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1. Summary 

The selectively deuterated semibullvalenes CD3/d1-2a/b were synthesized and deposited in 

inert gas matrices at cryogenic temperatures (s. Scheme 1). Despite prohibitively high, 

experimental activation barriers of 4 – 6 kcal mol-1, the Cope rearrangement in favor of the 

isotopomer with the lower zero-point vibrational energy was observed with 

temperature-independent rate constants of approx. 10-4 (2a)/10-5 s-1 (2b), indicating the 

contribution of heavy-atom tunneling. Cyano-substituted 2b was found to rearrange 

roughly one order of magnitude slower than 2a which can be explained by its significantly 

higher, but simultaneously narrower barrier. The rate constants for the Cope 

rearrangements of 2a/b were not dependent on the nature of the isotopic label and the 

resulting difference in zero-point vibrational energy, but were highly affected by the choice 

of the cryo-solvent, e. g. inhibited in xenon (for d4-2a → d2-2a) or p-H2 matrices (for 

d4-2b → d2-2b). Interestingly, neither of the investigated semibullvalenes reached the 

corresponding thermodynamic equilibrium even for experiments with a duration of several 

days, with potential reasons being discussed.  

 

Scheme 1. Experimental approach to the investigation of quantum mechanical tunneling (QMT) in the Cope 

rearrangement of semibullvalenes 2a/b.    

As a second project, the conformer-specificity in the tunneling ring expansions of 

methoxy-benzazirines was studied computationally, inspired by prior experimental 

observations by Joel Mieres Pérez: Although all isomeric benzazirines 75/76 and 

ketenimines 77/78 are formed upon irradiation of azide 73, only the rearrangement 

76a → 78a can be observed via IR spectroscopy, taking place with a 

temperature-independent rate despite a prohibitively high, predicted activation barrier of 

5.4 kcal mol-1 [B3LYP/6-311++G(d,p)]. It was found that the ring expansions of the other 

isomers exhibit relative tunneling probabilities that let them proceed either too slow 

(75b → 77b) or too fast (76b → 78b) to be observed; the endothermicity of 75a → 77a 

even prevents its tunneling without influx of additional energy. The accuracy of these 

predictions was tested by predicting the relative tunneling rates for the rearrangement of 
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related benzazirines. Additionally, the different thermodynamics of these benzazirines and 

ketenimines could be traced back to the well-known stereoelectronic effects in 

(thio)methoxy vinyl ethers.     

 

Scheme 2. Photochemistry of 3-methoxyphenyl azide (73a-d) and subsequent conformer-specific quantum 

mechanical tunneling of benzazirine 76a.  

It was also tested whether matrix isolation spectroscopy could allow for the measurement 

of the kinetics of the ring opening of cyclopropylcarbinyl (7), facilitated by carbon 

tunneling. However, UV photolysis of (iodomethyl)cyclopropane (45) in p-H2 or Ar 

matrices only resulted in the detection of butenyl radical (8) as the rearrangement product, 

while pyrolysis gave butadiene (63) in its two conformers as products.   

 

Scheme 3. Results from photolysis (up) and pyrolysis (down) of (iodomethyl)cyclopropane (45). 

Furthermore, the photochemistry of diazoethane 41 was investigated as it had been 

predicted that noradamantylcarbene S-112 would, unlike other noradamantyl carbenes, not 

undergo ring expansion, but rather hydrogen tunneling to give ethene 113. While carbene 

S-112 could not be observed, even when attempting to slow down its hydrogen shift by 

selective deuteration and stabilization of the carbene in nitrogen matrices, the detection of 
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(d3-)113 as the sole product of the photochemical decomposition of (CD3-)41 corroborated 

the prediction.  

 

Scheme 4. Photochemistry of noradamantyldiazoethane (41).  

In the course of the RESOLV internship at the lab of Prof. Miguel A. García-Garibay at the 

University of California, Los Angeles, the photochemical Curtius rearrangement of aroyl 

azides in the solid state was studied. NMR and IR studies indicated that the photochemical 

decomposition of crystalline azides 48a-c proceeds under significant contribution of 

nitrenes 132a-c, resulting mainly in oligomeric material, unlike the clean, thermal or 

photochemical generation of isocyanates 133a-c in solution. Stable nanocrystalline 

suspensions of 48c in water could also be obtained whose size distribution as well as 

crystallographic data should make them a suitable model system to further investigate the 

photochemistry of solid 48c via transient UV-Vis spectroscopy.   

 

Scheme 5. Photochemistry of aroyl azides 48a-c. 
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1. Zusammenfassung 

Die selektiv deuterierten Semibullvalene CD3-/d1-2a/b wurden synthetisiert und in 

Inertgasmatrizen bei kryogenen Temperaturen abgeschieden (s. Schema 1). Trotz hoher 

experimenteller Aktivierungsbarrieren von 4 - 6 kcal mol-1 wurde die Cope-Umlagerung 

zugunsten des Isotopomers mit der niedrigeren Nullpunktschwingungsenergie mit 

temperaturunabhängigen Geschwindigkeitskonstanten von ca. 10-4 (2a)/10-5 s-1 (2b) 

beobachtet, was die Beteiligung von Schweratomtunneln bei dieser Reaktion anzeigt. Die 

Tatsache, dass das cyano-substituierte 2b ungefähr eine Größenordnung langsamer als 2a 

umlagert, kann durch seine signifikant höhere, aber gleichzeitig engere Barriere erklärt 

werden. Die Geschwindigkeitskonstanten für die Cope-Umlagerungen von 2a/b waren 

nicht abhängig von der Art der Isotopenmarkierung und der resultierenden Differenz der 

Nullpunktschwingungsenergie, wurden aber stark von der Wahl des Kryolösungsmittels 

beeinflusst, z. B. vollständig gehemmt in Xenon (für d4-2a → d2-2a) oder p-H2-Matrizen 

(für d4-2b → d2-2b). Interessanterweise erreichte keines der untersuchten Semibullvalene 

auch bei mehrtägigen Experimenten das entsprechende thermodynamische Gleichgewicht, 

wofür mögliche Gründe diskutiert werden. 

 

Schema 1. Experimenteller Ansatz zur Untersuchung von quantenmechanischem Tunneln (QMT) in der 

Cope-Umlagerung der Semibullvalene 2a/b.    

Als zweites Projekt wurde die Konformerspezifität bei der Ringerweiterung von 

Methoxybenzazirinen durch Tunneln rechnerisch untersucht, angeregt durch frühere 

experimentelle Beobachtungen von Joel Mieres Pérez: Obwohl alle isomeren Benzazirine 

75/76 und Ketenimine 77/78 bei Bestrahlung des Azids 73 gebildet werden, kann nur die 

Umlagerung 76a → 78a mittels IR-Spektroskopie beobachtet werden, die mit einer 

temperaturunabhängigen Geschwindigkeitskonstante trotz einer hohen vorhergesagten 

Aktivierungsbarriere von 5,4 kcal mol-1 stattfindet [B3LYP/6-311++G(d,p)]. Es wurde 

festgestellt, dass die Ringerweiterungen der anderen Isomere relative 

Tunnelwahrscheinlichkeiten aufweisen, die sie entweder zu langsam (75b → 77b) oder zu 

schnell (76b → 78b) voranschreiten lassen, um beobachtet zu werden; die Endothermizität 

von 75a → 77a verhindert sogar das Tunneln ohne externe Zufuhr von Energie. Die 
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Genauigkeit dieser Vorhersagen wurde getestet, indem die relativen Tunnelraten für die 

Umlagerung verwandter Benzazirine vorhergesagt wurden. Darüber hinaus konnte die 

unterschiedliche Thermodynamik dieser Benzazirine und Ketenimine auf die bekannten 

stereoelektronischen Effekte in (Thio-)Methoxyvinylethern zurückgeführt werden. 

 

Schema 2. Photochemie von 3-Methoxyphenylazid (73a-d) und darauffolgendes konformerspezifisches 

Tunneln des Benzazirins 76a.  

Des Weiteren wurde getestet, ob die Matrixisolationsspektroskopie die Messung der 

Kinetik der Ringöffnung von Cyclopropylcarbinyl (7) ermöglichen könnte, einer weiteren 

Reaktion, die unter Kohlenstofftunneln stattfindet. Die UV-Photolyse von 

(Iodmethyl)cyclopropan (45) in festem p-H2 oder Ar führte jedoch nur zum Nachweis des 

Butenylradikals (8) als Umlagerungsprodukt, während die Pyrolyse Butadien (63) in seinen 

beiden Konformeren als Produkt ergab. 

 

Schema 3. Resultate der Photolyse (oben) und Pyrolyse (unten) von (Iodomethyl)cyclopropan (45). 

Darüber hinaus wurde die Photochemie von Diazoethan 41 untersucht, da vorhergesagt 

wurde, dass Noradamantylcarben S-112 im Gegensatz zu anderen Noradamantylcarbenen 

keine Ringerweiterung eingeht, sondern unter Wasserstofftunneln zu Ethen 113 reagiert. 
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Carben S-112 konnte zwar nicht beobachtet werden, trotz Versuchen, die 

Wasserstoffverschiebung durch selektive Deuterierung und Stabilisierung des Carbens in 

Stickstoffmatrizen zu verlangsamen. Dennoch bestätigte der Nachweis von (d3-)113 als 

einziges Produkt der photochemischen Zersetzung von (CD3-)41 die Vorhersage. 

 

Schema 4. Photochemie von Noradamantyldiazoethan (41).  

Im Rahmen des RESOLV-Forschungsaufenthalts im Labor von Prof. Miguel A. García 

Garibay an der University of California in Los Angeles wurde die photochemische Curtius-

Umlagerung von Aroylaziden im Festkörper untersucht. NMR- und IR-Studien zeigten, 

dass die photochemische Zersetzung der kristallinen Azide 48a-c unter einem signifikanten 

Beitrag der Nitrene 132a-c abläuft, was im Gegensatz zur sauberen, thermischen oder 

photochemischen Erzeugung der Isocyanate 133a-c in Lösung hauptsächlich zu 

oligomerem Material führt. Es konnten auch stabile, nanokristalline Suspensionen von 48c 

in Wasser erhalten werden, deren Größenverteilung sowie kristallographische Daten sie zu 

einem geeigneten Modellsystem machen sollten, um die Photochemie von 48c mittels 

zeitaufgelöster UV-Vis-Spektroskopie weiter zu untersuchen. 

 

Schema 5. Photochemie der Aroylazide 48a-c. 
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2. General theoretical concepts and experimental techniques 

Parts of Chapters 2.1. and 2.2. have been adapted from Chapters 3.1. and 3.3. of my Master 

thesis, respectively.[1] 

2.1. IR spectroscopic analysis of matrix-isolated species 

The matrix isolation technique, first developed by Pimentel et al. in 1954,[2] describes the 

trapping of molecules in solidified (inert or reactive) gases at cryogenic temperatures. The 

rigid host matrix hereby isolates the guest material and thus prevents bimolecular reactions; 

intramolecular transformations like rearrangements are often inhibited or sufficiently 

slowed down by the low temperatures to be observed. Due to these qualities, matrix 

isolation is routinely applied to the generation and characterization of reactive species and 

can help to study weak interactions in molecular complexes, emulate conditions in 

interstellar ice clouds or stabilize particular conformations of stable molecules.[3] However, 

the technique's versatility is limited to compounds that can be deposited on the cold window 

from gaseous form, i. e. they have to be volatile at some chosen temperatures without risk 

of decomposition (e. g. excluding proteins). 

The experimental setup for matrix isolation experiments complicates the application of 

certain analytical approaches like NMR[4] or mass spectroscopy.[5] Nevertheless, the optical 

transparency of gas matrices over a broad range of wavelengths facilitates the use of 

ultraviolet-visible (UV-Vis) or infrared (IR) spectroscopy, the latter of which is most 

commonly applied to assign the guest species' structure (e. g. by comparison with quantum 

chemically calculated IR spectra).[3] While at high dilution (i. e. sufficient isolation) 

guest-guest interactions can be minimized or even avoided entirely, host-guest interactions 

account for several unique features in IR spectra recorded from matrix-isolated species:  

First, the rigid environment of the matrix cage prevents diffusion as well as rotation, thus 

removing the rotational fine structure.[6] It also partially dampens the vibrations due to 

steric constraints when compared to theoretically calculated or experimentally observed 

gas-phase IR spectra. Unfortunately, the rigid matrix cages can also prevent photolytic 

dissociation of e. g. C–I bonds as the radical pair is held in close proximity, thus causing 

rapid recombination as evidenced by the low yield of the corresponding photolysis.[7]  

Second, the recorded spectra often exhibit a narrow peak width (< 1 cm-1) which reduces 

the overlap of bands and increases the signal-to-noise ratio, thus facilitating the analysis of 
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these spectra.[3] Additionally, the narrow width makes band splitting more apparent, e. g. 

due to Fermi resonance or the so-called matrix site effect. That term describes the 

phenomenon that different host molecules inhibit matrix cages of varying sizes and rigidity, 

thus causing small deviations in a band's position and intensity.  

Third, this matrix effect can also be responsible for a temperature dependence of the 

matrix IR spectrum that is not encountered when recording gas- or solid-phase spectra at 

higher temperatures. By slowly warming up a matrix to a temperature below the 

sublimation point of the matrix gas (roughly one third of the boiling point at ambient 

pressure, i. e. around 30 K for an argon matrix), the host atoms/molecules are allowed to 

diffuse which equilibrates the matrix cages (to a certain degree). The annealing can cause 

guest molecules that might have been frozen out in energetically unfavorable 

conformations during deposition to assume the most favorable conformation (i. e. by 

rotation around C–C bonds). This conformational change (traceable in the IR spectrum) 

should be retained when returning to a lower temperature since the thermal energy in the 

matrix should not suffice to revert the matrix relaxation. 

Fourth, matrix-host interactions might have an impact on the recorded IR spectrum. While 

it is obvious that matrices from reactive molecules like CO or H2O can cause significant 

changes by the formation of complexes or even covalent bonds, also noble gases as hosts 

may interact with (sufficiently reactive) guests. It is possible to investigate such potential 

interactions by varying the host-to-guest ratio or comparing spectra obtained from matrices 

consisting of different noble gases.[3]  

Finally, it should be noted that the aforementioned matrix effect also applies when 

measuring the kinetics of an intramolecular reaction of matrix-isolated species. It is often 

observed that such a reaction shows an exponential decay of the reaction rate with regard 

to time which can be attributed to dispersive kinetics.[8] This means that certain matrix sites 

exhibit a favorable configuration, size or rigidity and thus react faster which will over time 

cause a decrease in the reaction rate as more of these fast sites are depleted and the slower 

sites gain in importance. 

As a countermeasure to avoid some of these effects, p-H2 can be used as a matrix material, 

exhibiting unique properties due to its peculiar quantum nature: Parahydrogen is one of the 

two spin isomers of H2, with its nuclear spins aligned antiparallel, thus resulting in a nuclear 
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singlet state (total nuclear spin I = 0) and an antisymmetric nuclear wavefunction. The 

requirement that any total wavefunction for Fermions (like H2) must be antisymmetric with 

respect to exchange of two identical particles (Pauli exclusion principle) thus results in p-H2 

only exhibiting even rotational states (J = 0, 2, 4, etc.), while the other spin isomer, o-H2, 

is restricted to odd rotational states (J = 1, 3, 5, etc.) due to its symmetric nuclear 

wavefunction. This discrepancy is ultimately reflected by a difference in zero-point 

vibrational energy of 120 cm-1 at cryogenic temperatures.[9] Thus, while the room 

temperature mixture (often called n-H2) accounts for the spin degeneracy by a ratio of 3 : 1 

in favor of o-H2, pure p-H2 (> 99.99%) can be obtained when passing H2 at 15 K over 

granular hydrous ferric oxide which catalyzes the conversion; the relaxation back to n-H2 

takes days at room temperature, thus allowing for the use of freshly-prepared p-H2 as a 

matrix host.  

