Sum of electronic and thermal Free Energies=        -5663.275507 
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3,6-dibromocarbazolyl Singlet Nitrenium Ion (118) 

 
                       Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0       -3.082704   -0.021860    0.000130 

      2          6           0       -3.434657    1.338496    0.000188 

      3          6           0       -2.436825    2.314048    0.000124 

      4          6           0       -1.089570    1.896686   -0.000007 

      5          6           0       -0.740412    0.497002   -0.000055 

      6          6           0       -1.712462   -0.464529    0.000013 

      7          1           0       -4.487658    1.623059    0.000277 

      8          1           0       -2.679111    3.378870    0.000140 

      9          1           0       -1.489728   -1.532993    0.000005 

     10          6           0        1.089570    1.896686   -0.000104 

     11          6           0        2.436825    2.314048   -0.000090 

     12          6           0        3.434657    1.338496   -0.000108 

     13          6           0        3.082704   -0.021860   -0.000131 

     14          6           0        1.712462   -0.464528   -0.000130 

     15          6           0        0.740413    0.497002   -0.000120 

     16          1           0        2.679111    3.378870   -0.000097 

     17          1           0        4.487658    1.623059   -0.000111 

     18          1           0        1.489728   -1.532993   -0.000113 

     19          7           0        0.000000    2.699396   -0.000174 

     20         35           0        4.419403   -1.322168   -0.000150 

     21         35           0       -4.419403   -1.322168    0.000232 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=          -5662.589825 

 Sum of electronic and thermal Energies=             -5662.578229 

 Sum of electronic and thermal Enthalpies=           -5662.577284 

 Sum of electronic and thermal Free Energies=        -5662.630122 
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3,6-dibromocarbazolyl Triplet Nitrenium Ion (318) 

 

 

 

                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0       -3.035651   -0.059081    0.000140 

      2          6           0       -3.400461    1.334093    0.000161 

      3          6           0       -2.438127    2.325679    0.000117 

      4          6           0       -1.080258    1.931964    0.000055 

      5          6           0       -0.719321    0.510381    0.000042 

      6          6           0       -1.692891   -0.477703    0.000084 

      7          1           0       -4.460594    1.594815    0.000213 

      8          1           0       -2.703315    3.384071    0.000136 

      9          1           0       -1.443129   -1.539928    0.000074 

     10          6           0        1.080258    1.931964   -0.000037 

     11          6           0        2.438127    2.325678   -0.000085 

     12          6           0        3.400462    1.334093   -0.000128 

     13          6           0        3.035651   -0.059081   -0.000129 

     14          6           0        1.692891   -0.477703   -0.000065 

     15          6           0        0.719321    0.510381   -0.000022 

     16          1           0        2.703315    3.384070   -0.000087 

     17          1           0        4.460595    1.594815   -0.000158 

     18          1           0        1.443129   -1.539928   -0.000049 

     19          7           0        0.000000    2.751470   -0.000004 

     20         35           0        4.403766   -1.327460   -0.000213 

     21         35           0       -4.403766   -1.327460    0.000187 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=          -5662.574092 

 Sum of electronic and thermal Energies=             -5662.562372 

 Sum of electronic and thermal Enthalpies=           -5662.561428 

 Sum of electronic and thermal Free Energies=        -5662.615546 
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3,6-dichloroarbazolyl Radical 

 
 

                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0       -3.053266   -0.464116    0.000124 

      2          6           0       -3.424215    0.891286    0.000130 

      3          6           0       -2.443940    1.885657    0.000103 

      4          6           0       -1.090848    1.504677    0.000068 

      5          6           0       -0.731723    0.112798    0.000060 

      6          6           0       -1.702351   -0.873872    0.000087 

      7          1           0       -4.483770    1.150917    0.000160 

      8          1           0       -2.711855    2.943900    0.000120 

      9          1           0       -1.456016   -1.937091    0.000071 

     10          6           0        1.090848    1.504677   -0.000029 

     11          6           0        2.443939    1.885657   -0.000110 

     12          6           0        3.424215    0.891286   -0.000165 

     13          6           0        3.053267   -0.464116   -0.000144 

     14          6           0        1.702351   -0.873871   -0.000065 

     15          6           0        0.731723    0.112798   -0.000007 

     16          1           0        2.711855    2.943900   -0.000114 

     17          1           0        4.483770    1.150917   -0.000223 

     18          1           0        1.456016   -1.937091   -0.000051 

     19          7           0        0.000000    2.332781    0.000063 

     20         17           0        4.297352   -1.685944   -0.000197 

     21         17           0       -4.297352   -1.685944    0.000155 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=          -1435.259518 

 Sum of electronic and thermal Energies=             -1435.248477 

 Sum of electronic and thermal Enthalpies=           -1435.247532 

 Sum of electronic and thermal Free Energies=        -1435.298193 

 

  



 

 

111 

 

3,6-dichloroarbazolyl Cation Radical 

 
 

                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0       -3.058333   -0.495435    0.000132 

      2          6           0       -3.444500    0.862623    0.000134 

      3          6           0       -2.482623    1.866513    0.000095 

      4          6           0       -1.132320    1.476773    0.000055 

      5          6           0       -0.732535    0.105161    0.000054 

      6          6           0       -1.694304   -0.888268    0.000093 

      7          1           0       -4.505993    1.113352    0.000169 

      8          1           0       -2.774144    2.918786    0.000103 

      9          1           0       -1.436026   -1.948241    0.000093 

     10          6           0        1.132319    1.476773   -0.000046 

     11          6           0        2.482622    1.866513   -0.000117 

     12          6           0        3.444500    0.862623   -0.000157 

     13          6           0        3.058333   -0.495435   -0.000138 

     14          6           0        1.694304   -0.888268   -0.000059 

     15          6           0        0.732535    0.105162   -0.000014 

     16          1           0        2.774143    2.918786   -0.000132 

     17          1           0        4.505993    1.113352   -0.000203 

     18          1           0        1.436027   -1.948241   -0.000033 

     19          7           0        0.000000    2.254381    0.000021 

     20         17           0        4.266080   -1.716150   -0.000192 

     21         17           0       -4.266080   -1.716150    0.000171 

     22          1           0        0.000000    3.272215    0.000042 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=          -1435.628834 

 Sum of electronic and thermal Energies=             -1435.617628 

 Sum of electronic and thermal Enthalpies=           -1435.616684 

 Sum of electronic and thermal Free Energies=        -1435.667617 
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3,6-dichlorocarbazolyl Singlet Nitrenium Ion 

 
                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0       -3.082994   -0.451341    0.000153 

      2          6           0       -3.435569    0.908813    0.000236 

      3          6           0       -2.437104    1.882898    0.000145 

      4          6           0       -1.089885    1.464011   -0.000043 

      5          6           0       -0.740669    0.064059   -0.000111 

      6          6           0       -1.712615   -0.896342   -0.000012 

      7          1           0       -4.490518    1.186148    0.000360 

      8          1           0       -2.677777    2.948099    0.000158 

      9          1           0       -1.499094   -1.966673   -0.000013 

     10          6           0        1.089885    1.464011   -0.000140 

     11          6           0        2.437104    1.882898   -0.000068 

     12          6           0        3.435569    0.908813   -0.000058 

     13          6           0        3.082994   -0.451340   -0.000098 

     14          6           0        1.712615   -0.896342   -0.000151 

     15          6           0        0.740669    0.064059   -0.000173 

     16          1           0        2.677777    2.948099   -0.000080 

     17          1           0        4.490518    1.186148   -0.000030 

     18          1           0        1.499094   -1.966673   -0.000132 

     19          7           0        0.000000    2.265758   -0.000311 

     20         17           0        4.305722   -1.642960   -0.000073 

     21         17           0       -4.305722   -1.642959    0.000299 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=          -1434.984248 

 Sum of electronic and thermal Energies=             -1434.973168 

 Sum of electronic and thermal Enthalpies=           -1434.972223 

 Sum of electronic and thermal Free Energies=        -1435.022429 
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3,6-dichlorocarbazolyl Triplet Nitrenium Ion 

 

 

                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0        3.034238   -0.491062   -0.000131 