The large amplitude of its zero-point lattice vibration, amounting to approx. 20% of the 

intermolecular distance,[9] results in a very soft while simultaneously non-interacting 

matrix which accommodates guest molecules without any distortions, thus eliminating the 

matrix site effect common in other host materials. This is evidenced by the usually very 

sharp IR features of the host molecules, the absence of any dispersive kinetics and facile, 

high-yielding photodissociations, presumably supported by parahydrogen’s high thermal 

conductivity aiding in the fast dissipation of excess energy of the photofragments.[9] It 

should be noted, however, that these advantages can be marred by the presence of even 

traces of o-H2 which is known to cluster around guest molecules and cause e. g. broad bands 

due to its stronger interaction potential,[10] thus necessitating careful preparation of p-H2 

matrices and critical evaluation of the experimental results obtained from them. 

 

2.2. Quantum mechanical tunneling in organic reactions 

Classically, a chemical reaction is considered to be a process where a molecule passes over 

a saddle point on the potential energy surface (PES), the transition state, having gained the 

necessary energy to do so in the form of e. g. vibrational or electronic excitation. However, 

quantum mechanical tunneling (QMT), i. e. the penetration of a molecule's wave function 

through this activation barrier,[11] provides a complementary explanation for chemical 

transformations (s. Figure 1). Though this phenomenon was originally thought to be a 

fanciful concept in quantum mechanics, it is now widely recognized that tunneling is 
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present in every chemical reaction.[12] However, its contribution to the product formation 

varies greatly with the reaction conditions; under cryogenic conditions, which inhibit 

thermally activated processes, QMT often becomes the dominant reaction mode.[12] 

 

Figure 1. Left: Diagram illustrating Arrhenius behaviour (red solid arrow) and QMT (blue dashed arrows) 

from ground and vibrationally excited state respectively. Right: Arrhenius plot contrasting kinetics dominated 

by classical "over the barrier" dynamics (red dashed line) versus quantum mechanical barrier penetration 

(blue dashed line). The doubling of the pseudo-harmonic vibrational levels is caused by tunnel splitting as 

explained below (s. also Chapter 4.2.2.).  

The principles that govern the probability at which tunneling might occur have been 

summarized by Bell in an adjustment of the Arrhenius equation by a correction term Q.[13]  

𝑘 = 𝑄𝐴𝑒−
𝐸

𝑅𝑇     eq. 1 

𝑤ℎ𝑒𝑟𝑒 𝑄 =  
𝑒𝛼

𝛽−𝛼
(𝛽𝑒−𝛼 − 𝛼𝑒−𝛽)  eq. 2 

𝑤𝑖𝑡ℎ 𝛼 =  
𝐸

𝑅𝑇
 𝑎𝑛𝑑 𝛽 =  

𝐿𝜋²

ℎ
√2𝑚𝐸  eq. 3 

Here A signifies the pre-exponential factor, E the activation barrier, L the width of the 

barrier and m the mass of the tunneling particle. Evidently, the term Q is very sensitive to 

m, thus light particles like protons or electrons have a higher probability to tunnel than 

heavier atoms such as carbon. This view of a single part of a molecule tunneling, i. e. 

undergoing the biggest change in nuclear position, can be argued to be an 

oversimplification for multiatomic systems. Since QMT is more accurately described as 

the penetration of a system's wave function through a potential barrier (as mentioned 

before), changing from an initial state A to a final state B, all nuclei in this system are 

affected (though to varying degrees). Nevertheless, the consideration of only one atom (or 

for some rearrangements: a pair of atoms), i. e. the “tunneling determining atom (TDA)” 

coined by Kozuch,[14] has proven to be a useful concept for the qualitative (and sometimes 

even quantitative, s. Chapters 4.2.1. and 5.3.1.) analyses of tunneling processes. The 
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tunneling probability’s dependency on the mass for example enables to probe the 

hypothesis of a proton tunneling during a certain reaction by replacing this hydrogen atom 

by its heavier isotope deuterium: If this substitution considerably diminishes the reaction 

rate this can be taken as indication for tunneling contribution to this reaction (though one 

should not neglect the classical effect of this replacement on the vibrational energies of 

starting material, product and transition state).  

The Bell equation (equations 1 - 3) provides another approach to test for tunneling 

contribution to a reaction by its temperature dependence: The correction term Q is much 

less dependent on the temperature than the Arrhenius equation itself. This not only explains 

the predominance of QMT under cryogenic conditions, but also helps to identify its 

contribution by an Arrhenius plot that indicates a temperature-dependent reaction rate at 

higher temperatures, but nearly temperature independent one at lower ones (s. Figure 1). 

The residual small, but non-zero temperature dependence results from slight changes in the 

population of vibrational energy levels. Since the barrier width L (which dominates the 

tunneling probability) is reduced for vibrationally excited states (s. Figure 1), even a small 

population of these energy levels results in a measurable increase for the tunneling rate, 

thus causing the shallow temperature dependence.[11] Indeed, as Hund had already 

recognized in 1927,[15] the occurrence of tunneling in a double-well potential directly leads 

to the existence of two energetically close, but distinct vibrational levels as a result from 

the superposition of the respective symmetric and antisymmetric wavefunctions, with the 

separation between the two energy levels called tunnel splitting (as also depicted in Figure 

1). This tunnel splitting depends on the reduced mass of the tunneling system as well as the 

barrier height and width (as calculated for semibullvalenes in Chapter 4.2.2.) and has been 

IR spectroscopically probed for e. g. ammonia[16] and malondialdehyde.[17]  

Over the last few decades, the calculation of tunneling probabilities and the resulting rate 

constants has attracted some attention, especially by the groups surrounding Weston T. 

Borden and Donald G. Truhlar, the latter having played an instrumental role in formulating 

the small curvature tunneling (SCT) calculation method.[18] This SCT methodology has 

been implemented in the POLYRATE program[19] and has established itself as the most 

widely used technique for the quantification of QMT’s contribution to any reaction rate. Its 

central approximation is the assumption that due to tunneling the reaction path deviates 

from the calculated minimum energy path by a comparatively small curvature, thus 
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avoiding having to pass through the transition state and resulting in a shorter path, albeit 

one higher in energy.[20] This approach has successfully been applied to a large number of 

experimental findings concerning (heavy-atom) tunneling and could even predict the large 

influence of QMT to some reactions which were later confirmed experimentally (s. 

Chapters 4.1., 6.1. and 7.1.). Greer et al. recently demonstrated for a series of common 

organic reactions that one-dimensional tunneling methods like the one devised by Bell[13] 

can be used as an approximate shortcut for the calculation of QMT’s contribution, but 

unfortunately these methods can only be applied reliably for T ≥ 250 K.[21]  

While hydrogen tunneling has been shown to be so prevalent that failing to consider a 

proton’s capability to tunnel during any given reaction has to be considered negligent,[22] 

clear-cut experimental evidence for examples of heavy-atom tunneling (i. e. m[TDA] > 1) 

is still rather rare, though theoretical[21] as well as experimental exemplary studies[23] imply 

its involvement for common organic reactions even at room temperature. This sparsity can 

easily be understood when regarding the strong mass dependency of any tunneling process 

and led Bell to claim in his paper on the influence of quantum mechanics on reaction 

kinetics that “all atoms heavier than helium behave, practically speaking, classically [i.e., 

they do not tunnel].”[24] However, as demonstrated in the last few decades, the higher mass 

of e. g. a carbon atom can be compensated for by a very narrow reaction barrier; according 

to Bell’s formula, the width of a barrier with a given height has to decrease by a factor of 

√12  ≈ 3.5 to exhibit the same tunneling probability for a carbon atom when compared to 

a proton. 

It can be rather difficult to pinpoint molecular features facilitating such a thin barrier, as 

can be seen from the broad spectrum of reactions for which heavy-atom tunneling’s 

contribution could be proven experimentally (s. Scheme 6). However, a structural motif 

that is involved in several of the examples discovered so far, is the (sometimes heterocyclic) 

cyclopropyl moiety: The three-membered ring might either be opening as in the 

cyclopropylcarbinyl radical (7)[25] or the highly strained oxocyclohexadienylidene (17)[12] 

and benzazirines 19a-d,[26-28] or closing, due to the high reactivity of 1,3-diyls 5[29, 30] or 

t-butylchlorocarbene (11),[31] or even both as in 1,5-dimethylsemibullvalene (2a).[32] Even 

the seemingly unrelated rearrangement of trifluoroacetylnitrene (9) can be regarded as an 

example since the singlet state of acyl nitrenes is known to exhibit a bonding interaction 

between the oxygen and nitrogen atoms, thus resulting in a strained pseudo-oxaziridine 

structure (with dN-O ≈ 1.8 Å).[33] The minimal structural rearrangement required for the 
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breaking or formation of a three-membered ring in all of these reactions indicates a narrow 

reaction barrier through which tunneling can occur rapidly even at cryogenic temperatures 

and thus often be observed experimentally, e. g. under matrix isolation conditions.    

 

Scheme 6. Previously-reported reactions with experimental evidence for heavy-atom tunnelling: 

Automerizations of cyclobutadiene (1)[34] and 1,5-dimethylsemibullvalene (2, also s. Chapter 4.);[32] ring 

closures of cyclopentane-1,3-diyl (3)[29] and cyclobutane-1,3-diyls (5)[30]; ring opening of 

cyclopropylcarbinyl (7; also s. Chapter 6.) ;[25] rearrangement of trifluoroacetyl nitrene (9);
[34]

 ring 

expansions of t-butylchlorocarbene (11),[31] fluorocarbene 13,[35] noradamantyl carbene (15, also s. Chapter 

7.),[36] cyclopropene 17[12] and benzazirines 19a-d (also s. Chapter 5.).[26-28]        

Another intriguing feature of the investigation of tunneling processes is studying the effects 

of the environment on these reactions, which can happen by a multitude of (proposed) 

mechanisms: On the one hand, the solvent might specifically interact with either the starting 

material or the product of the tunneling rearrangement, as for example observed for the 

hydrogen tunneling in carboxylic acids or vinyl alcohol. Since complexation of N2 

stabilizes the starting material more strongly than either the product or the transition state, 
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this non-covalent interaction results in a higher (and presumably broader) activation barrier, 

thus strongly diminishing the corresponding tunneling probability and allowing for the 

detection of the corresponding higher-energy conformer.[37, 38] More drastically, 

intermolecular hydrogen bonding with polar solvents can completely inhibit intramolecular 

proton transfer by energetically disfavoring intramolecular hydrogen bonds as e. g. in 

malondialdehyde;[39, 40] simultaneously, it can necessitate the reorganization of the 

solvation shell, an effect that has been recognized as a major contributing factor in 

intramolecular proton tunneling.[41] A striking example of the influence of such 

complexation on the tunneling rearrangement of cyclopropene 17 has recently been 

investigated in our group[42] that demonstrated increasing rate acceleration upon interaction 

with a hydrogen-bond donor (H2O), halogen-bond donor (ICF3) and a strong Lewis acid 

(BF3).      

On the other hand, even when lacking specific interactions, the environment can greatly 

influence the outcome and/or kinetics of a tunneling process as has been especially 

appreciated in matrix isolation studies: First, the rigid matrix environment can effectively 

trap the reactants of a tunneling rearrangement in a non-equilibrium conformation as it has 

been detected spectroscopically for example for the [1,2]-H shift in benzylchlorocarbene[43] 

or the hydrogen-tunneling in 2-chloropropionic acid.[44] Similar confinement effects have 

been hypothesized to explain the noticeable rate acceleration of the rearrangements of 

carbenes 13 and 15 upon softening of the matrices at elevated temperatures.[35, 36] Second, 

the polarity and polarizability of a given host material has been invoked as the determining 

factors in the rate acceleration of the ring expansion of cyclopropene 17 in xenon 

matrices[12] as well as the rate retardation of the Curtius rearrangement of 

trifluoroacetylnitrene (9) in toluene. [34] However, it should be noted that both of these 

reactions necessitate an intersystem crossing which itself might be subject to solvent-

induced effects such as the spin-orbit coupling with heavy atoms. Third, a combination of 

both the aforementioned effects has been invoked when considering the asymmetry of 

matrix sites and their effect on a reaction’s PES: As the disordered matrix sites exert a 

non-specific, stabilizing or destabilizing influence on a given host and the geometry of 

these sites does not significantly change at cryogenic conditions (below the annealing 

temperature) during the tunneling rearrangement of their guest molecules, the potential 

could be skewed in a non-trivial, hard-to-predict way. This hypothesis has been applied to 

explain the stark difference in the tunnel splitting of tropolone in the gas phase and in neon 
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matrices,[45] the matrix host dependency of the H-tunneling in various hydroquinone 

derivatives[46-48] and the apparent inhibition of malondialdehyde’s QMT in neon, argon, 

xenon and nitrogen matrices.[39, 49] In addition, the latter observation has been linked to the 

large-amplitude motion’s coupling to the lattice vibrations (phonons) of the matrix, as also 

hypothesized to be a decisive factor in the tunneling of 2-chloromalondialdehyde[50] and 

formic acid[51] in rare gas matrices.  
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3. Synthesis 

Since the synthetic routes taken greatly affected the purity as well as the availability of the 

molecules investigated in this thesis (especially for the 1,5-dimethylsemibullvalenes 2), 

they shall be shortly discussed in the following chapter. 

3.1. Synthesis of 1,5-dimethylsemibullvalenes 

For the synthesis of symmetrically substituted 1,5-dimethylsemibullvalenes (2) the 

research group of Helmut Quast established cis-bicyclo[3.3.0]octane-3,7-dione (24) as 

suitable precursor, readily available by Weiss-Cook condensation and subsequent ester 

cleavage plus decarboxylation.[52] The two methyl groups in 1- and 5-position prevent the 

intermediary formation of the antiaromatic and thus unstable pentalene moiety in later 

stages of the synthesis which otherwise would lead to rapid polymerization. Thus, the 

synthesis of the parent monodeuterated semibullvalene is excluded via this route and can 

only be achieved by a more complex route reported by Klumpp et al.[53, 54] However, the 

effect of the two methyl groups on the properties of the semibullvalenes’ Cope 

rearrangement is well-known and will be discussed in more detail in Chapter 4.1. 

Starting from cis-bicyclo[3.3.0]octane-3,7-dione (24), the three 

1,5-dimethylsemibullvalenes that were to be investigated in this thesis can be synthesized 

by an analogous sequence of formation of the double bonds (while simultaneously 

introducing potential substituents), bromination and subsequent debromination to form the 

cyclopropyl moiety (Scheme 7). The final exchange of the bromine atom with deuterium 

proceeds via lithiation and quenching with D2O (Scheme 8). Even 

2,6-dicyano-1,5-dimethylsemibullvalene (2c) can be synthesized in this manner by an 

umpolung utilising the addition of cyanide to bisvinylsulfone 33.[55, 56] Unfortunately, this 

synthesis could not be reproduced as the dinitrile 27c could only be obtained in amounts 

that were insufficient for the continuation of this multistep synthesis. Due to the long 

duration of this synthesis, the complex mixture of side products forming alongside 27c as 

well as the high toxicity of KCN adsorbed onto Al2O3 as a key reagent of this route, it was 

decided to not repeat the initial attempt. Though other synthetic routes over 

cis-bicyclo[3.3.0]octane-2,6-dione (available by double 1,2-carbonyl shift of 3,7-dione 

24,[57] a multistep synthesis using e. g. Kolbe electrolysis and Dieckmann condensation[58] 

or an isoxazole route)[59] have been described, they all suffer from low yields, preventing 

any synthesis and subsequent investigation into the Cope rearrangement of 2c. 
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Scheme 7. Reaction sequences for the synthesis of monobrominated 1,5-dimethylsemibullvalenes 29a-c. 

a) NaHCO3, rt, 24 h; b) HCl (aq), reflux, 16 h; c) LiAlH4, Et2O, reflux, 2 h; d) MesCl, pyridine, 0 °C, 18.5 h; 

e) KOt-Bu, DMSO, rt, overnight; f) NBS, CCl4, reflux, h, 1.5 h; g) KOt-Bu, DMSO, rt, overnight; 

h) TMSCN, KCN, [18]-crown-6, rt, 1.5 h; i) POCl3, pyridine, reflux, 3 h; j) NBS, CCl4, reflux, h, 3 h; 

k) Zn/Cu, THF, rt, 30 min; l) 4-Cl-PhSH, NEt3, TiCl4, THF, rt, 12 h; m) Na2B2(O2)2(OH)4 · 6 H2O, AcOH, 

55 °C, 3 h; n) KCN/Al2O3, 2- BuOH, reflux, 64 h. Reactions in brackets could not be performed due to 

insufficient amount of starting material. 

Although the routes to 2a and 2b have been reported in detail by the group of Quast, some 

small adjustments had to be undertaken in order to account for e. g. modern reagents and 

experimental techniques, as detailed in the Appendix. The most drastic example for these 
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modifications was the switch from refluxing THF for > 20 h in the debromination of 

tetrabromide 31 to stirring for 30 minutes at room temperature as it was noticed that the 

original synthesis[60, 61] led to the complete debromination and thus exclusive formation of 

3,7-dicyano-1,5-dimethylsemibullvalene (2b). This discrepancy is most likely based on the 

omission to report the particle size of the zinc powder used, presumably having a larger 

particle size and thus reduced reactivity compared to the fine zinc dust used in this work. 

In addition, it was found that a different preparation of the zinC–C opper couple[62] gave 

more reliable results.  

However, this (initially) failed attempt at forming 29b simultaneously gave the pure, 

non-deuterated semibullvalene 2b which could be used as reference system for the matrix 

isolation studies performed. These reference experiments were not only performed to show 

that indeed introduction of a deuterium is necessary to observe the Cope rearrangement, 

but also to account for the presence of non-deuterated semibullvalenes 2a/b in the prepared 

samples of the monodeuterated species. As already reported by Askani et al., the 

deuteration procedure of the monobrominated semibullvalenes 29a/b gives the 

non-deuterated semibullvalenes 2a/b as inseparable side products, comprising up to 25% 

of the samples investigated here, as evident from NMR analysis.[63] These impurities could 

often be minimized by ensuring a very high purity of the starting material by purification 

via HPLC and by following the inverse addition procedure for lithiations (with the 

brominated compound being added to the lithiation agent in THF), but not completely 

avoided, probably owing to the highly reactive lithiated species formed. This observation 

applied to an even greater amount to 29b whose lithiation required exceptionally low 

temperatures due to the high reactivity of the corresponding lithiated species.[60]             

Unfortunately, also the (monodeuterated) semibullvalenes d1-2a/b themselves, once 

prepared, exhibit a rather high reactivity due to their strained nature, complicating the 

storage and matrix isolation experiments: Complete removal of the solvent as well as 

exposure to vacuum for prolonged periods of time (as e. g. prior to or during the deposition 

on the CsI window) leads to rapid polymerization of 1,5-dimethylsemibullvalene (2a), as 

also noted by Askani et al. for phenylsubstituted semibullvalenes.[64] Thus, it was found 

that this compound was best stored as Et2O solution at - 78 °C with the ether being removed 

shortly before the experiment by an argon stream; during the matrix experiments the 

exposure to high vacuum was also minimized by connecting and degassing the sample only 
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shortly prior to the deposition and cooling with dry ice during any waiting periods. 

3,7-Dicyano-1,5-dimethylsemibullvalene (2b) proved less sensitive under ambient 

conditions (though it was nonetheless stored at temperatures < - 20 °C), but also seems 

prone to undergo degradation under the deposition conditions, i. e. during sublimation at 

approx. 70 °C. This behavior fits reports concerning the thermal rearrangement of 

semibullvalenes to cyclooctatetraenes at temperatures > 100 °C in solution and would also 

partially account for the decomposition of 2a at room temperature as lower barriers to Cope 

rearrangement correlate with lower thermal stability of semibullvalenes.[65] These potential 

side reactions complicate the clean and reproducible deposition of semibullvalenes in noble 

gas matrices and could only be counteracted by patient and careful experiments (e. g. taking 

an excess of sample for every matrix isolation experiment to account for potential 

polymerization or slowly ramping up the temperatures in every new setup). 

 

Scheme 8. Synthesis of monodeuterated semibullvalenes d1-2a/b (as well as non-deuterated semibullvalenes 

2a/b as side products).    

In the course of the investigation into the semibullvalenes’ Cope rearrangement another 

approach was conceived to selectively label them: If one of the methyl groups could be 

fully deuterated, the two arising isotopomers should also differ in their zero-point 

vibrational energy, leading to differentiable IR spectra and a thermodynamic driving force 

for the rearrangement, just as it is the case for the monodeuterated semibullvalenes d1-2a/b 

(s. Chapter 4.2.1.). It had already been demonstrated by Askani et al.[66] that such a label 

could disturb the equilibrium in the rearrangement of CD3-2a, although their synthesis 

involving CD3-but-2-yne was rather complicated and gave a significant amount of partially 

deuterated 2a as side product. Thus it was decided to attempt a different route, selectively 

deuterating diacetyl 21 instead by a straightforward procedure and then proceeding with 

the same syntheses as outlined in Scheme 7. The only potential problem arose from the 

possible H/D-exchange in basic aqueous solution during the Weiss-Cook condensation 

(i. e. formation of 23). However, since β-keto diester 22 is several orders of magnitude 

more acidic than diketone 21, diketone 23 retained a high degree of deuteration, as 

evidenced by 1H/13C NMR investigations and GC-MS analysis. While those indicated the 

presence of approx. 3-4 protons in the methyl groups of 23 and every subsequent 
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intermediary product up to the semibullvalenes 2a/b, a precise quantification of the degree 

of deuteration either by NMR or mass spectroscopy could not be achieved; to simplify the 

later discussion of these labeled semibullvalenes, they are still referred to as CD3-2a/b, in 

keeping with the assumption that these trideuterated species indeed constitute the majority 

of the investigated samples.     

 

Scheme 9. Selective deuteration of diacetyl (21).  

3.2. Synthesis of precursors to noradamantylmethylcarbene 

As precursor for the targeted noradamantylmethylcarbene (112, s. Chapter 7.) the sodium 

tosylhydrazonide 42 was chosen as these salts reliably generate the corresponding diazo 

compounds upon thermolysis which in turn can be photolyzed to give the desired 

carbenes.[67] However, to study the room temperature photochemistry of this carbene, the 

diazo compound itself would have to be prepared. Starting point for these syntheses was 

3-aceto-noradamantane (39) which, though not commercially available, can be readily 

synthesized from 2-adamantone (35) via Grignard reaction and a well-reported reaction 

sequence resulting in an oxidative ring contraction (Scheme 10). However, special care 

should be taken to remove any residual 35 after the first step of the reaction, as its NMR 

signature is rather indistinct, but its presence may cause great problems in the latter 

synthesis steps due to its chemical likeness to the desired 39. 

 

Scheme 10. Synthesis of 3-aceto-noradamantane (39). 

From 39 the hydrazones 40a/b can be obtained easily which can then be deprotonated or 

converted to the diazo compound 41 via a mild oxidation protocol by Shechter et al.;[68] 

also the deuterated ketone CD3-39 is readily accessible via a procedure by Chen et al.[69] 

which can afterwards be used to generate the corresponding deuterated tosylhydrazonide 

CD3-42 or diazo compound CD3-41. However, as of yet the rather unstable diazo compound 
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41 could only be synthesized in traces, necessitating further attempts to scale-up and refine 

its synthesis before it can be used as a precursor for noradamantylmethylcarbene (112).   

 

Scheme 11. Deuteration of 39 as well as formation of the corresponding tosylhydrazonide 42 and diazo 

compound 41. 

3.3. Synthesis of (iodomethyl)cyclopropane 

Though (iodomethyl)cyclopropane (45) as a precursor for the cyclopropylcarbinyl radical 

(7) is commercially available, it seems to be necessary to carefully check the NMR of the 

purchased compound for iodocyclobutane (97) as impurity since the GC analysis 

commonly employed by chemical suppliers cannot distinguish between these closely 

related compounds; 97 stems from the well-studied rearrangement of the 

cyclopropylcarbinylium cation.[70] Alternatively, it can be easily synthesized from 

cyclopropylmethanol (43) in two steps[71] under careful temperature control to avoid 

formation of 97. 

 

Scheme 12. Synthesis of (iodomethyl)cyclopropane.  

3.4. Synthesis of aroyl azides 

In contrast to the above-mentioned target molecules intended for matrix isolation studies, 

the aroyl azides were to be investigated as nanocrystalline suspensions at room temperature, 

thus requiring sufficiently high melting points and crystallinity (instead of the relatively 

high vapour pressures needed for matrix isolation). Thus, benzoyl azide could not be 

investigated directly due to its melting point of 24 – 25 °C,[72] but model systems had to be 
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found that ensured crystallinity while also maintaining the aroyl azide motif with the least 

perturbations possible. High melting points can be achieved by increasing intermolecular 

London dispersion, i. e. by maximizing the potential contact surface for van der Waals 

interactions between the molecules, thus the derivatives depicted in Scheme 13 were chosen 

as targets: While the adamantane substituent as the smallest diamondoid building block is 

known to provide a large surface area for dispersion (e. g. C–H··H–C contacts), the 

delocalization in naphthoyl azide (48a) or 48c lead to equally stabilizing σ-π 

interactions.[73] The very different geometries of these target molecules might also 

presumably influence the aggregation tendencies of the respective nanocrystalline 

suspensions and thus lead to some insights into the underlying mechanisms as the range of 

the systems investigated by this technique has so far been mostly limited to different 

aromatic substitution patterns.  

 

Scheme 13. Synthesis of aroyl azides 48a-c with suitably high melting points: Naphthoyl azide (48a, m. p. 

77 - 78 °C), 4-adamantyl benzoyl azide (48b, m. p. 109 – 110 °C) and 4-(9-phenyl-9H-fluoren-9-yl) benzoyl 

azide (48c, m. p. 155 – 157 °C).  

These aroyl azides are easily accessible in high yield and purity by a procedure by 

Munch-Petersen;[74] while naphthoyl chloride (47a) is commercially available, benzoic acid 

46c had been prepared previously in the Garcia-Garibay lab and 4-adamantyl benzoic acid 

(46a) was generated by a synthetic route having been devised within this group (Scheme 

14). The corresponding isocyanates as reference systems could be synthesized by thermal 

Curtius rearrangement in quantitative yields and high purity. 

 

Scheme 14. Synthesis of 4-adamantyl benzoic acid (46b). 
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4. Heavy-atom tunneling in the Cope rearrangement of dimethylsemibullvalenes 

This project was initiated by Dr. Melanie Ertelt who provided some of the experimental 

data on the Cope rearrangement of d1-1,5-dimethylsemibullvalene (d1-2a) and a 

preliminary interpretation of the correponding tunneling process (though newer insights 

gained from independent experiments necessitated some re-evaluation as detailed in the 

text below). Parts of Chapter 4.1. have been adapted from Chapter 3.2. of my Master 

thesis.[1] 

4.1. Motivation and background 

In 1940, Cope and Hardy first described a thermal isomerization in 1,5-diene systems like 

52 which later became known as the Cope rearrangement.[75] Subsequent investigations 

characterized this process as a [3,3]-sigmatropic bond shift, proceeding concertedly via an 

aromatic transition state (though certain substituents might favor a diradical 

mechanism).[76] Based on their investigation into the rapid degenerate Cope rearrangement 

of homotropylidene (bicyclo[5.l.0.]octa-2,5-diene, 55) in 1963, Doering and Roth predicted 

that bullvalene (tricyclo[3.3.2.02,8]deca-3,6,9-triene, 56) should exhibit a so-called 

"fluxional structure" in which every carbon atom would undergo mutual interconversion.[77] 

This prediction was found to be accurate in 1964 when Merényi, Oth and Schröder 

accomplished the synthesis of this molecule by photolysis of the dimer of cycloocatetraene 

under expulsion of benzene.[78] The 1H and 13C NMR spectra of bullvalene at 120 °C indeed 

show only one sharp singlet for all carbon and hydrogen atoms, thus providing evidence 

that the Cope rearrangement at this temperature proceeds so rapidly that every position in 

this molecule becomes magnetically equivalent. Furthermore, the NMR spectra proved to 

be highly temperature-dependent; at - 85 °C the rearrangement is sufficiently slowed down 

to observe separate signals corresponding to the vinylic and aliphatic positions of 

bullvalene (56).[79]  
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Table 1. Barrier heights of the Cope rearrangements of 1,5-hexadiene (52),[80] divinylcyclopropane (53),[81] 

homotropylidene (55),[82] bullvalene (56),[83] barbaralane (57)[84] and semibullvalene (58), experimentally 

determined within the given temperature ranges.[85] 

Species ΔG‡ / kcal mol-1 Temperature / °C 

 

≈ 40 207 – 258 

 

≈ 20 5 – 20 

 

13.7 - 35 

 

12.8 100 

 

7.8 - 77 

 

5.5 - 143 

Other molecules have been developed and subsequently synthesized which incorporate the 

homotropylidene motif of 55 to accomplish a fluxional structure, among them barbaralane 

(tricyclo[3.3.1.0]octa-3,6-diene, 57) and semibullvalene (tricyclo[3.3.0.0]octa-3,6-diene, 

58). The significant ring strain due to the cyclopropane moiety as well as the boat 

conformation these molecules are locked in lower the activation barrier for the degenerate 

Cope rearrangement. In keeping with this logic, semibullvalene (58) with the shortest 

bridge between the methine group and the cyclopropane moiety also exhibits the lowest 

barrier[76] with ΔG‡
298 = 6.2 kcal mol-1 [ΔG‡

298 = 5.0 kcal mol-1 for 

1,5-dimethylsemibullvalene (2a)].[86]  

Semibullvalene (58) has attracted great attention in the last decades since its first synthesis 

by Zimmerman et al. by photolysis of barrelene.[87] Its structure has long been recognized 

to lend itself well for neutral (bis)homoaromaticity, i. e. a special case of aromatic 
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stabilization in which conjugation is interrupted by sp3 hybridized carbon(s). Dewar[88] and 

Hoffmann[89] independently published their first theoretical studies on the potential 

elimination of the activation barrier of semibullvalene’s degenerate Cope rearrangement 

and predicted the impact of several different substitution patterns: In accordance with an 

earlier study by Hoffmann,[90] π-accepting/electron-withdrawing substituents in the 

(equivalent) 2-,4-,6- and 8-positions were calculated (and later shown experimentally)[91] 

to result in a decreased barrier height due to interaction with the antisymmetric component 

of the occupied degenerate Walsh orbital pair in the cyclopropane moiety (s. Figure 2); 

congruously, electron-donating groups in the 1- or 5-positions have a similar effect. 

Substituents in the 3- or 7-position might be assumed to barely affect the barrier height as 

they are not directly attached to the cyclopropane ring and thus received muss less 

attention.[92] However, two cyano groups in these positions for example can be shown to 

greatly stabilize the ground state structure due to conjugation with the double bonds, while 

they have less effect on the homoconjugated transition state whose HOMO has a node at 

C3 and C7,[93] thus resulting in an increase in activation energy for the Cope 

rearrangement.[86]   

 

Figure 2. Substituent effect of π-acceptors (here: CN) and σ-donors (here: CH3) on the bond strengths in 

cyclopropane (left)[90] and semibullvalene (right). Bold lines indicate a strengthening of the bond, dashed 

lines a weakening. 