      2          6           0        3.400143    0.903097   -0.000146 

      3          6           0        2.438755    1.894214   -0.000104 

      4          6           0        1.080292    1.500191   -0.000048 

      5          6           0        0.718780    0.077250   -0.000029 

      6          6           0        1.692208   -0.910696   -0.000072 

      7          1           0        4.462546    1.155201   -0.000192 

      8          1           0        2.702041    2.953170   -0.000113 

      9          1           0        1.450794   -1.974837   -0.000063 

     10          6           0       -1.080292    1.500191    0.000045 

     11          6           0       -2.438755    1.894214    0.000103 

     12          6           0       -3.400143    0.903097    0.000144 

     13          6           0       -3.034238   -0.491062    0.000129 

     14          6           0       -1.692208   -0.910696    0.000074 

     15          6           0       -0.718780    0.077250    0.000033 

     16          1           0       -2.702041    2.953170    0.000115 

     17          1           0       -4.462546    1.155201    0.000189 

     18          1           0       -1.450794   -1.974837    0.000064 

     19          7           0        0.000000    2.318617    0.000004 

     20         17           0       -4.286699   -1.652157    0.000186 

     21         17           0        4.286699   -1.652157   -0.000187 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=          -1434.967908 

 Sum of electronic and thermal Energies=             -1434.956699 

 Sum of electronic and thermal Enthalpies=           -1434.955755 

 Sum of electronic and thermal Free Energies=        -1435.007261 
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N,N-di(4-bromophenyl) Amine Radical (16c) 

 
 

                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0       -3.794766   -0.023598   -0.026983 

      2          6           0       -2.724390   -0.744265   -0.576717 

      3          6           0       -1.446040   -0.200074   -0.563664 

      4          6           0       -3.594914    1.260806    0.504319 

      5          1           0       -2.900344   -1.725989   -1.020120 

      6          1           0       -0.626251   -0.751739   -1.026182 

      7          1           0       -4.438597    1.818980    0.913741 

      8          6           0        1.201262    1.093477    0.012518 

      9          6           0        2.323558    1.814926   -0.489020 

     10          6           0        3.594786    1.260633   -0.504570 

     11          6           0        3.794681   -0.023736    0.026966 

     12          6           0        2.724421   -0.744367    0.576906 

     13          6           0        1.446069   -0.200128    0.563977 

     14          1           0        2.145146    2.818128   -0.880938 

     15          1           0        4.438550    1.818537   -0.914195 

     16          1           0        2.900455   -1.726032    1.020403 

     17          7           0        0.000032    1.729189    0.000234 

     18          6           0       -1.201292    1.093529   -0.012283 

     19          6           0       -2.323620    1.815079    0.488817 

     20          1           0       -2.145351    2.818359    0.880594 

     21          1           0        0.626261   -0.751705    1.026557 

     22         35           0       -5.537796   -0.783425   -0.025927 

     23         35           0        5.537835   -0.783334    0.025838 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=          -5664.036075 

 Sum of electronic and thermal Energies=             -5664.023309 

 Sum of electronic and thermal Enthalpies=           -5664.022365 

 Sum of electronic and thermal Free Energies=        -5664.079445 
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N,N-di(4-bromophenyl) Amine Cation Radical (16b) 

 
                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0       -3.857876   -0.041492    0.022049 

      2          6           0       -3.636963    1.282039   -0.411199 

      3          6           0       -2.353788    1.798670   -0.405957 

      4          6           0       -2.782125   -0.830330    0.477785 

      5          1           0       -4.474849    1.892479   -0.751464 

      6          1           0       -2.182072    2.821393   -0.752431 

      7          1           0       -2.968588   -1.837851    0.852918 

      8          6           0        1.256608    1.001442   -0.014838 

      9          6           0        1.495635   -0.317612   -0.479010 

     10          6           0        2.782253   -0.830253   -0.478296 

     11          6           0        3.857805   -0.041536   -0.022110 

     12          6           0        3.636754    1.281813    0.411609 

     13          6           0        2.353626    1.798523    0.406157 

     14          1           0        0.682415   -0.915630   -0.889386 

     15          1           0        2.968725   -1.837741   -0.853507 

     16          1           0        4.474613    1.892059    0.752286 

     17          7           0        0.000012    1.574717   -0.000256 

     18          6           0       -1.256555    1.001459    0.014457 

     19          6           0       -1.495502   -0.317764    0.478338 

     20          1           0       -0.682205   -0.915929    0.888398 

     21          1           0        2.181879    2.821158    0.752804 

     22          1           0       -0.000052    2.594405   -0.000001 

     23         35           0        5.594379   -0.746353   -0.018687 

     24         35           0       -5.594355   -0.746421    0.018923 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=          -5664.409063 

 Sum of electronic and thermal Energies=             -5664.396175 

 Sum of electronic and thermal Enthalpies=           -5664.395231 

 Sum of electronic and thermal Free Energies=        -5664.452504 
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N,N-di(4-bromophenyl) Singlet Nitrenium Ion (116) 

 
                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0       -3.820213   -0.025415    0.023710 

      2          6           0       -3.591991    1.304480   -0.395891 

      3          6           0       -2.311522    1.813907   -0.348190 

      4          6           0       -2.758867   -0.837063    0.496215 

      5          1           0       -4.427505    1.920405   -0.732225 

      6          1           0       -2.099319    2.842164   -0.647279 

      7          1           0       -2.973243   -1.837551    0.875669 

      8          6           0        1.199947    0.991079   -0.041195 

      9          6           0        2.311630    1.813984    0.348111 

     10          6           0        3.592079    1.304593    0.395747 

     11          6           0        3.820258   -0.025361   -0.023710 

     12          6           0        2.758840   -0.837073   -0.496103 

     13          6           0        1.471419   -0.346514   -0.498355 

     14          1           0        2.099259    2.842227    0.647155 

     15          1           0        4.427644    1.920546    0.731906 

     16          1           0        2.973334   -1.837547   -0.875532 

     17          7           0        0.000033    1.580444    0.000123 

     18          6           0       -1.200026    0.991088    0.041318 

     19          6           0       -1.471416   -0.346419    0.498506 

     20          1           0       -0.668675   -0.948449    0.926102 

     21          1           0        0.668624   -0.948524   -0.925881 

     22         35           0       -5.555322   -0.711755    0.006573 

     23         35           0        5.555288   -0.711791   -0.006623 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=          -5663.778812 

 Sum of electronic and thermal Energies=             -5663.766178 

 Sum of electronic and thermal Enthalpies=           -5663.765234 

 Sum of electronic and thermal Free Energies=        -5663.821367 
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N,N-di(4-bromophenyl) Triplet Nitrenium Ion (316) 

 

 
 

                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0       -3.963873   -0.017696    0.016313 

      2          6           0       -3.550726    1.078154   -0.780687 

      3          6           0       -2.226509    1.454932   -0.797499 

      4          6           0       -3.028738   -0.734270    0.805355 

      5          1           0       -4.285563    1.619378   -1.379060 

      6          1           0       -1.888282    2.298574   -1.401488 

      7          1           0       -3.366229   -1.576642    1.412057 

      8          6           0        1.259084    0.738058    0.009917 

      9          6           0        2.226554    1.455031    0.797405 

     10          6           0        3.550769    1.078249    0.780570 

     11          6           0        3.963874   -0.017698   -0.016317 

     12          6           0        3.028696   -0.734368   -0.805223 

     13          6           0        1.703030   -0.364472   -0.805861 

     14          1           0        1.888358    2.298745    1.401311 

     15          1           0        4.285637    1.619545    1.378839 

     16          1           0        3.366154   -1.576815   -1.411838 

     17          7           0        0.000001    1.127052    0.000036 

     18          6           0       -1.259082    0.738052   -0.009875 

     19          6           0       -1.703072   -0.364375    0.806017 

     20          1           0       -0.971565   -0.898800    1.415203 

     21          1           0        0.971491   -0.898973   -1.414942 

     22         35           0       -5.762031   -0.523308    0.032364 

     23         35           0        5.762029   -0.523319   -0.032394 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=          -5663.763340 

 Sum of electronic and thermal Energies=             -5663.750219 

 Sum of electronic and thermal Enthalpies=           -5663.749274 

 Sum of electronic and thermal Free Energies=        -5663.808273 
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N,N-di(4-chlorophenyl) Amine Radical (17c) 