These theoretical predictions have guided experimental attempts to lower and eventually 

completely remove the activation barrier which was accomplished only quite recently by 

two complementary methods devised by the groups of Quast[94] and Williams[91] (s. Chart 

1): Through a combination of the aforementioned substituent effects and solvation of the 

highly polar and polarizable delocalized structures, the first semibullvalene (60) as well as 

barbaralane derivatives (61) could be detected in their homoaromatic ground state.[94] 

However, the simple explanation of stabilization of the transition state via the polarity and 

polarizability of the surrounding solvent was already challenged in the very same article 
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upon noticing that benzonitrile (ε = 25.2) was equally as stabilizing as toluene (ε = 2.4). 

Therefore, additional factors like solute/solvent charge transfer, hydrogen bonding and 

Lewis acid/base interaction might also be in effect, but could not be evaluated 

computationally.[94] That these interactions are highly specific for any semibullvalene 

derivative could be demonstrated by Williams et al. upon introducing their experimental 

realization of a neutral homoaromatic carbocycle a few years later, an annelated 

semibullvalene derivative that was not homoaromatic in either solution or solid state, but 

only in the gas phase.[91] The authors themselves comment on this discrepancy by stating 

that generally the Cope rearrangement “is affected little, if at all, by the matrix”, especially 

the one of bullvalene (56) which has been shown to exhibit almost identical activation 

parameters in several solvents, liquid crystal, solid state and gas phase.[95] In sharp relief 

with these findings, the rearrangement of semibullvalene (58) has been observed to be 

greatly retarded in the solid state[96] (when compared with solution data)[85] and even its 

degeneracy was found to be lifted under these circumstances.[97] The latter phenomenon 

has been shown to also account for the peculiarly short and temperature-dependent bond 

distances in the corresponding 3,7- and 2,6-dinitriles[98] and has been attributed to subtle 

intermolecular interactions.[99] Thus, the effects of the surrounding medium on the Cope 

rearrangement of semibullvalene (derivatives) must be considered not fully understood, 

despite having been comprehensively investigated.    

 

Chart 1. Delocalized structures, i. e. homoaromatic neutral compounds, as experimentally detected by Quast 

(60 and 61)[94] and Williams (59).[91] 

In 2010, Borden et al. found another highly interesting effect resulting from the low 

activation barrier in semibullvalene’s Cope rearrangement:[100] On the basis of SCT 

calculations they predicted that heavy-atom tunneling contributes greatly to its reaction at 

cryogenic temperatures. They also proposed an experimental procedure to test their 

theoretical prediction: If one hydrogen atom in 2-/4-position of semibullvalene (58) was 

substituted by deuterium, the Cope rearrangement would no longer be degenerate, but 
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exhibit an exothermocity of ΔG ≈ - 0.17 kcal mol-1 due to the difference in zero-point 

vibrational energy for the two isotopomers d2-58 and d4-58. At room temperature this 

energetic difference is too small to cause any detectable effect. However, if a 1 : 1 mixture 

of isotopomers d2-58 and d4-58 was cooled rapidly to cryogenic temperatures, the 

subsequent re-equilibration should lead to an observable change over time of the ratio in 

favor of the more stable isotopomer d2-58 facilitated by heavy-atom tunneling. Due to the 

difficult synthesis of monodeuterated semibullvalene,[101] Borden et al. recommended to 

test their prediction with d1-1,5-dimethylsemibullvalene (d1-2a) as it is readily available by 

a synthesis devised by Askani et al.[63] despite the slightly lower activation barrier and thus 

potentially higher tunneling probability of 2 compared to 58 (s. Chapter 4.2.1.).   

The experiment proposed by Borden et al. is reminiscent of Saunders’ methodology for the 

isotopic perturbation of degeneracy,[102] though that approach has originally been 

conceptualized for investigations by NMR, e. g. the aforementioned one performed by 

Askani et al. on d1-2a.[63] A similar ansatz has also been taken by Carpenter and Whitman 

in their studies[103] of cyclobutadiene-1,2-d2 (d2-1) which allowed them to detect the small 

activation entropy of its automerization[104] and thus ultimately its facilitation by 

heavy-atom tunneling.[34] Additionally, researchers of ETH Zürich have repeatedly used 

selective isotopic labelling, coupled with high-resolution photoelectron or rotationally 

resolved FTIR spectroscopy, as a means to predict and study tunneling dynamics in CH4
+ 

isotopomers[105] or monodeuterated phenol.[106, 107] Meanwhile, the rapid cooling of 

equilibrium mixtures of two (or more) energetically close species and the subsequent 

measurement of their interconversion rates has been inspired by early matrix isolation 

studies by Chapman on the conformers of cyclohexane (62)[108] and butadiene (63).[109]    
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Figure 3. Experimental approach to the investigation of energetically non-degenerate isomers by rapid 

deposition from elevated to cryogenic temperatures, applied to cyclohexane (62),[108] butadiene (63)[109] and 

d1-1,5-dimethylsemibullvalene (d1-2a).[100]   

 

4.2. Calculations 

4.2.1. Calculations regarding tunneling probabilities 

The synthetic availability of selectively monodeuterated semibullvalenes severely limited 

the scope of the investigations into their potential tunneling processes, as detailed in 

Chapter 3.1.  Fortunately, 3,7-dinitrile 2b could be successfully synthesized in addition to 

2a (as well as their mono- and trideuterated derivatives) which allows for a comparative 

study of the effect of cyano group substitution on 1,5-dimethylsemibullvalene’s activation 

barrier and thus tunneling probability.  

In a first step, one can compare semibullvalenes 2a/b and 58 regarding some properties that 

might affect their respective tunneling probabilities: The activation barrier for the Cope 

rearrangement of 2a is somewhat diminished when compared to the parent compound 58 

as expected from the presence of electron-donating groups in 1,5-positions (s. Chapter 4.1.). 

Similarly, the π-accepting cyano groups in 3,7-positions slightly increase the barrier due to 

their stabilizing influence on the ground states, as also explained before. Computations at 

the B3LYP/6-311G(d,p) level of theory show the correct qualitative trend and roughly 

agree with the experimental values of ΔH‡ / EA within the limits of chemical accuracy, as 

shown by Borden et al. in a previous study.[110]  
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Table 2. Comparison of 1,5-dimethylsemibullvalene (2a), 3,7-dicyano-1,5-dimethylsemibullvalene (2b) and 

semibullvalene (58) regarding properties connected to potential heavy-atom tunneling. ΔZPVE designates 

the difference in zero-point vibrational energy between the corresponding monodeuterated or 

CD3-isotopomers; ΔΔC–C  denotes the difference in the distances between the carbon atoms C2/C8 and 

C4/C6, respectively. All theoretical calculations have been performed at the B3LYP/6-311G(d,p) level of 

theory. 

Property 

  
 

 calc. exp. calc. exp. calc. exp. 

ΔH‡ (EA) /  

kcal mol-1 

3.1 

(3.2) 

4.5[86]  

(4.8) 

4.8 

(4.9) 
5.6[92] 

4.0 

(4.0) 

4.8[85]  

(5.1) 

ΔZPVE(d1) / 

kcal mol-1 
- 0.08 ≈ - 0.12[63] - 0.08 ≈ - 0.08[60] - 0.08 ≈ - 0.07[53] 

ΔZPVE(CD3) 

/ kcal mol-1 
- 0.02 - 0.01[66] - 0.01 - not applicable 

ΔΔC–C / Åa 0.72 - 0.72 0.21[111] 0.75 0.66[112] 

a: experimental values obtained via solid state X-ray (2b) or gas phase electron diffraction (58).   

The experimental differences between the two d1- or CD3-isotopomers (as measured by the 

temperature dependence of splittings in the 13C NMR spectra)[60, 63, 66] are also correctly 

reproduced though slightly underestimated in the case of d1-2a. Since this energetic 

difference features prominently in later discussions of the experimentally determined 

isotopomeric ratios (s. Chapter 4.3.4.), a benchmark study was carried out for 2a to see 

whether the computational results are affected by the choice of the level of theory applied 

to this problem (Table 3). Though the calculated differences in zero-point vibrational 

energies varied rather greatly, ranging from - 0.08 to - 0.13 kcal mol-1, no discernible trend 

regarding the size of the basis set or the method chosen for the calculations could be found. 

Since the value obtained from calculations performed at the B3LYP/6-311G(d,p) level of 

theory agrees well with the ones from higher level calculations, it was used for the further 

evaluations. As a side note, it might seem counterintuitive that deuterium favors the 

cyclopropanoid position (d2-2a/b) over the vinylic one (d4-2a/b) since higher substitution 

of the double bonds is usually energetically favored as can indeed be shown for most 

substituents on C2/C4 of the semibullvalene nucleus.[113] Strictly speaking, however, 

deuterium will concentrate in the bond with the largest force constant[11] (a criterium which 

might not be as easily evaluated in polyatomic molecules) and has been shown to e. g. also 

prefer attachment to C(sp3) over C(cyclopropyl) over C(sp2) in barbaralones.[114] 
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Table 3. Calculated difference in zero-point vibrational energies (ΔZPVE) in kcal mol-1 and corresponding 

Boltzmann ratios between isotopomers d2-2a and d4-2a at 3 K at different levels of theory (calculations 

performed by Joel Mieres Pérez). 

level of theory ΔZPVE / kcal mol-1 d2-2a : d4-2a ratio 

MP2/STO-3G - 0.113 1.7 ∙ 108 

MP2/6-31G - 0.112 1.4 ∙108 

MP2/6-311G - 0.129 2.5 ∙ 109 

MP2/6-311+G - 0.129 2.5 ∙ 109 

MP2/6-311++G - 0.128 2.1 ∙ 109 

MP2/6-311++G(d) - 0.092 5.0 ∙ 106 

MP2/6-311++G(d,p) - 0.093 6.0 ∙ 106 

MP2/6-311++G(2d,p) - 0.082 9.4 ∙ 105 

MP2/6-311++G(2d,2p) - 0.085 1.6 ∙ 106 

MP2/aug-CC-pVTZ - 0.082 9.4 ∙ 105 

B3LYP/6-31G - 0.085 1.6 ∙ 106 

B3LYP/6-311G(d,p) - 0.080 6.7 ∙ 105 

B3LYP/6-311++G(2df,p) - 0.081 8.0 ∙ 105 

B3LYP/6-311G(3df,3pd) - 0.056 1.2 ∙ 104 

B3LYP/6-311++G(3df,3pd) - 0.082 9.4 ∙ 105 

B3LYP/aug-cc-pVDZ - 0.080 6.7 ∙ 105 

B3LYP/aug-cc-pVTZ - 0.080 6.7 ∙ 105 

B3LYP/cc-pVQZ - 0.080 6.7 ∙ 105 

G4 - 0.083 1.1 ∙ 106 

CBS-QB3 - 0.078 4.8 ∙ 105 

For the trideuterated derivatives CD3-2a/b additional considerations are necessary: While 

in the cases of d1-2a/b a contamination of the samples with non-deuterated 2a/b should not 

affect the IR difference spectra due to the degeneracy of their respective Cope 

rearrangements (s. Chapter 4.3.1.), the partially deuterated isotopologues of CD3-2a/b 

would indeed have the potential for non-degenerate rearrangements accompanied by the 

corresponding IR difference spectra. Thus, the difference in ZPVE was calculated as a 

function of the degree of deuteration as well as symmetry of these species (s. Table 4); here, 
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CR3
open/cyc signifies the (partially) deuterated methyl group occupying either the 5- (= open) 

or 1-position (= at the cyclopropyl ring).    

Table 4. Differences in the zero-point vibrational energies (ΔZPVE), i. e. ZPVE(CR3
open) – ZPVE(CR3

cyc), in 

cal mol-1 for different isotopologues of 2a/b, as experimentally determined[66] and quantum chemically 

calculated at the B3LYP/6-311G(d,p) level of theory. 

isotopologue 

2a 2b 

calc. ΔZPVE 

/ cal mol-1 

exp. ΔH0 

/ cal mol-1 

calc. ΔZPVE 

/ cal mol-1 

CD3 - 19.5 - 9.6 - 6.3 

CD2H 

sym - 16.9 

- 6.5 

- 8.1 

asym - 11.3 - 2.5 

CDH2 

sym - 3.1 
could not be 

resolved 

+ 2.5 

asym - 9.4 - 5.0 

The calculated ZPVE differences for the various isotopologues of 2a are in reasonably good 

agreement with the ΔH0 values experimentally determined by Askani et al.[66] via 13C NMR 

studies though the (presumably) fast rotation of the methyl groups on the NMR timescale 

prevented them from differentiating between the symmetric and asymmetric rotamers. 

While the isotopologues of 2b roughly follow the same trend as the ones of 2a, it seems 

counterintuitive to assume that ΔZPVE would be greatest for the symmetric 

CD2H-rotamers and that the isotopomeric preference would invert for the symmetric 

CDH2-rotamers. However, ΔZPVE greatly depends on the symmetry of the individual 

vibrations and their specific impact on the zero-point vibrational energy which is non-trivial 

to evaluate. One method to pinpoint which vibrations are most affected by the isotopic 

labelling is outlined by the investigations of Sander et al. of trimethylenebenzene where the 

incremental change from m = 1 (for protium) to m = 2 (for deuterium) allowed to compute 

its influence on the computational IR spectrum.[7] Since this kind of study would be 

complicated for the trideuterated semibullvalenes CD3-2a/b by the great number of 

rotamers and isotopologues to be considered, it exceeds the scope of this thesis.      

The difference in the bond distances between C2/C8 and C4/C6 (ΔΔC–C) can be 

considered as a measure for the semibullvalenes’ tendency to undergo heavy-atom 
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tunneling since it is indicating the greatest structural change undertaken during the 

tunneling process.[100] However, the experimental determination of this property (initially 

also regarded as evidence for any semibullvalene’s homoaromatic character)[111, 115] has 

been challenged when it was recognized that the presence of non-degenerate valence 

tautomers distorts X-ray structures in the solid state due to subtle intermolecular 

interactions (s. Chapter 4.1.).[99] This phenomenon can also be seen in Table 2 as the 

calculated ΔΔC–C values are identical for 2a and 2b and closely resemble the electron 

diffraction data recorded for the parent compound 58 in gas phase, while the experimental 

one for 2b greatly differs, due to the distorted crystal lattice from which these data stem. It 

is debatable whether the geometry of any matrix-isolated species will more closely 

resemble its gas phase structure or its solid form: While the missing intermolecular 

interactions will usually cause matrix IR spectra to be in excellent agreement with quantum 

chemical gas phase calculations, the rigidity of the matrix is known to inhibit rotation and 

thus sometimes cause molecules to adopt non-equilibrium conformations, as shown e. g. 

for the distorted β-chlorostyrene formed via hydrogen tunneling from 

benzylchlorocarbene[43] or for α-phenylethyl amine[116] with the latter example 

demonstrating that even rather strong geometry modifications do not necessarily cause a 

noticeable change in the corresponding IR spectrum.   
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Figure 4. Potential energy scan of several semibullvalenes with regard to the difference in the distances 

between the carbon atoms C2/C8 and C4/C6 (ΔΔC–C). All calculations have been performed at the 

B3LYP/6-311G(d,p) level of theory. 

The theoretically calculated values for ΔΔC–C are unlikely to reflect the actual structural 

change taking place in the QMT rearrangement since tunneling allows for “corner-cutting” 

on a given reaction’s potential energy surface (PES), deviating from the minimum energy 

path to minimize the tunneling pathway instead.[20] Without the extensive PES calculations 

necessitated by e. g. SCT or instanton studies the width of the barrier is thus hard to 

correctly assess, but Kozuch has suggested a semiquantitative estimate:[14] Any reaction’s 

facilitation by tunneling might be examined by the geometry changes at half-height of the 

activation barrier (full width at half-height, FWHH), a property which is easily accessible 

from an inexpensive quantum chemical calculation of the corresponding internal reaction 

coordinate (IRC). Applying this technique to 2a/b and 58 yields some very interesting 

result (s. Figure 4): Despite having equal ΔΔC–C values for the ground state, values at 

half-height of the barrier of 2a/b differ by approx. 12%. Due to its exponential influence 

on the tunneling probability, the narrower barrier might trump the greater barrier in the case 

of the 3,7-dinitrile 2b compared to 2a.  
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The underlying cause of the steep drop in the slope of the potential energy curve for 2b 

upon increasing ΔΔC–C has already been indirectly stated by Dannenberg et al.[93] in their 

MNDO study of the Cope rearrangement of isomeric dicyanosemibullvalenes: While the 

two cyano groups in 3- and 7-position stabilize the respective ground states due to 

conjugation, they barely affect the homoconjugated transition state whose HOMO has a 

node at carbons 3 and 7. This hypothesis not only explains the greater height of the 

activation barrier of 2b compared to 2a, but also elucidates the rapid stabilization taking 

place when the bond between the carbons C3 and C4 (and between their respective 

counterparts C7 and C8) gains in double bond character. The same mechanism is at work 

in the 3,7-diacetylene 2d for which also a rather steep drop in energy is predicted for smaller 

changes in ΔΔC–C due to a rapid increase in conjugation and 2d consequently possesses a 

narrow barrier comparable in shape to 2b. Meanwhile, the 3,7-difluoro derivative 2c 

exhibits an activation barrier similar in height to 2b without an increased conjugation, thus 

maintaining roughly the same barrier shape as 58 and 2a. These different barrier shapes are 

furthermore reflected by the force constants of the imaginary frequencies at the respective 

transition states since they represent the second derivatives of the potential energy with 

regard to the reaction coordinate (s. Table 5).    

To estimate the influence of the counteracting factors of barrier height and width on the 

relative tunneling probabilities of these semibullvalene derivatives, one can employ the 

expression (equation 4) derived by Jeffreys, Wentzel, Kramers and Brillouin for tunneling 

through parabolic barriers.[20]  

𝑃(𝐸) = 𝑒−𝜋2𝑤√2𝑚(𝑉0−𝐸)/ℎ  eq. 4 

Within equation 4 one can approximate the difference between the energy of the lowest 

vibrational level V0 and the energy at the top of the barrier E with the calculated activation 

energy EA and the width of the barrier w with the FWHH of the barrier with respect to the 

aforementioned ΔΔC–C; as effective tunneling mass, the mass of two carbon atoms (24 u) 

is assumed according to Borden’s instructions,[100] since one can approximate the Cope 

rearrangement of semibullvalenes by two carbons moving the whole distance. Assuming 

that all semibullvalenes strike the barrier at roughly the same frequency (e. g. a typical      

C–C stretching frequency of 1000 cm-3),[20] the relative tunneling probabilities derived by 

this equation directly translate to relative rate constants that are in excellent agreement with 

SCT calculations (s. Table 3) performed by Dr. Jörg Tatchen. Indeed, one can predict 2b 
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to partially compensate for its greater barrier height with a substantially narrower barrier, 

allowing for a tunneling probability (and subsequent cryogenic rate constant) that is still 

one fifth of the predicted rate of the rearrangement of 2a, in contrast to other 

1,5-dimethylsemibullvalene derivatives, whose similar heights but lack of narrower widths 

should effectively prohibit the observation of their rearrangement at cryogenic 

temperatures within typical experimental timeframes.  

Table 5. Tunneling probabilities of 1,5-dimethylsemibullvalenes 2 (as well as the parent compound 58) as 

function of barrier height (EA) and width (FWHH). The force constants of the imaginary frequencies at the 

transition state (fTS) are given as measure for the barrier shape; all values were calculated at the 

B3LYP/6-311G(d,p) level of theory. Rate constants obtained by Dr. Jörg Tatchen from SCT calculations are 

shown as reference. 

 

fTS 
EA 

/ kcal mol-1 

FWHH 

/ Å 
Prel 

kTST+SCT 

/ s-1 

Semibullvalene (58) 0.1613 4.0 0.42 7∙10-2 1∙10-4 

2a: R = H 0.1456 3.2 0.43 1 1∙10-3 

2b: R = C≡N 5.2797 4.9 0.37 0.2 1∙10-4 

2c: R = F 0.1794 4.6 0.44 3∙10-3 - 

2d: R = C≡CH 0.5689 5.3 0.40 3∙10-3 - 

 

4.2.2. Calculations of vibrational levels 

Even though the experimental test proposed by Borden et al.[100] (as presented in Figure 3) 

at first glance seems straightforward, a comparison with the aforementioned analogous 

investigations by Quack et al.[106, 107, 117] reveals a surprising complication: When 

investigating the torsional potential of the hydrogen tunneling in selectively 

monodeuterated phenols, the authors found that the respective lower vibrational 

wavefunctions of the two isotopomers were strongly localized at the structure of either one 

of the torsional conformers. This was predicted to effectively suppress tunneling from the 

ground state and should only allow for tunneling upon vibrational excitation. The change 

in a molecule’s dynamics from localized structures to delocalized quantum wavefunctions 

was named “tunneling switching” and experimentally proven[107] for m-deuterated phenol. 

Thus, the question arose whether the energetically close, but distinguishable isotopomers 

of 1,5-dimethylsemibullvalene derivatives are even able to tunnel from their vibrational 

ground state. 

To approach this question, it was necessary to accurately calculate the electronic PES for 

the tunneling process in semibullvalenes. Unlike the above-mentioned potential for phenols 

the tunneling motion in semibullvalenes is not a torsional one which could have been easily 
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modeled by periodic potential functions[118] as demonstrated for the hydrogen tunneling in 

formic acid.[119] Thankfully, a model PES for semibullvalene had already been established 

by Quast et al.[120] given by the analytic expression  

𝑉(𝑞) = 𝑉0 + 𝑉2 |
𝑞

𝑞𝑒
|

2𝑛

+ 𝑉4 |
𝑞

𝑞𝑒
+ 𝑐|

4𝑛

   eq. 5 

where q denotes the difference in the distances between C2–C8 and C4–C6 (i. e. the reaction 

coordinate of the tunneling motion) and V0 the barrier height at q = 0, while the factors 

V2/V4 govern the steepness of the square/quartic potentials and n the broadness of the 

potential wells. The addition of c, not present in the original model, accounts for the slight 

asymmetry in the double-well potential introduced by the selective deuteration, i. e. c ≠ 0 

for d1-/CD3-2a/b and c = 0 for 2a/b or 58, and is comparable to the generation of adiabatic 

channel potentials of asymmetrically deuterated phenols by Quack et al.[107] The 

unidimensional vibrational Schrödinger equation is solved for this potential via the 

Numerov method, as also applied by Quast, implemented into a home-built algorithm by 

Felix Uhl under use of the reduced mass µ = 0.25 (MH+MC). As a side note, Manz et al.[121] 

have later argued that a reduced mass of µ ≈ 0.208 (MH+MC) might be more appropriate as 

it includes the small motion of the non-participating carbons C3+C7. The correct 

implementation of the potential was tested via recalculating the original potential given by 

Quast, whose vibrational levels could be successfully reproduced giving 𝜈2−0 = 904.1 cm-1 

compared to 𝜈2−0 = 900.6 cm-1 reported by Quast, with the small deviation probably being 

a result of rounding errors.  

Table 6. Comparison between the parameters in equation 5 as used by Quast et al.[120] to describe 

semibullvalene (58) and as found empirically for 2a and 2b.       

Property 

 
  

V0 / Eh 0.00956 0.00663 0.00950 

V2 / Eh -0.01922 -0.01294 -0.01733 

V4 / Eh 0.00956 0.00631 0.00784 

qe / a0 0.6246 0.6749 0.6436 

n 0.7931/2.662a 1.3954 1.1097 

a: arbitrarily chosen by Quast et al. to describe narrow/broad potential wells. 



 

37 

In a second step, the expression given above was then fitted to the IRC plots of 2a and 2b 

calculated at the B3LYP/6-311G(d,p) level of theory (s. Figure 4). The resulting values for 

V0, V2, V4 and qe resemble the ones found by Quast et al. for the parent compound (s. Table 

6), while n, which was arbitrarily chosen in the original publication, could be determined 

empirically by this procedure. In an analogous fashion, the asymmetry factor c was 

obtained by fitting expression (1) to rescaled IRC plots of the Cope rearrangements that 

included the ZPVEs of the individual isotopomers as obtained by frequency calculations at 

every point of the IRC. The other parameters were not refitted to these rescaled IRC plots 

as those potentials are no longer purely electronic, but now contain vibrational 

contributions. Thus, the slight asymmetry of the electronic potentials of the mono- and 

trideuterated derivatives d1-2a/b and CD3-2a/b was implemented in a semiempirical 

fashion which could be verified by comparison of the calculated differences in ZPVE of 

the corresponding isotopomers with the experimentally reported values (compare Table 4 

with Figure 5 and Figure 6).   

For the non-deuterated semibullvalene derivatives 2a/b, delocalized vibrational ground 

states can be found as expected for (shallow) double-well potentials with tunnel splittings 

of ∆E1-0 ≈ 2.4 cm-1 ≈ 0.007 kcal mol-1 and ∆E1-0 ≈ 0.7 cm-1 ≈ 0.002 kcal mol-1, the latter 

being reduced due to the greater activation barrier. This higher barrier for the rearrangement 

of 2b also leads to the existence of four vibrational levels well below the top of the barrier, 

compared to only two in the case of 2a (though this might change upon use of the slightly 

higher experimental barrier of EA ≈ 4.8 kcal mol-1).[86] In accordance with a narrower barrier 

for elevated vibrational levels and thus higher interaction between the symmetrical and 

antisymmetrical wavefunctions, the tunnel splitting greatly increases for these levels, as 

also noted by Quack et al.[106] for ortho-deuterated phenol.    
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Figure 5. Calculated vibrational levels and the corresponding nuclear wavefunctions for 2a (a) as well as its 

monodeuterated derivative d1-2a (b). For the deuterated case, the left potential well approximately represents 

d2-2a, while the right one represents d4-2a. 
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Figure 6. Calculated vibrational levels and the corresponding nuclear wavefunctions for 2b (a) as well as its 

monodeuterated derivative d1-2b (b). For the deuterated case, the left potential well approximately represents 

d2-2b, while the right one represents d4-2b. 

Upon selective deuteration and thus desymmetrization of the electronic potential, the 

interaction of the wavefunctions significantly changes as shown in Figures 5b and 6b, with 

the ground states being quasi-localized in either the left or right potential well, i. e. as one 

of the two separate isotopomers, and noticeable delocalization only setting in for 
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vibrationally excited states, which again agrees with the theoretical[106] as well as 

experimental[107] findings of Quack et al. for deuterated phenols. The localization in the 

ground state as apparent from Figures 5 and 6 can be further quantified by numerical 

integration of the probability densities |𝜑|2 in either potential well with q = 0 as cutoff. The 

results of this operation, as depicted in Table 7, show that there is a very small, but non-

negligible probability density of e. g. 𝜑0 (i. e. the wave function of the left-well isotopomer) 

in the right potential well. The localization, like the aforementioned tunnel splitting, 

depends on the height of the activation barrier, evidenced by the strong ground state 

localization of d1-2a (which faces a high barrier) compared to its high degree of 

delocalization for 𝜑2 and 𝜑3 (for which the respective barrier heights are diminished), but 

also on the energetic difference between the two isotopomers: With ∆ZPVE being roughly 

one order of magnitude less for the CD3-derivatives of these semibullvalenes when 

compared to their monodeuterated isotopologues d1-2a/b (s. Table 2), their wavefunctions 

also experience a far greater degree of delocalization, especially in the respective ground 

states.    

Table 7. Degree of delocalization of vibrational levels of semibullvalenes 2a/b; 50% of probability density 

in other potential well would mean complete delocalization.              

 % of probability density in other potential well 

 R = H (2a) R = CN (2b) 

 𝜑0 𝜑1 𝜑0 𝜑1 𝜑2 𝜑3 

 

0.12 0.13 < 0.01 0.01 21.39 21.65 

 

1.15 1.15 0.06 0.06 40.38 40.45 

 

Furthermore, the degree of (de)localization can be systematically investigated by varying 

the asymmetry factor c in small increments and again quantifying the degree of localization 

by integration of the probability densities in either potential well. As can be seen from 

Figure 7, with decreasing asymmetry and thus shrinking ∆E1-0 the delocalization of the 

ground state wavefunctions 𝜑1 and 𝜑0 rapidly increases, with full delocalization only being 

realized for the complete absence of asymmetry, i. e. the degenerate case. For great 
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asymmetries, however, the delocalization decreases, slowly approaching 0, though 

complete localization should presumably only occur once 𝜑0 undercuts the electronic 

potential in the other well.[13]  

In conclusion, these calculations agree well with the ones reported by Quast et al.[106, 107, 117] 

regarding the high level of apparent localization of the isotopomers’ nuclear ground state 

wavefunctions in their respective potential wells. However, on the other hand a non-

negligible probability density for each isotopomer in the other potential well can be 

observed, thus potentially facilitating the Cope rearrangement of the less stable isotopomer 

via heavy-atom tunneling. One should also keep in mind that the calculations performed 

here refer to the gas phase and neglect e. g. coupling to lattice vibrations of the host matrix 

or geometries distorted by the surrounding medium. Though these factors are known to 

greatly affect tunneling processes as observed when investigating them in different matrix 

materials[37] (s. Chapter 4.3.3.3.), it is difficult to account for their presence in the simplified 

model PES used here. 

 

Figure 7. Degree of delocalization as function of energetic difference between the two wavefunctions 𝜑1 and 

𝜑0 introduced by systematically varying the asymmetry factor c. The dashed line denotes the tunnel splitting 

for the degenerate (i. e. c = 0) Cope rearrangement of non-deuterated 2a which exhibits completely 

delocalized wavefunctions 𝜑1 and 𝜑0.   
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4.3. Experimental results 

4.3.1. Reference experiments 

Before performing the test proposed by Borden et al., the non-deuterated semibullvalenes 

2a/b were investigated in order to a) test the deposition conditions for the later matrix 

isolation of the deuterated derivatives d1-/CD3-2a/b, b) account for the presence of 

non-deuterated 2a/b as an impurity in these subsequent studies (especially in the 

investigations of d1-2a/b where a substantial amount of 2a/b is present, s. Chapter 3.1.) and 

c) assure that indeed without isotopic labelling neither the Cope rearrangement nor any 

other potential (unimolecular) reaction would be detected. Thus, a sample of 2a was cooled 

to - 40 °C and then sublimed with an excess of argon on the cold CsI window, maintained 

at 9 K. The identity of the deposited sample could be verified by comparison with an IR 

spectrum calculated at the B3LYP/6-311G(d,p) level of theory. Analogously, 2b was 

sublimed at 70 - 80 °C and subsequently isolated with its IR deposition spectrum matching 

the computed one, apart from the relative intensities differing slightly e. g. in the region of 

𝜈 = 600 – 800 cm-1 (s. Figure 9), as they also do for 2a (s. Figure 8).  