 

 
 

                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0       -3.799534   -0.273094   -0.037668 

      2          6           0       -2.728638   -0.998985   -0.579515 

      3          6           0       -1.448698   -0.459391   -0.562370 

      4          6           0       -3.597072    1.011716    0.491856 

      5          1           0       -2.912768   -1.980882   -1.019324 

      6          1           0       -0.628816   -1.015247   -1.019525 

      7          1           0       -4.445122    1.568200    0.894311 

      8          6           0        1.202039    0.835534    0.014229 

      9          6           0        2.324639    1.561700   -0.480348 

     10          6           0        3.597170    1.011749   -0.491345 

     11          6           0        3.799566   -0.273247    0.037743 

     12          6           0        2.728490   -0.999280    0.579217 

     13          6           0        1.448625   -0.459641    0.561788 

     14          1           0        2.144380    2.565588   -0.869517 

     15          1           0        4.445282    1.568408   -0.893455 

     16          1           0        2.912572   -1.981184    1.019034 

     17          7           0        0.000036    1.469959   -0.000260 

     18         17           0        5.401647   -0.961450    0.045951 

     19         17           0       -5.401687   -0.961460   -0.045662 

     20          6           0       -1.201994    0.835555   -0.014746 

     21          6           0       -2.324504    1.561541    0.480612 

     22          1           0       -2.144034    2.565266    0.870118 

     23          1           0        0.628403   -1.015344    1.018531 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=          -1436.431272 

 Sum of electronic and thermal Energies=             -1436.419016 

 Sum of electronic and thermal Enthalpies=           -1436.418071 

 Sum of electronic and thermal Free Energies=        -1436.472510 
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N,N-di(4-chlorophenyl) Amine Cation Radical (17b) 

 

                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0       -3.859152   -0.276662    0.030221 

      2          6           0       -3.637489    1.047614   -0.400698 

      3          6           0       -2.353745    1.560950   -0.397796 

      4          6           0       -2.784462   -1.070067    0.481443 

      5          1           0       -4.479705    1.654922   -0.735298 

      6          1           0       -2.180515    2.584084   -0.742138 

      7          1           0       -2.979800   -2.076933    0.853666 

      8          6           0        1.256905    0.759535   -0.016945 

      9          6           0        1.496972   -0.560918   -0.477906 

     10          6           0        2.784165   -1.070516   -0.480349 

     11          6           0        3.859200   -0.276747   -0.030787 

     12          6           0        3.637694    1.047743    0.399896 

     13          6           0        2.354012    1.560969    0.397549 

     14          1           0        0.683664   -1.161713   -0.883871 

     15          1           0        2.979047   -2.077737   -0.851801 

     16          1           0        4.480189    1.655280    0.733404 

     17          7           0        0.000038    1.331494    0.000571 

     18          6           0       -1.257036    0.759852    0.017892 

     19          6           0       -1.497343   -0.560415    0.479634 

     20          1           0       -0.684270   -1.160588    0.886958 

     21          1           0        2.181039    2.584363    0.741258 

     22          1           0        0.000039    2.351278   -0.000091 

     23         17           0        5.451698   -0.917664   -0.032303 

     24         17           0       -5.451597   -0.917715    0.031185 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=          -1436.803770 

 Sum of electronic and thermal Energies=             -1436.791387 

 Sum of electronic and thermal Enthalpies=           -1436.790443 

 Sum of electronic and thermal Free Energies=        -1436.845049 
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N,N-di(4-chlorophenyl) Singlet Nitrenium Ion (117) 

 
 

                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0       -3.823864   -0.250235    0.025206 

      2          6           0       -3.592797    1.081673   -0.385959 

      3          6           0       -2.310579    1.584827   -0.338304 

      4          6           0       -2.765078   -1.070726    0.489575 

      5          1           0       -4.431668    1.697590   -0.713403 

      6          1           0       -2.094289    2.614193   -0.630454 

      7          1           0       -2.990616   -2.071373    0.862006 

      8          6           0        1.200964    0.754333   -0.042309 

      9          6           0        2.310615    1.584829    0.338304 

     10          6           0        3.592856    1.081714    0.385804 

     11          6           0        3.823867   -0.250252   -0.025212 

     12          6           0        2.765014   -1.070844   -0.489274 

     13          6           0        1.476325   -0.585650   -0.491591 

     14          1           0        2.094340    2.614190    0.630490 

     15          1           0        4.431756    1.697655    0.713120 

     16          1           0        2.990531   -2.071571   -0.861501 

     17          7           0       -0.000006    1.340938    0.000048 

     18         17           0        5.415029   -0.872086   -0.010312 

     19         17           0       -5.415012   -0.872100    0.010035 

     20          6           0       -1.200979    0.754331    0.042423 

     21          6           0       -1.476378   -0.585542    0.491920 

     22          1           0       -0.675140   -1.193302    0.914024 

     23          1           0        0.675033   -1.193542   -0.913393 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=          -1436.173843 

 Sum of electronic and thermal Energies=             -1436.161711 

 Sum of electronic and thermal Enthalpies=           -1436.160767 

 Sum of electronic and thermal Free Energies=        -1436.214236 
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N,N-Di(4-chlorophenyl) Triplet Nitrenium Ion (317) 

 
 

                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0       -3.965388   -0.182749    0.032985 

      2          6           0       -3.553060    0.910102   -0.768762 

      3          6           0       -2.228294    1.282690   -0.791082 

      4          6           0       -3.030407   -0.900922    0.820956 

      5          1           0       -4.293906    1.447094   -1.363473 

      6          1           0       -1.889282    2.123491   -1.398538 

      7          1           0       -3.375523   -1.739839    1.427926 

      8          6           0        1.260425    0.564566    0.004304 

      9          6           0        2.228311    1.282721    0.791051 

     10          6           0        3.553076    0.910132    0.768720 

     11          6           0        3.965388   -0.182752   -0.032991 

     12          6           0        3.030391   -0.900958   -0.820912 

     13          6           0        1.704385   -0.534749   -0.816501 

     14          1           0        1.889311    2.123547    1.398480 

     15          1           0        4.293934    1.447147    1.363394 

     16          1           0        3.375494   -1.739901   -1.427854 

     17          7           0        0.000001    0.948499    0.000014 

     18         17           0        5.613207   -0.642052   -0.054797 

     19         17           0       -5.613208   -0.642046    0.054777 

     20          6           0       -1.260424    0.564566   -0.004287 

     21          6           0       -1.704402   -0.534714    0.816555 

     22          1           0       -0.972039   -1.069455    1.424354 

     23          1           0        0.972010   -1.069516   -1.424262 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=          -1436.158083 

 Sum of electronic and thermal Energies=             -1436.145447 

 Sum of electronic and thermal Enthalpies=           -1436.144503 

 Sum of electronic and thermal Free Energies=        -1436.201029 
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Diphenyl Amine Radical (1c) 

 
 

                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0        3.802334   -0.634963    0.091056 

      2          6           0        2.715892   -1.340267    0.628052 

      3          6           0        1.434068   -0.800225    0.597372 

      4          6           0        3.598935    0.642739   -0.453710 

      5          1           0        2.876087   -2.321349    1.083354 

      6          1           0        0.602492   -1.342459    1.050142 

      7          1           0        4.444986    1.203108   -0.860028 

      8          6           0       -1.202501    0.489437   -0.031652 

      9          6           0       -2.329643    1.206316    0.464083 

     10          6           0       -3.598912    0.642665    0.453797 

     11          6           0       -3.802323   -0.634937   -0.090949 

     12          6           0       -2.715863   -1.340239   -0.628095 

     13          6           0       -1.434143   -0.800182   -0.597476 

     14          1           0       -2.152619    2.205669    0.866723 

     15          1           0       -4.444859    1.203127    0.860197 

     16          1           0       -2.876210   -2.321252   -1.083488 

     17          7           0        0.000020    1.127742   -0.000118 

     18          6           0        1.202434    0.489371    0.031756 

     19          6           0        2.329724    1.206312   -0.464084 

     20          1           0        2.152370    2.205604   -0.866734 

     21          1           0       -0.602469   -1.342172   -1.050364 

     22          1           0       -4.804266   -1.070363   -0.113372 

     23          1           0        4.804331   -1.070260    0.113498 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=           -517.474869 

 Sum of electronic and thermal Energies=              -517.465052 

 Sum of electronic and thermal Enthalpies=            -517.464107 

 Sum of electronic and thermal Free Energies=         -517.511707 
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Diphenyl Amine Cation Radical (1b) 

 
                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0        3.857972    0.608663    0.063358 

      2          6           0        3.637694   -0.710484   -0.369742 

      3          6           0        2.354048   -1.233142   -0.378792 

      4          6           0        1.257553   -0.427011    0.030090 

      5          6           0        1.488318    0.893863    0.496896 

      6          6           0        2.781464    1.397362    0.504339 

      7          1           0        4.476485   -1.326169   -0.700610 

      8          1           0        2.177115   -2.255218   -0.724807 

      9          1           0        2.963526    2.406454    0.879848 

     10          6           0       -1.257598   -0.426946   -0.029871 

     11          6           0       -2.354044   -1.233092    0.378803 

     12          6           0       -3.637743   -0.710472    0.369546 

     13          6           0       -3.857987    0.608650   -0.063557 

     14          6           0       -2.781440    1.397366   -0.504387 

     15          6           0       -1.488266    0.893897   -0.496704 

     16          1           0       -2.177186   -2.255174    0.724827 

     17          1           0       -4.476557   -1.326201    0.700275 

     18          1           0       -2.963447    2.406452   -0.879936 

     19          7           0        0.000026   -0.998178    0.000111 

     20          1           0       -0.000009   -2.018717   -0.000195 

     21          1           0       -4.871658    1.015171   -0.076901 

     22          1           0        4.871619    1.015252    0.076478 

     23          1           0        0.668283    1.486692    0.901148 

     24          1           0       -0.668176    1.486778   -0.900770 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=           -517.851590 

 Sum of electronic and thermal Energies=              -517.841593 

 Sum of electronic and thermal Enthalpies=            -517.840649 

 Sum of electronic and thermal Free Energies=         -517.888494 
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Diphenyl Singlet Nitrenium Ion (11) 

 
 

                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0        3.808173    0.581238    0.037995 

      2          6           0        3.588039   -0.741672   -0.386707 

      3          6           0        2.309600   -1.267814   -0.341934 

      4          6           0        2.747994    1.384247    0.510282 

      5          1           0        4.425986   -1.353841   -0.726025 

      6          1           0        2.094875   -2.294520   -0.644441 

      7          1           0        2.956859    2.385521    0.892963 

      8          6           0       -1.199201   -0.444736   -0.052679 

      9          6           0       -2.309626   -1.267797    0.341890 

     10          6           0       -3.588087   -0.741658    0.386492 

     11          6           0       -3.808174    0.581288   -0.038133 

     12          6           0       -2.747939    1.384278   -0.510302 

     13          6           0       -1.456753    0.893388   -0.517978 

     14          1           0       -2.095042   -2.294530    0.644400 

     15          1           0       -4.426088   -1.353847    0.725635 

     16          1           0       -2.956692    2.385561   -0.893016 

     17          7           0       -0.000003   -1.037351    0.000163 

     18          6           0        1.199174   -0.444750    0.052889 

     19          6           0        1.456809    0.893408    0.518089 

     20          1           0        0.647402    1.480389    0.954255 

     21          1           0       -0.647330    1.480339   -0.954148 

     22          1           0       -4.824150    0.984952   -0.036240 

     23          1           0        4.824140    0.984925    0.036057 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=           -517.216921 

 Sum of electronic and thermal Energies=              -517.207131 

 Sum of electronic and thermal Enthalpies=            -517.206187 

 Sum of electronic and thermal Free Energies=         -517.252955 
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Diphenyl Triplet Nitrenium Ion (31) 

 
 

                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0        3.988608   -0.381781    0.086561 

      2          6           0        3.065109   -1.107375    0.871218 

      3          6           0        1.725211   -0.778536    0.856568 

      4          6           0        3.558451    0.686115   -0.729293 

      5          1           0        3.413840   -1.932469    1.496335 

      6          1           0        0.994527   -1.319183    1.461120 

      7          1           0        4.285093    1.238972   -1.328417 

      8          6           0       -1.270783    0.301305   -0.015559 

      9          6           0       -2.223092    1.035778    0.775404 

     10          6           0       -3.557995    0.685883    0.730176 

     11          6           0       -3.988551   -0.381561   -0.086090 

     12          6           0       -3.065568   -1.106866   -0.871521 

     13          6           0       -1.725600   -0.778012   -0.857203 

     14          1           0       -1.864888    1.859146    1.395606 

     15          1           0       -4.284422    1.238328    1.329924 

     16          1           0       -3.414662   -1.931657   -1.496808 

     17          7           0       -0.000031    0.647177   -0.000545 

     18          6           0        1.270616    0.301142    0.015064 

     19          6           0        2.223617    1.036075   -0.774955 

     20          1           0        1.865714    1.859776   -1.394902 

     21          1           0       -0.995104   -1.318574   -1.462058 

     22          1           0       -5.047523   -0.648548   -0.113450 

     23          1           0        5.047499   -0.649013    0.114250 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=           -517.203737 

 Sum of electronic and thermal Energies=              -517.193385 

 Sum of electronic and thermal Enthalpies=            -517.192441 

 Sum of electronic and thermal Free Energies=         -517.242603 
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Saturated Dibenzoazepinyl Cation Radical (2b) 

 
                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0       -3.980068   -0.143654   -0.001273 

      2          6           0       -3.643094    1.204836   -0.207195 

      3          6           0       -2.312272    1.576426   -0.202713 

      4          6           0       -1.283839    0.610807   -0.000877 

      5          6           0       -1.619511   -0.758783    0.225769 

      6          6           0       -2.974430   -1.094997    0.212643 

      7          1           0       -4.420653    1.953294   -0.370505 

      8          1           0       -2.037170    2.622507   -0.366981 

      9          1           0       -3.255105   -2.136949    0.382717 

     10          6           0        1.283841    0.610842    0.000609 

     11          6           0        2.312267    1.576506    0.202564 

     12          6           0        3.643049    1.204863    0.207468 

     13          6           0        3.980036   -0.143704    0.001863 

     14          6           0        2.974448   -1.095029   -0.212248 

     15          6           0        1.619536   -0.758749   -0.225846 

     16          1           0        2.037103    2.622615    0.366549 

     17          1           0        4.420630    1.953290    0.370813 

     18          1           0        3.255106   -2.137020   -0.382117 

     19          7           0        0.000019    1.120295   -0.000192 

     20          1           0        0.000014    2.139838   -0.000305 

     21          1           0        5.027388   -0.453420    0.004011 

     22          1           0       -5.027425   -0.453357   -0.002980 

     23          6           0       -0.581025   -1.811545    0.502261 

     24          1           0       -0.183282   -1.680940    1.525640 

     25          1           0       -1.071399   -2.795097    0.492056 

     26          6           0        0.581046   -1.811401   -0.502782 

     27          1           0        1.071390   -2.794967   -0.492886 

     28          1           0        0.183361   -1.680372   -1.526117 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=           -595.201928 

 Sum of electronic and thermal Energies=              -595.190886 

 Sum of electronic and thermal Enthalpies=            -595.189942 

 Sum of electronic and thermal Free Energies=         -595.239552 
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Saturated Dibenzoazepinyl Singlet Nitrenium Ion (12) 

 
 

                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0        3.945328    0.091198   -0.001166 