 

Figure 8. IR spectra showing the thermochemistry of 2a. a) Theoretical IR spectrum of 2a calculated at the 

B3LYP/6-311G(d,p) level of theory. b) Experimental IR spectrum of 2a isolated in an argon matrix at 12 K. 

c)-d) Experimental IR difference spectra obtained after subsequent annealing to 30 K and cooling back to 

12 K of this matrix; the first cycle of annealing and cooling down is not depicted as it could also be affected 

by irreversible matrix relaxation. This figure was reprinted with permission from Wiley-VCH.[32] 
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Figure 9. IR spectra showing the thermochemistry of 2b. a) Theoretical IR spectrum of 2b calculated at the 

B3LYP/6-311G(d,p) level of theory. b) Experimental IR spectrum of 2b isolated in an argon matrix at 9 K. 

c-f) Experimental IR difference spectra obtained after subsequent annealing to 25 K and cooling back to 9 K 

of this matrix; the first cycle of annealing and cooling down is not depicted as it could also be affected by 

irreversible matrix relaxation. 

As expected, no changes could be detected for either of the non-deuterated 

1,5-dimethylsemibullvalenes 2a/b upon keeping the matrix in the dark for several hours; 

however, annealing the matrix to T ≥ 20 K and subsequent cooling down yielded slight, 

reversible changes in the line shapes and widths of the IR signals. These changes might be 

attributed to the rotation of the methyl groups as also supported by the computed rotational 

barriers of 2-3 kcal mol-1 [B3LYP/6-311G(d,p)], a barrier height that has been reported to 

be overcome thermally at T > 20 K.[116, 122, 123] Such methyl rotation would result in the 

simultaneous presence of multiple different rotamers in the matrix, exhibiting very similar 

IR spectra and thus broadening the peaks at elevated temperatures. Alternatively, the 

temperature-dependent IR spectra of 2a/b can be considered as a consequence of the 

contribution of QMT to their degenerate Cope rearrangements: As the tunnel splitting 

results in the presence of two vibrational levels that are very close in energy, their 

population can be easily changed even at cryogenic conditions. For example, the 

Boltzmann factors for the two lowest vibrational levels of 2a, assuming a tunnel splitting 

of 7 cal mol-1 as calculated in Chapter 4.2.2. (s. Figure 5a), changes from 0.74 at 12 K to 

0.88 at 30 K. The greater population of the first excited vibrational state at elevated 
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temperatures should then be accompanied by the observation of hot bands originating from 

this level,[39] thus broadening the IR peaks of 2a or, following an analogous line of 

argument, of 2b.  

4.3.2. Qualitative observations  

Employing the deposition conditions that had been determined during the reference 

experiments, the monodeuterated semibullvalenes d1-2a/b, as well as non-deuterated 2a/b 

as (trace) impurities, were successfully isolated in rare gas matrices at cryogenic 

temperatures. Upon keeping a neon matrix containing d1-2a in the dark at cryogenic 

temperatures for several hours, the IR difference spectrum depicted in Figure 10a could be 

recorded. As predicted by Borden et al.[100] these peak changes can be assigned to the Cope 

rearrangement of d4-2a to the thermodynamically favored isotopomer d2-2a by comparison 

with theoretically calculated spectra [B3LYP/6-311G(d,p)] which are in excellent 

agreement with the experimental difference spectrum. The observation of this reaction at 

cryogenic temperatures without any external influx of energy (e. g. irradiation) despite an 

experimentally determined activation barrier[86] of > 4 kcal mol-1 serves as the first 

indication of the contribution of heavy-atom tunneling to the Cope rearrangement of 2a. 

 

Figure 10. IR difference spectra showing the Cope rearrangement of d4-2a and its photochemical reversion. 

a) Experimental IR difference spectrum obtained after keeping a neon matrix containing a mixture of d2-2a 

and d4-2a in the dark for 38.3 h at 3 K. b) Theoretical IR spectra of d4-2a (pointing downwards) and d2-2a 

(pointing upwards) calculated at the B3LYP/6-311G(d,p) level of theory. c) Experimental IR difference 

spectrum obtained after subsequent irradiation of the matrix with 6064 cm-1 for 90 min at 3 K. This figure 

was reprinted with permission from Wiley-VCH.[32] 
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As already observed by Ertelt during her studies of this system,[101] subsequent broadband 

irradiation with the Globar of the IR spectrometer (λ = 4 – 15 µm) results in the reversion 

of the rearrangement of d4-2a → d2-2a  and thus the IR difference spectrum obtained after 

IR photolysis is the mirror image of the one obtained after several hours in the dark. This 

photochemical reaction can only be observed when an excess of d2-2a is present in the 

matrix (i. e. due to previous rearrangement in the dark) and only proceeds until a ratio of 

approx. 1 : 1 for the two isotopomers is reached, as determined from the ratio of the absolute 

intensities of IR peaks assigned to either d4-2a or d2-2a (s. Chapter 4.3.4.). This implies 

that the photochemical reaction does not proceed via selective excitation of d2-2a which 

would seem rather unlikely due to the chemical likeness of the two isotopomers as well as 

due to the broadband irradiation. Instead it presumably involves simultaneous excitation of 

both isotopomers to a shared higher vibrational state and subsequent relaxation to the 

ground state of either isotopomer with equal probability due to the symmetrical nature of 

the PES (s. Figure 11), thus (re)establishing a d2-2a/d4-2a ratio of 1 : 1. Since this 

photochemistry proceeded with a far greater efficiency than the Cope rearrangement in the 

dark, a filter cutting off light with 𝜈 > 2000 cm-1 had to be employed when studying the 

kinetics of the latter reaction to prevent (or sufficiently slow down) the photochemical 

reversion.  

 

Figure 11. Schematic depiction of the potential energy surface for the Cope rearrangement of d4-2a to d2-2a. 

Relative energies are given in kcal mol-1 (values within parentheses given in cm-1), with experimental values 

for EA having been reported by Moskau et al.[86] and for ΔH0 by Askani et al.[63] This figure was reprinted 

with permission from Wiley-VCH.[32] 
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In recent years, Fausto et al. have reported the potential of selective photochemical 

rotamerizations via NIR irradiation with an optical parametric oscillator (OPO)[124] and 

demonstrated the value of this experimental approach for tunneling studies of carboxylic 

acids.[44] Thus, it was also attempted to selectively excite one of the two isotopomers as this 

should be an efficient way to disturb the equilibrium by creating an excess of either 

isotopomer, exceeding that present after reaching the equilibrium after several hours (s. 

Chapter 4.3.4.). In order to achieve this goal, a tunable OPO was used to irradiate into        

C–H overtones (since the OPO irradiation was limited to 𝜈 > 4000 cm-1) or, preferentially, 

the overtones of the respective C–D stretching vibrations, which obviously exhibit the 

greatest separation in frequency for the two different isotopomers. Unfortunately, the latter 

exhibited very low (i. e. undetectable) intensities in most experiments, except at very high 

concentrations (s. band assignment in Appendix).  

The OPO irradiation experiments were performed after keeping the matrix in the dark for 

a sufficient amount of time as it would have otherwise been impossible to differentiate 

between the effects of irradiation and the formation of d2-2a by tunneling in the meantime. 

However, none of the multiple different irradiations that were performed yielded any 

further formation of d2-2a; only irradiation with 𝜈 = 6064 cm-1 resulted in the same 

photochemical reversion of d2-2a → d4-2a that had been observed before. Since this 

irradiation also resulted in a ratio of approx. 1 : 1 for the two isotopomers and not in an 

excess of d4-2a, it seems that selective irradiation of either isotopomer cannot be achieved 

despite the very narrow irradiation by an OPO. Indeed, anharmonic frequency calculations 

indicate several overtones and combination bands in the region 6060 – 6080 cm-1 of both 

isotopomers; in agreement with an experimental study by Gassman and Zalar[125] the 

overtones contain significant contributions from the C–H stretch of the cyclopropyl moiety. 

Given the width of the OPO irradiation of roughly 8 cm-1 the density of vibrational levels 

in this region probably prevents selective irradiation, backing up the experimental results. 

As a side note, this irradiation experiment, despite its failure to achieve the formation of an 

excess of either isotopomer that was originally aimed for, constitutes the first example of a 

change in conformation upon C–H overtone excitation, as these experiments have so far 

been limited to the overtones of O–H or N–H vibrations,[126] presumably due to their greater 

intensities owing to their large transition dipole moments. 



 

47 

 

Figure 12. IR spectra showing the Cope rearrangement of d4-2b and its photochemical reversion. 

a) Experimental IR difference spectrum obtained after keeping a neon matrix containing a mixture of d4-2b 

and d2-2b (as well as 2b) in the dark for 46.6 hours at 3 K. b) Theoretical IR spectra of d4-2b (pointing 

downwards) and d2-2b (pointing upwards) calculated at the B3LYP/6-311G(d,p) level of theory. 

c) Experimental IR difference spectrum obtained after subsequent broadband irradiation (𝜈 > 2000 cm-1) of 

this matrix for 4.5 hours at 3 K. The peak at approx. 670 cm-1 pointing downwards in either of the 

experimental difference spectra is due to CO2 as trace impurity.  

After the successful detection of the Cope rearrangement of d1-2a at cryogenic 

temperatures, an analogous experimental approach was applied to the study of 

1,5-dimethyl-3,7-dicyanosemibullvalene (2b): Indeed, the observations for d1-2b perfectly 

mirror the aforementioned findings for d1-2a: Upon keeping a neon matrix containing d4-2b 

and d2-2b (as well as 10 – 20% of 2b as unavoidable side product) in the dark for 47 hours, 

the difference spectrum depicted in Figure 12 could be recorded, which again nicely fits 

the IR difference spectrum [B3LYP/6-311G(d,p)] calculated for the expected 

rearrangement in favor of the isotopomer d2-2b exhibiting the smaller ZPVE. While this 

reaction could be reversed by (unfiltered) broadband irradiation with the Globar light 

source of the IR spectrometer, no photochemistry could be detected upon narrowband 

irradiation with the OPO despite multiple different attempts (𝜈 = 4466; 6068; 6064; 6061; 

6057; 6223; 6227 cm-1 or a sweep with 𝜈 = 4464 – 4484 cm-1).  
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Figure 13. IR spectra showing the Cope rearrangement of CD3
cyc-2a as well as CD2Hcyc-2a and their 

photochemical reversion. a) Experimental IR difference spectrum obtained after keeping a neon matrix 

containing a mixture of CD3
cyc-2a and CD3

open-2a (as well as CD2Hcyc-2a and CD2Hopen-2a) in the dark for 

16.4 hours at 3 K. b) Theoretical IR spectra of CD3
cyc-2a (pointing downwards) and CD3

open-2a (pointing 

upwards) calculated at the B3LYP/6-311G(d,p) level of theory. c) Theoretical difference spectrum of a 

combination of the two degenerate asymmetric and the symmetric rotamers of CD2Hcyc-2a (pointing 

downwards) and the corresponding rotamers of CD2Hopen-2a (pointing upwards) calculated at the 

B3LYP/6-311G(d,p) level of theory. d) Experimental IR difference spectrum obtained after subsequent 

broadband irradiation (𝜈 > 2000 cm-1) of this matrix at 3 K. 

Encouraged by these results, it was also attempted whether selective deuteration of the 

methyl group as an alternative isotopic label would yield similar results, despite the greatly 

diminished difference in ZPVE (s. Table 4). For this purpose, CD3-2a and CD3-2b were 

deposited under the same conditions as their respective monodeuterated counterparts; 

experiments in neon matrices were chosen due to the exceptionally small IR band widths 

they usually provide, since the small structural difference between the isotopomers is likely 

to result in only minor spectral differences. Fortunately, as with the aforementioned 

experiments, clear-cut changes in the IR spectra could indeed be observed over time in the 

dark at cryogenic temperatures when using a cutoff filter of 𝜈 > 2000 cm-1 which also could 

be reverted upon IR broadband irradiation via Globar (s. Figure 13 and Figure 14). In both 

cases, the experimental IR difference spectra are dominated by the predicted Cope 

rearrangement of CD3
cyc-2a/b → CD3

open-2a/b as evidenced by the nice agreement with the 

calculated IR difference spectra [B3LYP/6-311G(d,p)]. However, unlike in the 

experiments with d1-2a/b, where partially deuterated semibullvalenes could not affect the 

experimental IR difference spectra due to the degeneracy of the rearrangement of 2a/b (s. 



 

49 

Chapter 4.3.1.), the potential presence of partially deuterated CHxD3-x derivatives might 

lead to the observation of additional IR changes stemming from their respective 

rearrangements. 

Indeed, additional features are observed both during keeping the matrices in the dark and 

the IR broadband irradiation which could be assigned to the corresponding reactions 

CD2H
cyc-2a/b → CD2H

open-2a/b. Due to the very close relation between the isotopologues 

CD3-/CD2H-2a/b as well as between the symmetric and asymmetric rotamers, the IR 

spectra could not be fully deconvoluted. Nevertheless, in the case of CD3-/CD2H-2a the 

presence of the latter could be confidently affirmed by the observation of an IR peak at 

approx. 1290 cm-1 gaining in intensity upon keeping the matrix in the dark and subsequently 

decreasing upon IR broadband irradiation. This peak could not be reproduced by the 

calculations for either of the CD3-isotopomers as it represents the C–H scissoring motions 

in the partially deuterated methyl group of CD2H-2a. Analogously, the additional IR 

feature(s) at approx. 1310 cm-1 in the difference spectra recorded for CD3-/CD2H-2b also 

presumably stem(s) from C–H scissoring in the CD2H-group thus signifying the 

contribution of these impurities. Despite the presence of those side products, it can be 

estimated from 1H NMR and MS data that the Cope rearrangement of 

CD3
open-2a/b → CD3

cyc-2a/b should account for the majority of the deposited sample 

(s. Chapter 3.1.), with the contribution of CDH2-2a/b being statistically unlikely (since it 

would necessitate two consecutive H/D exchanges in the same molecule) and thus 

considered negligible. In addition, it should be noted that the key conclusions from these 

experiments are independent on the exact identity of the isotopologue whose Cope 

rearrangement is observed, apart from the isotopomeric ratio that naturally can be rather 

impaired by assuming a wrong degree of deuteration and thus energy difference (s. Table 

4) and indeed cannot be evaluated with full confidence in these cases (s. Table 19).  
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Figure 14. IR spectra showing the Cope rearrangement of CD3
cyc-2b as well as CD2Hcyc-2b and their 

photochemical reversion. a) Experimental IR difference spectrum obtained after keeping a neon matrix 

containing a mixture of CD3
cyc-2b and CD3

open-2b (as well as CD2Hcyc-2b and CD2Hopen-2b) in the dark for 

51.5 hours at 6 K. b) Theoretical IR spectra of CD3
cyc-2b (pointing downwards) and CD3

open-2b (pointing 

upwards) calculated at the B3LYP/6-311G(d,p) level of theory. c) Theoretical IR spectra of a combination of 

the two degenerate asymmetric and the symmetric rotamers of CD2Hcyc-2b (pointing downwards) and the 

corresponding rotamers of CD2Hopen-2b (pointing upwards) calculated at the B3LYP/6-311G(d,p) level of 

theory. d) Experimental IR difference spectrum obtained after subsequent broadband irradiation 

(𝜈 > 2000 cm-1) of this matrix at 6 K. 

4.3.3. Kinetics 

4.3.3.1. Methodology of kinetic evaluations 

The kinetics of the Cope rearrangement d4-2a → d2-2a had already been investigated by 

Ertelt in the course of her PhD thesis.[101] However, the discovery that non-deuterated 

semibullvalene 2a had also been present during her previous experiments necessitated a 

re-evaluation of the kinetic data. Of the eight IR peaks previously used by Ertelt to calculate 

the reaction rates and the d2-2a : d4-2a ratios (s. Chapter 4.3.4.) only three signals (755 and 

669 cm-1 for d4-2a, 702 cm-1 for d2-2a) were found to not overlap with the IR signals of 2a. 