      2          6           0        3.598287   -1.252604   -0.224173 

      3          6           0        2.263858   -1.602735   -0.205053 

      4          6           0        2.963641    1.071609    0.228961 

      5          1           0        4.371942   -2.003675   -0.393437 

      6          1           0        1.935399   -2.633188   -0.351211 

      7          1           0        3.276728    2.102123    0.412114 

      8          6           0       -1.230521   -0.617844    0.007915 

      9          6           0       -2.263848   -1.602758    0.204898 

     10          6           0       -3.598287   -1.252643    0.224069 

     11          6           0       -3.945318    0.091230    0.001492 

     12          6           0       -2.963635    1.071645   -0.228669 

     13          6           0       -1.608717    0.763779   -0.220490 

     14          1           0       -1.935356   -2.633203    0.351027 

     15          1           0       -4.371952   -2.003742    0.393165 

     16          1           0       -3.276702    2.102196   -0.411656 

     17          7           0       -0.000008   -1.142476    0.000142 

     18          6           0        1.230516   -0.617855   -0.007975 

     19          1           0       -4.998600    0.384588   -0.000288 

     20          1           0        4.998619    0.384521    0.000927 

     21          6           0        1.608700    0.763796    0.220438 

     22          6           0        0.581643    1.822869    0.498886 

     23          1           0        1.071718    2.806904    0.492420 

     24          1           0        0.191925    1.684798    1.526156 

     25          6           0       -0.581648    1.822777   -0.499256 

     26          1           0       -1.071671    2.806830   -0.492982 

     27          1           0       -0.191973    1.684387   -1.526484 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=           -594.571458 

 Sum of electronic and thermal Energies=              -594.560587 

 Sum of electronic and thermal Enthalpies=            -594.559643 

 Sum of electronic and thermal Free Energies=         -594.608313 
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Saturated Dibenzoazepinyl Triplet Nitrenium Ion (32) 

 
 

                         Standard orientation:                          

 --------------------------------------------------------------------- 

 Center     Atomic      Atomic             Coordinates (Angstroms) 

 Number     Number       Type             X           Y           Z 

 --------------------------------------------------------------------- 

      1          6           0        3.952192    0.112258    0.070062 

      2          6           0        3.605869   -1.186498   -0.360192 

      3          6           0        2.279827   -1.558627   -0.425504 

      4          6           0        2.956868    1.045993    0.409535 

      5          1           0        4.386732   -1.896696   -0.639593 

      6          1           0        1.977152   -2.558010   -0.741591 

      7          1           0        3.247395    2.066469    0.671725 

      8          6           0       -1.260664   -0.637617    0.007469 

      9          6           0       -2.279809   -1.558625    0.425493 

     10          6           0       -3.605860   -1.186502    0.360205 

     11          6           0       -3.952182    0.112253   -0.070068 

     12          6           0       -2.956878    1.045996   -0.409527 

     13          6           0       -1.609060    0.714278   -0.394874 

     14          1           0       -1.977145   -2.557999    0.741615 

     15          1           0       -4.386727   -1.896685    0.639623 

     16          1           0       -3.247384    2.066476   -0.671713 

     17          7           0       -0.000001   -1.038538    0.000005 

     18          6           0        1.260638   -0.637619   -0.007493 

     19          1           0       -5.003310    0.405752   -0.116957 

     20          1           0        5.003311    0.405785    0.116954 

     21          6           0        1.609063    0.714286    0.394868 

     22          6           0        0.516470    1.731963    0.585072 

     23          1           0        0.973737    2.728113    0.663692 

     24          1           0       -0.015022    1.558674    1.537822 

     25          6           0       -0.516480    1.731969   -0.585067 

     26          1           0       -0.973743    2.728119   -0.663682 

     27          1           0        0.015040    1.558731   -1.537814 

 --------------------------------------------------------------------- 

 Sum of electronic and zero-point Energies=           -594.544056 

 Sum of electronic and thermal Energies=              -594.532949 

 Sum of electronic and thermal Enthalpies=            -594.532005 

 Sum of electronic and thermal Free Energies=         -594.582076 
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6.3.2 Calculated UV-VIS Spectra and Oscillator Strength 

Singlet state of diphenyl nitrenium ion 11 

 

Table 6.5. Calculated UV-Vis bands and oscillator strengths for diphenyl singlet nitrenium ion 
11 

State Energy 

(eV) 

Excitation 

Wavelength (nm) 

Oscillator 

Strength 

S1 0.4978 2490.56 0.0002 

S2 0.8394 1476.99 0.0009 

S3 1.0178 1218.13 0.0013 

S4 1.3851 895.14 0.1567 

S5 3.1515 393.41 0.0165 

S6 3.2757 378.49 0.0015 

S7 3.5009 354.15 0.0794 

S8 3.5451 349.74 0.0082 

S9 4.0562 305.67 0.0057 

S10 4.1339 299.92 0.0035 

 

 

Triplet state of diphenyl nitrenium ion 31 

 

Table 6.6. Calculated UV-Vis bands and oscillator strengths for diphenyl triplet nitrenium ion 31 

State Energy 

(eV) 

Excitation 

Wavelength (nm) 

Oscillator 

Strength 

T1 0.8752 1416.68 0.0046 

T2 1.0494 1181.44 0.0080 

T3 1.1692 1060.39 0.1210 

T4 1.6516 750.68 0.0001 

T5 2.0607 601.66 0.0000 

T6 2.2271 556.70 0.0000 

T7 2.7909 444.25 0.0183 

T8 3.1174 397.72 0.0005 

T9 3.4242 362.08 0.0021 

T10 3.5699 347.30 0.0239 
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Singlet state of N,N-di(4-bromophenyl)nitrenium ion 116 

 

Table 6.7. Calculated UV-Vis bands and oscillator strengths for N,N-di(4-bromophenyl) singlet 

nitrenium ion 116 

State Energy 

(eV) 

Excitation 

Wavelength (nm) 

Oscillator 

Strength 

S1 0.4606 2691.89 0.0002 

S2 1.2481 993.39 0.1494 

S3 1.2862 963.92 0.1484 

S4 1.4434 858.96 0.0034 

S5 1.6969 730.66 0.0053 

S6 1.7283 717.39 0.0045 

S7 2.4311 510.00 0.0496 

S8 2.7895 444.47 0.0631 

S9 3.7655 329.26 0.0010 

S10 3.8349 323.31 0.0002 

 

 

Triplet state of N,N-di(4-bromophenyl)nitrenium ion 316 

 

Table 6.8. Calculated UV-Vis bands and oscillator strengths for N,N-di(4-

bromophenyl)nitrenium ion 316 

State Energy 

(eV) 

Excitation 

Wavelength (nm) 

Oscillator 

Strength 

T1 0.9131 1357.80 0.2035 

T2 1.2462 994.90 0.0024 

T3 1.4164 875.38 0.0007 

T4 1.4659 845.80 0.0001 

T5 1.5074 822.53 0.0000 

T6 1.5385 805.86 0.0000 

T7 1.9090 649.46 0.0333 

T8 2.2555 549.69 0.0004 

T9 2.4423 507.65 0.0000 

T10 2.4955 496.83 0.0313 

 

  



 

 

131 

 

Singlet state of N-(4,4’-dichlorodiphenyl)nitrenium ion 117 

 

Table 6.9. Calculated UV-Vis bands and oscillator strengths for N-(4,4’-

dichlorodiphenyl)nitrenium ion 117 

State Energy 

(eV) 

Excitation 

Wavelength (nm) 

Oscillator 

Strength 

S1 -1.1058 -1121.25 -0.0000 

S2 -0.3494 -3548.75 -0.0000 

S3 0.4534 2734.70 0.0002 

S4 0.8839 1402.75 0.0000 

S5 0.9696 1278.69 0.0000 

S6 1.1615 1067.46 0.0000 

S7 1.2451 995.81 0.0132 

S8 1.3442 922.34 0.2500 

S9 1.4297 867.18 0.0124 

S10 2.1412 579.05 0.0000 

 

 

Triplet state of N-(4,4’-dichlorodiphenyl)nitrenium ion 317 

 

Table 6.10. Calculated UV-Vis bands and oscillator strengths for N-(4,4’-

dichlorodiphenyl)nitrenium ion 317 

State Energy 

(eV) 

Excitation 

Wavelength (nm) 

Oscillator 

Strength 

T1 0.9736 1273.44 0.1801 

T2 1.2169 1018.83 0.0044 

T3 1.3870 893.89 0.0010 

T4 1.4707 843.03 0.0001 

T5 2.0544 603.50 0.0000 

T6 2.0880 593.80 0.0001 

T7 2.2056 562.13 0.0315 

T8 2.3708 522.97 0.0000 

T9 2.4550 505.03 0.0003 

T10 2.6119 474.69 0.0001 
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Singlet State of carbazolyl nitrenium ion 119 

 

Table 6.11. Calculated UV-Vis bands and oscillator strengths for carbazolyl nitrenium ion 119 

State Energy 

(eV) 

Excitation 

Wavelength (nm) 

Oscillator 

Strength 

S1 0.3165 3917.49 0.0000 

S2 0.6080 2039.13 0.0000 

S3 0.8077 1535.10 0.0011 

S4 0.9090 1363.97 0.0000 

S5 1.7017 728.58 0.0000 

S6 2.0696 599.08 0.0022 

S7 2.1234 583.90 0.1877 

S8 2.1374 580.06 0.0000 

S9 2.3805 520.84 0.0063 

S10 3.5087 353.36 0.0000 

 

 

Triplet state of carbazolyl nitrenium ion 319 

 

Table 6.12. Calculated UV-Vis bands and oscillator strengths for carbazolyl nitrenium ion 319 

State Energy 

(eV) 

Excitation 

Wavelength (nm) 

Oscillator 

Strength 

T1 0.6122 2025.33 0.0002 

T2 0.6478 1913.86 0.0001 

T3 1.4714 842.65 0.0370 

T4 1.9084 649.66 0.0045 

T5 2.0364 608.83 0.0701 

T6 2.8093 441.33 0.1301 

T7 3.0423 407.53 0.0008 

T8 3.2223 384.77 0.0005 

T9 3.2473 381.80 0.0012 

T10 3.4986 354.38 0.0019 
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Singlet state of 3,6-dibromocarbazolyl nitrenium ion 118 

 

Table 6.13. Calculated UV-Vis bands and oscillator strengths for 3,6-dibromocarbazolyl singlet 

nitrenium ion 118 

State Energy 

(eV) 

Excitation 

Wavelength (nm) 

Oscillator 

Strength 

S1 1.1681 1061.44 0.0362 

S2 2.2070 561.77 0.0006 

S3 2.3769 521.61 0.3931 

S4 2.4402 508.10 0.0000 

S5 2.4641 503.17 0.0000 

S6 2.8613 433.32 0.0952 

 

 
Figure 6.13. Calculated Singlet state UV-Vis Spectrum of 3,6-dibromocarbazolyl nitrenium ion 
118 
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Table 6.14. Calculated UV-Vis bands and oscillator strengths for 3,6-dibromocarbazolyl triplet 

nitrenium ion 318 

State Energy 

(eV) 

Excitation 

Wavelength (nm) 

Oscillator 

Strength 

T1 0.5958 2081.05 0.0000 

T2 1.1495 1078.56 0.0042 

T3 1.3524 916.75 0.0000 

T4 1.3710 904.31 0.0000 

T5 1.4050 882.43 0.0003 

T6 1.5062 823.19 0.1221 

T7 2.3122 536.21 0.0702 

T8 2.3280 532.59 0.0000 

T9 2.6398 469.68 0.1581 

T10 2.6952 460.01 0.0698 

 

 
Figure 6.14. Calculated Triplet state UV-Vis Spectrum of 3,6-dibromocarbazolyl nitrenium ion 
318 
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Radical of 3,6-dibromocarbazole 

 

Table 6.15. Calculated UV-Vis bands and oscillator strengths for 3,6-dibromocarbazole radical 

18c 

State Energy 

(eV) 

Excitation 

Wavelength (nm) 

Oscillator 

Strength 

1 1.2998 953.85 0.0151 

2 1.8587 667.04 0.0005 

3 2.2634 547.79 0.1179 

4 2.9117 425.81 0.0285 

5 3.3176 373.71 0.0000 

6 3.3480 370.32 0.0000 

 

 

Cation radical of 3,6-dibromocarbazole 

 

Table 6.16. Calculated UV-Vis bands and oscillator strengths for 3,6-dibromocarbazole cation 

radical 18b 

State Energy 

(eV) 

Excitation 

Wavelength (nm) 

Oscillator 

Strength 

1 0.7362 1684.22 0.0219 

2 1.4714 842.65 0.1605 

3 1.9209 645.45 0.0000 

4 1.9401 639.06 0.0000 

5 2.1422 578.76 0.0433 

6 2.7945 443.68 0.0173 

 

6.4 Chapter 4 Experimental 

6.4.1 Synthesis 

 The (carbazolylamino)-2,4,6-trimethylpyridinium tetrafluoroborate 24 

was synthesized using the method developed in our previous publication.11 
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Scheme 6.1. Synthesis of 1-(carbazol-9-yl)-2,4,6-trimethylpyridinium tetrafluoroborate 24 

 

Synthesis of (3,6-dibromocarbazolylamino)-2,4,6-trimethylpyridinium tetra- 

fluoroborate 25 

 

5 g (13.4 mmol) of (carbazolylamino)-2,4,6-trimethylpyridinium tetrafluoroborate was added to 

5 mL of DMF. 23.8 g (134 mmol) of NBS is added to 45 mL of DMF and added with an addition 

funnel. The mixture is stirred for 3 days. The solvent is evaporated and the resulting solid is 

dissolved in 15 mL of 1-BuOH and stirred for 1 hr. approximately 80 mL of ether is added to the 

solution and cooled on ice. The precipitate is filtered over a Buchner funnel. This precipitate is 
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dissolved in CH3CN and copious amounts of styrene and AgBF4 are added to remove any 

remaining Br2 or Br-. The CH3CN is evaporated and 15 mL of 1-BuOH and 80 mL of diethyl 

ether are used to precipitate out 1 g (14% yield) of the (3,6-dibromocarbazolylamino)-2,4,6-

trimethylpyridinium tetrafluoroborate 25.  

1H NMR (600 MHz, CD3CN) δ = 8.51 (d, 2H), 7.94 (s, 2H), 7.77 (dd, 2H), 7.15 (d, 2H), 2.75 (s, 

3H), 2.26 (s, 6H) 

13C NMR (600 MHz, CD3CN) δ = 17.27, 21.21, 110.05, 115.56, 122.50, 124.39, 129.32, 130.91, 

135.48, 157.65, 163.67 

 

Synthesis of 3,6-dibromo-1-chloro-9H-carbazole (35): 

 

0.100 g (0.19mmol) (3,6-dibromocarbazolylamino)-2,4,6-trimethylpyridinium tetrafluoroborate 

25 and 1.05 g (3.8mmol) of TBACl is added to 20 mL of CH3CN. The solution was photolyzed 

with 370 nm Kessil Lamps at full power for 90 min. The solvent was evaporated then purified on 

a silica column with 15:85 ethyl acetate:hexane mixture to give the 2-chloro-3,6-dibromo-9H-

carbazole (35) 

1H NMR (600 MHz, CD3CN) δ = 8.25 (d, 1H), 7.68 (dd, 1H), 7.59 (d, 1H), 7.56 (d, 1H), 7.51 

(dd, 1H)  

DART MS+: 359.78  
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Synthesis of 3,6-dibromo-1-methoxy-9H-carbazole (36) 

 

0.2 g (3,6-dibromocarbazolylamino)-2,4,6-trimethylpyridinium tetrafluoroborate 25 is added to 

20 mL of neat MeOH. The solution was photolyzed with 370 nm Kessil Lamps at full power for 

90 min. The solvent was evaporated then purified on a silica column with 15:85 ethyl 

acetate:hexane mixture to give the 3,6-dibromo-1-methoxy-9H-carbazole (36) 

1H NMR (600 MHz, CD3CN) δ = 8.25 (d, 1H), 7.88 (d, 1H), 7.56 (dd, 1H), 7.50 (d, 1H), 7.15 

(d, 1H), 4.03 (s, 3H) 

 

Synthesis of 2-(3,6-dibromo-9H-carbazol-9-yl)-1-phenylethan-1-one (37) 

 

100 mg (0.019mmol) (3,6-dibromocarbazolylamino)-2,4,6-trimethylpyridinium tetrafluoroborate 

25 and 0.038 mL (0.036 g, 0.19 mmol) of 1-phenyl-1-trimethylsiloxyethylene 30 is added to 10 

mL of CH3CN. The solution was photolyzed with 370 nm Kessil Lamps at full power for 60 min. 