Since the peak of d4-2a at 669 cm-1 could not be reliably integrated due to its low intensity, 

for the calculations presented here the signal at 750 cm-1 belonging to d2-2a was chosen 
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instead. Apart from these three IR signals, all other peaks had to be disqualified due to 

showing an overlap with 2a, exhibiting a low overall intensity or undergoing little change 

in intensity during the reaction (i. e. signifying a vibration that is present in both d2-2a and 

d4-2a; s. peak assignment in Appendix). Unlike some examples in the literature where 

kinetic analyses were performed by only considering the most intense peak[38] the 

evaluations presented here always result from a simultaneous fit of several peaks, resulting 

in a broader mean deviation, but also a firmer mathematical basis.  

Being an intramolecular rearrangement, the conversion of d4-2a to d2-2a is expected to 

exhibit a first order kinetics. However, it has been empirically found that processes in solid 

media are often not correctly described by the first order rate law, but show an exponential 

decay of the reaction rate over time which is attributed to varying reaction sites, i. e. 

non-uniform, weak interactions between the substrate and the matrix environment. For this 

type of reactions Wildman and Siebrand[127] have derived the stretched exponential 

approach that implicitly assumes a continuum of different reaction rates:  

I(t) =  I0  ∙  e−(kt)β
+ 𝑐        with 0 < β < 1  eq. 6 

Here I(t) signifies the intensity as a function of time t, I0 the initial intensity, k the reaction 

rate constant and β the dispersion coefficient. While the latter was originally kept variable 

in the kinetic analyses (s. Appendix), it was later fixed to β = 0.9 as this was the most 

common value for β in the initial fits and fixing it leads to a better comparability and 

consistency of the obtained rate constants, while only causing minor changes in the fits that 

originally deviated from β = 0.9 (s. Appendix). The parameter c (which is not present in 

the original formula by Wildman and Siebrand) has been added to account for non-zero 

intensities at the end of the experiment (i. e. after any observable changes in the IR spectrum 

have subsided).  

However, Nakata et al.[48, 128] provide an alternative interpretation of the parameters in 

equation 6 that can provide additional information on the distribution of matrix sites and 

their impact on a given substrate’s rearrangement: By substituting I0 = (Iinitial - I∞) and 

c = I∞, i. e. the intensity at the end of the experiment, one can estimate the ratio of 

unproductive sites I∞ / Iinitial. For all semibullvalenes whose kinetics has been evaluated in 

this thesis, this ratio was found to be ≥ 0.9 (s. Table in Appendix), meaning that less than 

10% of all substrates occupy sites that allow for their rearrangement which agrees well with 

later analyses of the final isotopomeric ratios. The only exception are the kinetics of the 
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rearrangement of d1-2b in neon matrices, which also noticeably exhibited an anomalous 

dispersion coefficient of β = 1, warranting further discussion in the later Chapter 4.3.4.      

 

Figure 15. Exemplary simultaneous fit (R2 = 0.99948) of the increasing intensities of the IR peaks at 702 cm-1 

and 750 cm-1 as well as the decreasing intensity of the IR peak at 755 cm-1 to equation 6 as recorded for a 

neon matrix containing d1-2a (as well as 2a) at 3 K. 

As a result of simultaneously fitting the measured intensities of the decreasing peak at 

750 cm-1 assigned to d4-2a and the increasing signals of d2-2a at 702 cm-1 and 755 cm-1 to 

equation 6 at different temperatures as recorded by Melanie Ertelt[101] the reaction rates 

given in Table 8 were obtained. The most striking feature of these rate constants is the 

shallow temperature dependence, i. e. an increase in reaction rate by only a factor of 

approx. 4 despite a tenfold rise in absolute temperature. This observation excludes the 

characterization of this rearrangement as a thermal reaction since Arrhenius behavior would 

dictate an increase of the reaction rate by hundreds of orders magnitude but is in excellent 

agreement with the hypothesis of QMT facilitating this reaction (as detailed in Chapter 

2.2.).  
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Table 8. Rate constants (as fitted to equation 6 with β = 0.9) for the Cope rearrangement d4-2a → d2-2a in an 

argon matrix and corresponding (apparent) half-lives as a function of temperature. For the kinetic evaluation 

the measured intensities of the decreasing peak at 750 cm-1 assigned to d4-2a and the increasing signals of 

d2-2a at 702 cm-1 and 755 cm-1 were simultaneously fitted. 

T / K k / 10-4 s-1 τapp / h tfinal / h 

3 2.0 ± 0.1a 0.9 16.1 

3 1.5 ± 0.1 1.2 20.7 

5 1.2 ± 0.1 1.5 16.1 

5 3.5 ± 0.5 0.4 1.9 

5 4.2 ± 1.0 0.4 1.9 

10 5.3 ± 0.7 0.3 6.2 

15 4.9 ± 0.6 0.4 1.9 

20 4.0 ± 0.8 0.5 1.9 

25 4.8 ± 0.5 0.4 1.9 

30 6.2 ± 1.6 0.3 1.9 

a: Performed using a filter with a cutoff of ν̃  > 1000 

cm−1 (as opposed to all other experiments using a filter 

with a cutoff of ν̃ > 2000 cm−1). 

Table 8 also showcases the dependency of the rate constants on the duration of the 

experiments, since the later data points, that exhibit barely any change in intensity, gain 

statistical weight during a longer experiment and thus cause somewhat diminished rate 

constants (e. g. when comparing experiments performed at 5 K). To account for this 

observation, long-term experiments were sometimes also evaluated for shorter durations to 

ensure comparability (s. Table 11 and Table 12). For the same reason, most of the individual 

experiments performed in the course of this thesis were carried out with comparable lengths 

(> ten half-lives) and were, if possible, conducted with the same matrix, resetting the 

rearrangement via broadband IR irradiation, in order to e. g. measure the rearrangement 

multiple times under the same conditions or at elevated temperatures. Another key feature 

of Table 8 is the finding that the rate constant does not significantly change when changing 

the cutoff of the filter. This observation clarifies that IR irradiation should not affect the 

Cope rearrangement as long as the excitation to vibrational levels above the activation 

barrier (e. g. ν̃ > 2000 cm−1) is efficiently prevented; it will thus feature prominently later 

when discussing the potential reasons for this reaction not reaching thermodynamic 

equilibrium (s. Chapter 4.3.4.). 

It should be noted that the kinetic analyses whose results will be discussed below are not 

the only ones attempted for the obtained data for the Cope rearrangement of d4-2a → d2-2a: 
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While the above-mentioned description and subsequent analysis of an intramolecular 

reaction as (slightly modified) first-order decay/formation of reactants has been the 

standard treatment for rearrangements facilitated by QMT, even when the reactants exhibit 

energy gaps < 1 kcal mol-1,[48, 129] this approach is (strictly speaking) only valid for 

exothermic forward reactions whose significantly slower reverse reactions can be 

neglected.[11] Due to the small energetic difference between the two isotopomers applying 

this approximation might be questionable here and thus another kinetic analysis, describing 

an equilibrium reaction between A and B where the initial concentration of B ≠ 0, was 

attempted: 

[A]t = [A]0
1

k1+k−1
(k−1 + k1e−(k1+k−1)t)+[B]0

k−1

k1+k−1
(1 − e−(k1+k−1)t)  eq. 7 

[B]t = [A]0
k1

k1+k−1
(1 − e−(k1+k−1)t) + [B]0

1

k1+k−1
(k1 + k−1e−(k1+k−1)t) eq. 8 

Fitting equation 7 to the decreasing intensity of the peak at 755 cm-1, assigned to d4-2a, 

gave rate constants that were comparable to the ones obtained by the kinetic evaluation via 

equation 6, in addition to equilibrium constants as determined by the relation K = 
𝑘1

𝑘−1
 that 

agree with the assessment of the isotopomeric ratios after extended periods of time (s. 

Chapter 4.2.4.). However, fitting equation 8 to the increasing intensities of the peaks at 

702 cm-1 and 750 cm-1, assigned to d2-2a, did not result in any physically meaningful rate 

constants, but instead in the forward reaction being slower than the backward reaction, i. e. 

k-1 > k1; this result has already been obtained (but gone unnoticed) by previous analyses by 

Ertelt.[101] Since this issue could neither be resolved nor reconciled with the results obtained 

from using equation 6, the treatment of the Cope rearrangement of d4-2a → d2-2a as an 

equilibrium reaction was not further pursued.  
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Table 9. Representative selection of rate constants for the Cope rearrangement d4-2a → d2-2a as a function 

of temperature and matrix material as gained by fitting the measured intensities of the decreasing peak at 

755 cm-1 (assigned to d4-2a) to equation 7. 

matrix T [K] k1 [10-4 s-1] k-1 [10-4 s-1] K 

Ar 3 0.4 0.2 1.7 

 5 0.9 0.6 1.6 

 5 2.6 1.8 1.4 

 5 4.5 2.7 1.7 

 10 1.0 0.3 3.3 

 15 2.7 1.2 2.3 

 20 2.6 1.3 2.0 

 25 2.0 1.3 1.6 

 30 3.2 1.7 1.8 

Ne 3 0.7 0.6 1.2 

N2 3 2.2 1.7 1.3 

Another approach has been suggested by Schreiner et al.[130] for the treatment of kinetic 

data obtained under matrix isolation conditions: Instead of describing the dispersive nature 

of the kinetics in solid media by a continuum of reaction rates as implicitly done by 

Wildman and Siebrand[127] (compare equation 6), they expressed this phenomenon by a 

discrete sum of reaction rates, thus quantifying the occupation of classes of matrix sites, e. 

g. differing by their size restrictions, polarity, etc. and thus causing varying reaction rates. 

I = I0 ∙ ∑ fii  e−kit    with  ∑ fii = 1  

for i = 2:   I = I0 ∙ (f1e−k1t + f2e−k2t)      (eq. 9) 

Here i designates the number of different matrix sites that the molecules might occupy and 

fi the relative population of each site. Considering only two classes of matrix sites, i. e. 

“fast” and “slow” ones, and subsequent fitting of the kinetic data to equation 9 gave the 

results depicted in Table 10. The rate constants obtained by this method for the most part 

roughly match the ones gained by assuming dispersive kinetics (i. e. by fitting to equation 

6) while also reflecting the earlier finding that the great majority of substrate molecules 

occupy “slow”, i. e. unproductive sites. However, some of the fits greatly deviated by either 

suggesting comparable rates for both types of sites (e. g. in Ne) or exhibiting huge 

variations for these rate constants (e. g. in N2). Since the larger number of parameters in 

equation 9 bears the risk of overparametrization (which is also the likely cause of some of 
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the aforementioned problems), the dispersive kinetics approach was preferred due to its 

significantly smaller number of fit parameters and conditions.    

Table 10. Representative selection of rate constants (as fitted to equation 9) for the Cope rearrangement 

d4-2a → d2-2a as a function of temperature and matrix material. For the kinetic evaluation the measured 

intensities of the decreasing peak at 755 cm-1 assigned to d4-2a and the increasing signals of d2-2a at 702 cm-1 

and 750 cm-1 were simultaneously fitted. 

matrix T / K k1 / 10-4 s-1 f1 k2 / 10-4 s-1 f2 tfinal / h 

Ar 3 1.4 ± 0.1 0.01 0 ± 0.0001 0.99 22.1  

Ar 5 2.6 ± 0.6 0.02 0.001 ± 0.3 0.98 16.5  

Ar 10 4.9 ± 0.8 0.02 0 ± 0.001 0.98 6.2  

N2 3 4.1 ± 4.2 0.02 0.007 ± 4.9 0.98 4.2  

Ne 3 2.8 ± 1.4 0.39 1.2 ± 0.3 0.61 38.3  

p-H2 3 2.2 ± 0.6 0.01 0.001 ± 0.4  0.99 16.4  

Due to the unreliability of the alternative kinetic fits it was decided to compare the rate 

constants of the different semibullvalene derivatives on the basis of the fits gained from 

utilizing the dispersive kinetics approach. As already mentioned above, the dispersion 

coefficient β was initially used as a variable and later fixed to the mean value gained from 

the initial fits to enable a better comparability of the resulting rate constants. For d1-2b 

these preliminary fits gave β = 1 for neon matrices signifying a vanishing influence of 

individual matrix sites on this rearrangement and thus simplifying the stretched exponential 

approach of Wildman and Siebrand[127] to an ordinary first-order kinetics. However, in all 

other matrices the preliminary fits gave approx. β = 0.7, necessitating the use of dispersive 

kinetics for all experiments that were not performed in neon. 

4.3.3.2. Rate constants as function of temperature 

Having tested and refined the general methodology for the kinetic evaluations of the Cope 

rearrangement of semibullvalenes 2a/b (also valid for the kinetics of the ring expansions 

of benzazirines as analyzed in Chapter 5.2.), the rate constant for the Cope rearrangement 

of d1-2b at different temperatures was determined by the same procedure. Analogous to the 

observations for 2a (s. Table 8), it was found to be temperature-independent, with no 

discernible increase upon raising the absolute temperature by a factor of approx. 8 (apart 

from a statistical outlier for T = 13 K), indicating the contribution of heavy-atom tunneling 
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(similar to 2a). Additionally, d4-2b rearranges slower than d4-2a with a roughly three- to 

fivefold retardation (depending on the matrix material, s. Chapter 4.3.3.3.), in striking 

agreement with the estimates undertaken in Chapter 4.2.1. which predicted a deceleration 

by a factor of 5. Thus, the rough approximation of the tunneling probability by simple 

evaluation of the easy-to-obtain IRC calculations proved to yield qualitatively as well as 

quantitatively correct predictions for the Cope rearrangement of semibullvalene 

derivatives, which could later be shown to also extend to the ring expansion of benzazirines 

(s. Chapter 5.3.1.). 

Table 11. Rate constants (as fitted to equation 6 with β = 0.7) for the Cope rearrangement d4-2b → d2-2b in 

a nitrogen matrix and corresponding half-lives as a function of temperature. For the kinetic evaluation the 

measured intensities of the decreasing peak at 817 cm-1 assigned to d4-2b and the increasing signal of d2-2b 

at 754 cm-1 were simultaneously fitted.  

T / K k / 10-5 s-1 τapp / h tfinal / h 

3 5.6 ± 0.8 3.0 41.0 

8 4.7 ± 0.9 3.5 30.0 

13 11.2 ± 2.6 1.5 38.5 

18 6.4 ± 0.9 2.6 41.3 

23 
1.3 

(6.3 

± 

± 

0.4 

2.0 

12.6 

2.6 

68.6 

34.2)a 

a: For better comparability, the kinetic data was also 
evaluated for a shorter duration of the measurement. 

Additionally, the rearrangement rates of the monodeuterated semibullvalenes d1-2a/b can 

be compared with their CD3-labelled counterparts: One would expect from the lack of 

modification of either the height or width of the activation barrier (apart from very minor 

changes in the isotopomers’ vibrational energies in the ground and transition state) that 

CD3-2a/b (or CD2H-2a/b which are also present as impurities, s. Chapter 4.3.2.) should 

exhibit the same reaction rate constants as d1-2a/b. Indeed, the isotopologues rearrange 

with similar rates indicating that the choice of the isotopic labelling and thus difference in 

ZPVE does not change the tunneling process qualitatively or quantitively, despite their 

predicted difference in delocalization (s. Chapter 4.2.2.). The changes in the dispersion 

coefficients can in this regard be attributed to the contribution of CD2H-2a/b impurities 

rather than an actual change in the influence of individual matrix sites on these Cope 

rearrangements.    
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Table 12. Rate constants as fitted to equation 6 with β = 0.65 (CD3-2a)/0.35 (CD3-2b) for the Cope 

rearrangements of CD3-2a/b as well as corresponding apparent half-lives measured at different temperatures 

and in various matrices. For the kinetic evaluation of CD3-2a, the measured intensities of the decreasing peaks 

at 746 cm-1 and 773 cm-1 assigned to CD3
cyc-2a and the increasing signals of CD3

open-2a at 739 cm-1 and 

763 cm-1 were simultaneously fitted. For the kinetic evaluation of CD3-2b, the measured intensities of the 

decreasing peaks at 1383 cm-1 and 1418 cm-1 assigned to CD3
cyc-2a and the increasing signal of CD3

open-2a at 

1429 cm-1 were simultaneously fitted. The rate constants for the rearrangements of d1-2a/b are given as 

reference (also s. Table 13). 