The solvent was evaporated then purified on a silica column with 30:70 ethyl acetate:hexane 

mixture to give crude 2-(3,6-dibromo-9H-carbazol-9-yl)-1-phenylethan-1-one (37). The crude 2-
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(3,6-dibromo-9H-carbazol-9-yl)-1-phenylethan-1-one 37 was further purified by recrystallizing 

with 10% ethyl acetate and hexane. 

1H NMR (600 MHz, CD3CN) δ = 8.34 (d, 2H), 8.15 (d, 2H), 7.76 (t, 1H), 7.64 (t, 2H), 7.60 (dd, 

2H), 7.38 (d, 2H), 5.92 (s, 2H) 

13C NMR (600 MHz, DMSO) δ 49.19, 110.77, 111.45, 122.87, 123.14, 127.68, 128.45, 128.61, 

133.60, 134.48, 139.77, 211.50 ppm 

 

Synthesis of 3,3',6,6'-tetrabromo-9,9'-bicarbazole (38) 

 

10 mg (0.002 mmol) (3,6-dibromocarbazolylamino)-2,4,6-trimethylpyridinium tetrafluoroborate 

25 is added to 1 mL of CH3CN in an NMR tube. The solution was photolyzed with 370 nm 

Kessil Lamps at full power for 210 min. The product was purified on a silica column with ethyl 

acetate:hexane mixture to give 3,3',6,6'-tetrabromo-9,9'-bicarbazole 38. The 1H NMR and DART 

MS+ matched perfectly with the literature.104 

1H NMR (600 MHz, CD3CN) δ = 8.34 (d, 2H), 8.15 (d, 2H), 7.76 (t, 1H), 7.64 (t, 2H), 7.60 (dd, 

2H), 7.38 (d, 2H), 5.92 (s, 2H) 

DART MS+ 647.61 

 

Synthesis of 3,6-dibromocarbazole (39): 
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2.03 g (12.1 mmol) carbazole 21 is added to 10 mL of toluene in a 250 mL RBF. The solution 

was cooled to 0 oC. 4.68 g (26.3 mmol) is dissolved in 30 mL DMF and added by an addition 

funnel dropwise to the carbazole solution. After addition is complete, the reaction was stirred for 

30 minutes at room temperature. Then 100 mL of H2O is added to crash out the 3,6-carbazole 

product. The product was filtered and washed with ice cold MeOH to give 2.03 g (51%) the pure 

3,6-carbazole 39. 

1H NMR: (600 MHz, CD3CN) δ = 8.26 (d, 2H), 7.56 (dd, 2H), 7.48 (d, 2H) 

13C NMR: (600 MHz, CD3CN) δ = 138.47, 128.48, 123.24, 122.64, 112.50, 111.05 

 

6.4.2 Methods and Transient Absorption Spectra from LFP 

Generation of 3,6-dibromocarbazolyl nitrenium ion 18 in CH3CN 

 

200 mg of (3,6-dibromocarbazolylamino)-2,4,6-trimethylpyridinium tetrafluoroborate 25 

is added to 40 mL of CH3CN in a 100 mL RBF. The spectrum is obtained by the method 

described in Full Spectrum Solutions section above.  
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Figure 6.15. Transient spectra of 3,6-dibromocarbazolyl nitrenium ion 18 in CH3CN. 

 

Generation of 3,6-dibromocarbazolyl nitrenium ion 18 in DCM 

 

 

160 mg of (3,6-dibromocarbazolylamino)-2,4,6-trimethylpyridinium tetrafluoroborate 25 

is added to 55 mL of DCM in a 100 mL RBF. The spectrum is obtained by the method described 

in Full Spectrum Solutions section above.  
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Figure 6.16. Transient spectra of 3,6-dibromocarbazolyl nitrenium ion 18 in DCM. 

 

Generation of 3,6-dibromocarbazolyl radical (18c) 

 

5 mg of 3,6-dibromo-9-nitrosocarbazole is added to 50 mL of CH3CN in a 100 mL RBF. 

The spectrum is obtained by the method described in Full Spectrum Solutions section above.  

 

Figure 6.17. Transient spectra of 3,6-dibromocarbazolyl radical 18c in CH3CN. 
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Generation of 3,6-dibromocarbazolyl cation radical 18b 

 

27 mg of 3,6-dibromocarbazole 39 and 57 mg of 1,3-dicyanobenzene is added to 80 mL 

of CH3CN in a 100 mL RBF. The spectrum is obtained by the method described in Full 

Spectrum Solutions section above with N2(g) purge.  

 

Figure 6.18. Transient Spectra of 3,6-dibromocarbazolyl cation radical 18b in CH3CN purged 

with N2. 
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instead of a purged flow system, static cuvettes open to the atmosphere were used for the air 

trial. 

 

Figure 6.19. Transient Spectra of 3,6-dibromocarbazolyl cation radical 18b in CH3CN without 

purge. 

 

 

27 mg of 3,6-dibromocarbazole 39 and 57 mg of 1,3-dicyanobenzene is added to 80 mL 

of CH3CN in a 100 mL RBF. The spectrum is obtained by the method described in Full 

Spectrum Solutions section above with O2(g) purge. 
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Figure 6.20. Transient Spectra of 3,6-dibromocarbazolyl cation radical 18b in CH3CN purged 

with O2. 

 

 

Figure 6.21. 1st order decays of 3,6-dibromocarbazolyl cation radical 18b in different 

atmospheres at 430 nm. 
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RBF. The spectrum is obtained by the method described in Full Spectrum Solutions section 

above.  

 

 

Figure 6.22. Transient Absorption Spectra of 3,6-dibromocarbazolyl nitrenium ion 18 quenched 

by 0.1mM DABCO. It can be seen that the nitrenium ion max at 640 nm decays to the radical 

maxes at 620 nm, and 560 nm. 

6.4.3 Kinetic Data from LFP 
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Figure 6.23. 3,6-dibromocarbazolyl nitrenium ion 18 being trapped by DABCO. 

 
Figure 6.24. 3,6-dibromocarbazolyl nitrenium ion 18 being trapped by DABCO Matlab Fitting. 
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Coefficients and 95% Confidence Bounds 

  Value Lower  Upper 

a 0.3305 0.3291 0.3318 

b 5.0208 4.9997 5.0419 

c 0.0134 0.0133 0.0134 

 

 

Goodness of Fit 

  Value 

SSE 0.054 

R-square 0.9897 

DFE 9127 

Adj R-sq 0.9897 

RMSE 0.0024 

 

                  

      

          

         

. 

 

 
Figure 6.25. Determining 2nd order rate constant for 3,6-dibromocarbazolyl nitrenium ion 18 and 

DABCO. 

6.4.4 Mechanistic Considerations for Dimer Formation in the Absence of Trap 

Fluorine NMR Procedure 
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 10 mg of (3,6-dibromocarbazolylamino)-2,4,6-trimethylpyridinium tetrafluoroborate 25 

and 20 μL of ethyl trifluoroacetate were combined with 400 μL of CD3CN. 1H NMR was 

monitored to ensure complete conversion of (3,6-dibromocarbazolylamino)-2,4,6-

trimethylpyridinium tetrafluoroborate 25 to dimer 38. 19F NMR was used to monitor the BF4
- 

during the reaction. 370 nm Kessil lamps were used at full power to photolyze the solution in an 

NMR tube for 80 minutes. Ethyl trifluoroacetate has a literature reference chemical shift of -

75.8ppm.138 The BF4
- peak varies by 0.06 ppm during the course of the reaction which is within 

the acceptable range for 19F NMR shifts with an internal standard.139 

Kinetic Isotope Effect Experiments 

CH3CN/CD3CN 

 

25 mg of 3,6-dibromocarbazolylamino)-2,4,6-trimethylpyridinium tetrafluoroborate 25 is 

added to 3 mL of either CH3CN or CD3CN with a stir bar in a quartz cuvette. The cuvette was 

sealed with a septum and parafilm and purged with N2(g) for 15 min in the solution and 5 min in 

the air gap. The solutions were analyzed with the procedure outlined in the Transient Absorption 
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Spectroscopy section above. There was no significant difference if new CH3CN or distilled 

CH3CN is used.  

Phenol/d1-Phenol 

 

25 mg of 3,6-dibromocarbazolylamino)-2,4,6-trimethylpyridinium tetrafluoroborate 25 is 

added to 3 mL of CH3CN with a H2O or D2O concentration of 10mM and PhOH concentration 

of 1 mM with a stir bar in a quartz cuvette. The cuvette is allowed to stir for 30 minutes to ensure 

that the D2O converts the phenol to d1-phenol. The solutions were analyzed with the procedure 

outlined in the Transient Absorption Spectroscopy section above. There was no significant 

difference in kobs from the 10 mM H2O and D2O solutions if the H2O or D2O concentration was 

raised to 170 mM  

Ruling out counter ion BF4
- from being a reducing agent. 
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Figure 6.26. LFP 3,6-dibromocarbazolyl nitrenium ion 18 with added tetrabutylammonium 

tetrafluoroborate. 

 

 
Figure 6.27. LFP of 3,6-dibromocarbazolyl nitrenium ion 18 with added tetrabutylammonium 

perchlorate. 

 

6.4.5 NMR Yield Analysis 

 

 20 mg of (3,6-dibromocarbazolylamino)-2,4,6-trimethylpyridinium tetrafluoroborate 25 

(0.0375 mmol) and 0.375 mmol of alkene is added to 2 mL of CH3CN. The solution is split into 

two 1mL solutions and both are purged with N2(g) for 15 min. One of the solutions is photolyzed 

for 30 min with 370 nm Kessil lamps. Both solutions are evaporated. 350 μL of CDCl3 is added 

to each solution and 1H NMR is used to determine the yields of products. The yields are 

compared to the CDCl3 peak used to dissolve the 1H NMR samples. 
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6.5 Chapter 5 Experimental 

6.5.1 Synthesis and General Methods 

The N-(4,4’-dibromodiphenylamino)-2,4,6-trimethylpyridinium ion 44 was synthesized 

using the same procedure used in our previous publication.17 

 

N-Acetyl-L-tryptophan ethyl ester 45 (0.80 g, 2.9 mmol) and 44 (0.31 g 0.59 mmol) are 

added to 30 mL of CH3CN and photolyzed for 2 hr with 370 nm Kessil lamps. The reaction was 

stopped when ESI-MS showed that the pyridinium ion was consumed. Next a silica column was 

run with a solvent mixture of 60:40 hexane:ethyl acetate. Two major adducts were isolated and 

identified by 1H NMR, 13C NMR, HSQC NMR, and Accutof ESI+ MS. 

Compound 46 
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1H NMR (CD3CN, 600 MHz): δ 7.55 (d, 2H, J = 0.014ppm), 7.50 (d, 1H, J = 0.004ppm ), 7.40 

(d, 1H, J = 0.014ppm), 7.26 (d, 1H, J = 0.014ppm), 7.24 (dd, 1H, J = 0.014ppm, 0.004ppm), 

7.06 (t, 1H), 6.92 (d, 1H), 6.79 (t, 1H), 6.63 (t, 1H), 6.07 (d, 1H), 4.25 (m, 1H), 3.97-4.07 (m, 

2H,), 2.73 (dd, 1H,), 2.29 (dd, 1H,), 1.51 (s, 3H,), 1.20 (t, 3H,) 

13C NMR (CD3CN, 600 MHz): δ 172.94, 170.66, 150.35, 142.44, 137.46, 133.35, 133.14, 

132.87, 131.76, 129.53, 127.79, 124.31ppm, 122.50,  120.31, 115.61, 112.11, 111.75, 110.71, 

88.38, 62.20, 58.86, 50.76, 39.87, 22.47, 14.43 

ESI-MS m/z 599.92 

 

Compound 47 

 

1H NMR (CD3CN, 600 MHz): δ 7.61 (d, 1H, J = 0.020ppm), 7.53 (d, 1H, J = 0.006ppm ), 7.46 

(dd, 1H, J = 0.022ppm, J = 0.006ppm), 7.38 (d, 2H, J = 0.022ppm), 7.31 (d, 1H, J = 0.022ppm), 

7.18 (t, 1H, J = 0.020ppm), 7.11 (t, 1H, 0.020ppm), 7.05 (d, 2H, J = 0.022ppm), 6.64 (broad s, 

1H), 6.57 (d, 1H), 4.53 (m, 1H), 3.88-4.03 (m, 2H,), 3.25 (dd, 1H,), 3.09 (dd, 1H,), 1.61 (s, 3H,), 

1.11 (t, 3H,) 
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13C NMR (CD3CN, 600 MHz): δ 171.03, 168.96, 141.57, 141.06, 135.96, 133.80, 131.55, 

131.44, 131.10, 128.18, 123.90, 121.58, 120.00, 118.71, 118.34, 117.85, 112.10, 111.27, 110.61, 

109.04, 60.45, 52.52, 26.60, 21.24, 12.77 

ESI-MS m/z 600.08 

 

The peptide WWCNDGR was custom made and purchased from the Genscript company. 

A 100 μL of 90% CH3CN, 10% H2O solvent mixture was used to make a 1.8 mM peptide 

concentration and a 12.25 mM of compound 44 concentration. This solution was photolyzed for 

30 s with 370 nm kessel lamps. After photolysis the solutions were evaporated with a speed 

vacuum. The supernatant was washed twice with 50 μL of CH3CN was added to the Eppendorf 

tube then decanted. Since the peptide is insoluble in CH3CN, 300 μL of H2O was added and 

20μL of CH3CN was added to make the final solution for QTOF Mass Spectrometry analysis. 

Samples were analyzed with a Bruker Maxis-II QTOF, an ultra-high resolution Q-TOF 

mass spectrometer coupled with a Waters Acquity I-Class PLUS LC system. Liquid 

chromatography separation was performed on an Agilent Zorbax XDB-C18 LC Column (50 x 

2.1 mm, 5 μm particle size) with a mobile phase A (water with 0.1% formic acid) and mobile 

phase B (acetonitrile with 0.1% formic acid). The gradient program was initially set at 10% B in 

3 minutes. The linear gradient increased to 90% B in 6 minutes followed by maintenance of 3 

minutes before returning to 10% in 1 minute. The column was kept at 30°C. The flow rate was 

0.25 ml/min and the injection volume was 5 μl. Mass spectra were acquired under positive 

electrospray ionization with a needle voltage of 4,500 V. The mass range from 250 to 2000 Da 

was used for the LC-MS measurements, and from 100 to 1400 Da for the LC-MS/MS, 

respectively. The ion source temperature (dry gas) was set to 220°C with a flow rate of 5.0 
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L/min. The collision energy used for the LC-MS/MS measurements was from 25 to 50 eV, 

depending on the m/z values of the parent ions.  All data were visualized and analyzed using the 

Bruker Compass Analysis software.   

6.5.2 Methods and Transient Absorption Spectra from LFP 

 

20 mg of N-(4,4’-dibromodiphenylamino)-2,4,6-trimethylpyridinium ion and 44 9.36 mg 

of peptide WWCNDGR is added to 20 mL of CH3CN in a 100mL RBF. The spectrum is 

obtained by the method described in Full Spectrum Solutions section above.  

 

 
Figure 6.28. Transient Absorption Spectra of nitrenium ion 16 with peptide WWCNDGR 

concentration of 0.5mM. The spectra match the nitrenium ion spectra previously published.17 

Time slices are in μs. 
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6.5.3 ESI MS+ Labeling and MS/MS 

 

 
Figure 6.29. ESI+-MS shows that the peptide was labeled at m/z 1261.27 (bottom) which is not 

seen in the control (top). 
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Figure 6.30. Chromatogram Showing Separation of Peptide Solution for MS/MS. 
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Figure 6.31. MS/MS Control shows that the nitrenium ion 16 (bottom) does not fragment to 

make any important peptide fragments (top). 

 



 

 

159 

 

 
Figure 6.32. MS/MS Full Spectrum of the peptide m/z 468.68 (top) and the labeled peptide m/z 

631.14 (bottom). All fragments are labeled.
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6.5.4 Simulated Isotopic Distribution of Labeled Peptide 

 
Figure 6.33. Comparison of peptide and peptide labeling to computer generated isotopic 

distributions. Simulated data was done with Scientific Instrument Services (SIS)’s Isotope 

Distribution Calculator and Mass Spec Plotter. 
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