T / K matrix 
CD3

cyc-2a → CD3
open-2a CD3

cyc-2b → CD3
open-2b 

k / 10-4 s-1 τapp / h tfinal / h k /10-5 s-1 τapp / h tfinal / h 

3 Ne 2.6 ± 0.6 0.6 16.4 
5.1 ± 0.5 

(8.6 ± 1.1 

1.9 

1.1 

50.8 

94.2)a 

  2.0 ± 0.4 0.8 14.1 11.5 ± 2.0 0.8  

6 Ne 1.0 ± 0.2 1.5 17.0 7.4 ± 1.0 1.3 47.5 

 
 1.7 ± 0.4 

(0.3 ± 0.1 

1.0 

7.5 

17.6 

68.5)a 
7.0 ± 0.9 1.4 50.8 

  d4-2a → d2-2a d4-2b → d2-2b 

3 Ne 1.7 ± 0.1  1.3 38.3 2.8 ± 0.2   6.8 36.0/52.7b 

6 Ne (not measured) 2.8 ± 0.4   7.0 30.7/39.5b 

a: For better comparability, the kinetic data was also evaluated for a shorter duration of the measurement. 

b: Averaged over two different experiments within the same matrix. 

4.3.3.3. Rate constants as function of matrix material 

Matrix materials have been shown in the past to greatly influence the reaction rates of 

intramolecular rearrangement facilitated by QMT, often in non-trivial ways (s. 

Chapter 2.2.). Thus the Cope rearrangements of d4-2a/b → d2-2a/b were also studied in 

different matrices to potentially gain more insight into the (micro)environment’s role in 

these tunneling processes, with the observed rate constants being shown in Table 13. It 

should be noted that the recorded IR spectra for d2-2a and d4-2a (as well as 2a) were nearly 

identical in all the matrix materials employed (s. Appendix), apart from small changes in 

the peaks’ intensities and shapes that can be attributed to subtle intermolecular interactions 

between the host molecules and the matrix material.[131] Curiously though, the p-H2 

matrices exhibited uncharacteristically broad signals with their peak widths similar to those 

recorded for argon matrices despite very careful experimental setup. Although this 

observation contradicts the otherwise well-known capacity of these matrices for narrow IR 

signals (s. Chapter 2.1.), it is not unprecedented and has e. g. for β-alanine[132] been 

tentatively attributed to fast vibrational dephasing for molecules with large conformational 

flexibility. While this explanation might also apply for semibullvalenes, it is not unlikely 
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that the broadness of the IR peaks stems from the presence of o-H2 impurities that (as 

explained previously) preferentially cluster around the dopants in a p-H2 matrix.[10] Since 

the purity of these matrices could only be ascertained to lie above 99.9% via examination 

of the IR signals originating from H2···H2O complexes,[133] o-H2 might indeed be in excess 

compared to d1-2a/b as dopants, necessitating special caution when examining and 

interpreting the results gained from these experiments. 

Table 13. Rate constants as fitted to equation 6 with β = 0.9 (d1-2a)/1.0 (d1-2b in Ne)/0.7 (d1-2b in all other 

matrices) for the Cope rearrangements of d4-2a/b as well as corresponding (apparent) half-lives measured at 

different temperatures and in various matrices. 

T / K Matrix 
d4-2a → d2-2a d4-2b → d2-2b 

k / 10-4 s-1 τapp / h k / 10-5 s-1 τ(app) / h 

3 Ne 1.7 ± 0.1 1.3 2.8 ± 0.2a 6.8 

6 Ne (not measured) 2.8 ± 0.4a 7.0 

3 p-H2 1.3 ± 0.1 1.4 no rearrangement 

3 Ar 1.5 ± 0.1 1.2 6.0 ± 1.3 2.7 

25 Ar 4.8 ± 0.5 0.4 9.8 ± 2.9 1.7 

3 N2 2.5 ± 0.1 0.7 5.6 ± 0.8 3.5 

3 Xe no rearrangement 2.6 ± 0.9 6.3 

35 Xe (not measured) 3.9 ± 0.9 4.2 

3 neat no rearrangement no rearrangement 

a: Averaged over two different experiments within the same matrix.  

Different factors might influence the rate of the Cope rearrangements of d1-2a/b in the 

investigated matrix environments, as already discussed in Chapter 2.2.: First, the 

polarizability of the solidified gases can affect the tunneling probability of its host, as it 

was also found for e. g. the heavy-atom tunneling in the formation of 

4-oxocyclo-hexa-2,5-dienylidene (18) or the Curtius rearrangement of 

trifluoroacetylnitrene (9, s. Scheme 6).[12, 33] However, both of these reactions necessitate 

an intersystem crossing which itself might be subject to solvent-induced effects such as the 

spin-orbit coupling with heavy atoms, complicating the study of the influence of 

cryosolvation on their tunneling processes.  

It has been shown computationally by Borden et al. that due to the greater delocalization in 

the transition states of various semibullvalenes polarizable solvents can stabilize these with 

regard to the localized structures (even up to the point that the delocalized forms become 

the single global minima; s. Chapter 4.1.), though the solvent-solute interactions seem to 

be highly specific for each derivative and thus non-trivial to predict.[94] The stabilization of 

the transition state means a decrease in the activation barrier, as can also be shown 
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computationally to account for 2a/b by utilizing the Polarizable Continuum Model,[134] 

although the degree of stabilization is relatively minor (< 3%) due to the small differences 

in polarizability between ground and transition state (Table 14). Nevertheless, since this 

would then result in an increase of the tunneling probability, this effect might account for 

the accelerated reaction rates in nitrogen or argon when compared to p-H2 and neon, as the 

polarizabilities of the former are roughly twice to fourfold the ones of the latter matrix 

materials (s. Table 15).  

Table 14. Activation energies EA and isotropic polarizabilities for the respective groundstates (GS) and 

transition states (TS) as calculated at the B3LYP/6-311G(d,p) level of theory under use of the Polarizable 

Continuum Model.[134]   

 EA / kcal mol-1 α / Bohr3 

species gas-phase Ar Xe GS TS 

2a 3.16 3.14 3.12 99.93 105.50 

2b 4.89 4.81 4.77 132.50 137.58 

However, if the polarizability of the environment was the only decisive factor, it would be 

difficult to explain why xenon matrices do not significantly accelerate the rearrangement 

(for 2b) or even completely inhibit it (for 2a); the hypothesis that the reaction in xenon 

might actually be indeed too fast to be detected for d1-2a can be disproven by its 

experimentally determined isopomeric ratio of d2-2a and d4-2a reflecting the equilibrium 

at the deposition conditions (s. Chapter 4.3.4.). It was also noted by Borden et al. that the 

polarity and polarizability of the solvents do not fully correlate with the degree of 

stabilization of the delocalized transition state, necessitating the inclusion of other solvation 

effects like solute/solvent charge transfer (s. Chapter 4.1.).[94]   

Another potential influence of any matrix on the tunneling processes of its guest molecules 

can be found in the cavities within the solidified gases whose size and shape restrictions 

are known to distort the geometries of the guests therein.[116] This confinement is difficult 

to quantitatively account for, but an estimate for the excluded volumes of the individual 

matrix materials can be gained from examining the van der Waals constants b (s. Table 15). 

These excluded volumes follow the same trend as the polarizabilities which therefore might 

at first glance not offer any new explanations for the somewhat erratic behavior of the rate 

constants. However, it has to be taken into account that the distortion of the guest molecule 

depends on how many host atoms/molecules it has to replace and their respective lattice 

configurations. These questions can usually only be addressed computationally[135] as the 
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guests’ distortion unfortunately leaves little spectroscopic signature in IR studies.[116] These 

confinement effects should affect semibullvalenes as their tendency to exhibit aberrant 

geometries in the solid state[97-99, 136] (s. Chapter 4.1.) can easily result in noticeable changes 

in the rates of their Cope rearrangement in different environments;[96] this should be 

especially true for the tunneling process postulated here due to its great dependence on the 

intramolecular distances between C2/C4 and C6/C8 as a proxy for the width of the barrier 

(s. Chapter 4.2.1.). In agreement with these considerations, the Cope rearrangement of 

semibullvalene has been observed to be greatly slowed down in the solid state[96] which 

also fits the lack of any observable reaction in the neat deposition of d1-2a/b.   

Table 15. Comparison of different matrix materials regarding their potential interactions between matrix and 

host as well as for the size of their corresponding matrix sites. The van der Waals constants of these gases[137] 

are given as previously reported apart from the ones for p-H2 whose constants were derived from the reported 

experimental values[138] for the critical pressure and temperature by well-established relations.[139] The zero-

point energies of argon, neon and xenon were determined experimentally[140] while the ones for nitrogen and 

p-H2 were estimated via the relation[140] 𝐸𝑧 =
9

8
𝑅𝛩𝐷0∞ from their experimental Debye temperatures 

𝛩𝐷0(p-H2) = 122 K[141] and 𝛩𝐷0(N2) = 80.6 K.[142] The gas phase polarizabilities were taken from literature 

references.[131, 143, 144] 

Matrix 
a  

/ bar L2 mol-2 
b / L mol-1 

Ez 

/ kcal mol-1 
Ez / cm-1 

α  

/10-24 cm-3 

Ne 0.208 0.0167 0.154 53.9 0.39 

p-H2 0.246 0.0266 0.273 95.4 0.80 

Ar 1.355 0.0320 0.187 65.4 1.64 

N2 1.370 0.0387 0.180 63.0 1.71 

Xe 4.192 0.0516 0.123 43.0 4.01 

A third factor to keep in mind when examining the different behavior in the various 

matrices is the coupling of the tunneling process to the phonons within the solid matrix: To 

reach the respective vibrational ground state after penetrating the barrier, the molecules 

have to disperse their excess energy via excitation of lattice vibrations in the surrounding 

host.[39, 51, 143] Incidentally, the small energetic difference between the isotopomers d2-

/d4-2a (0.12 kcal mol-1 ≈ 42 cm-1) almost exactly fits the Debye frequency (i. e. the 

maximum of the distribution of lattice vibrations) of xenon, which could suggest that this 

efficient coupling somehow affects the rearrangement as experimentally observed. This 

hypothesis seemingly contradicts the observation that d1-2b indeed rearranges in xenon 

matrices despite a quasi-identical difference in ZPVE, while its rearrangement in turn could 

not be observed in solid p-H2. However, the different solvation properties of 2a/b in 

different matrix materials as shown in Table 14 could change the coupling of the respective 
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semibullvalene’s vibrational levels with the phonons of the matrix and thus contribute to 

the observed variations in the host dependency of their Cope rearrangement. Similar 

arguments have been discussed to explain the influence of the environment on the tunneling 

rate of formic acid,[51, 143] though the authors also note that due to the complex nature of 

such interactions, their exact effects cannot be easily quantified, which is equally true for 

the discussion of these phenomena in the heavy-atom tunneling of semibullvalenes.    

Lastly, when evaluating the experiments undertaken in p-H2 matrices, one has to consider 

time-dependent phenomena within this special host: Its exceptional softness leads to 

self-annealing over time even at 3.5 K,[145] changing its crystal structure from face-centered 

cubic to hexagonal close packed and altering the sizes or shapes of the matrix sites occupied 

by the guest molecules. Additionally, residual o-H2 diffuses through the matrix and clusters 

around the guests due to its greater quadrupole moment compared to p-H2 (s. 

Chapter 2.1.).[10] Thus, the local environment of the isolated semibullvalenes 2a/b can 

change over time, with the polar cyano groups present in 2b potentially enhancing its 

solvation by o-H2. Furthermore, it has been shown that a molecule’s (rotating) methyl 

group, isolated in a p-H2 matrix, will slowly  undergo nuclear spin conversion (with a rate 

of approx. 10-6 to 10-5 s-1,[145, 146] though impurities such as residual o-H2 can influence the 

conversion rate for as-of-yet unknown reasons[147]). Such change in the nuclear spin and its 

subsequent impact on the rotational states has recently been demonstrated to affect the 

hydrogen tunneling in acetylacetone,[146, 148] evidenced by subtle variations in its IR peak 

shapes. While the relatively broad IR peaks recorded for 2a/b isolated in p-H2 (s. 

Chapter 4.3.2.) are in line with the reported line broadening for acetylacetone,[146]  they 

unfortunately also prevent a reliable analysis of the slight shifts in the IR signals that would 

be expected as result of a change in either site distribution, local environment or nuclear 

spin.      

4.3.4. Evaluation of isotopomeric ratios 

Inspired by the seminal paper by Borden et al.,[32] the isotopomeric ratio between d4-2a/b 

and d2-2/ab or CD3
cyc-2a/b and CD3

open-2a/b at the end of each experiment was evaluated 

to verify the energetic difference between the respective isotopomers via comparison with 

the expected Boltzmann ratio. These evaluations were performed by estimating the ratio of 

the numeric integral of their principal peaks (i. e. the ones also used for the kinetic fits), 

normalized via the intensity changes of the respective IR difference spectrum. As 
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immediately apparent from Table 16 and Table 17, neither of the two monodeuterated 

semibullvalenes come close to the ratio as predicted by assuming a Boltzmann distribution 

between the isotopomers at 3 K; this observation does not significantly change if one uses 

the calculated value for ΔZPVE for this prediction instead of the experimental one.  

Table 16. Isotopomeric ratios of d2-2a and d4-2a as function of different temperatures and matrix materials. 

The ratio in p-H2 experiments or neat deposition could not be evaluated reliably due to the broader peak width 

(s. Chapter 4.3.3.3.). 

T /K Matrix 
d2-2a : d4-2a ratio predicted ratioa 

at t0 at tfinal a b 

3 Arb 1.4 1.5 (9.7 h) 2.7·108 6.7·105 

3 Ar 1.8 2.0 (20.7 h)   

3 Ne 1.3 1.6 (38.3 h)   

3 Ne 1.1 1.3 (1.9 h)   

3 N2 1.8 2.0 (4.2 h)   

3 Xe 1.2 1.2 (1.9 h)   

3 neat 1.3 1.3 (14.6 h)   

5 Ar 1.3 1.5 (16.1 h) 1.1·105 3.1·103 

10 Ar 1.8 2.6 (6.2 h) 76 56 

15 Ar 1.3 1.5 (1.9 h) 45 15 

20 Ar 1.2 1.3 (1.9 h) 17 7 

25 Ar 1.2 1.3 (1.9 h) 9 5 

30 Ar 1.3 1.4 (1.9 h) 6 4 

a: Predicted isotopomeric ratios as derived by Boltzmann distribution using (a) the 

experimental energy difference ΔG(T) = (- 0.12 + 0.00018 T K-1) kcal mol−1,[149] 

and (b) the calculated ZPVE difference of ΔE = - 0.08 kcal mol−1 [B3LYP/6-

311G(d,p)] between the isotopomers. 

b: Performed using a filter with a cutoff of 𝜈 > 1000 cm-1 (as opposed to all other 

experiments using a filter with a cutoff of 𝜈 > 2000 cm-1). 

Noticeably, the deviation from thermodynamic equilibrium is also true for the two 

trideuterated semibullvalenes CD3-2a/b although the diminished energy difference 

between their isotopomers naturally lessens the degree of this discrepancy. While the ratios 

obtained for CD3-2a mirror the ones for d1-2a/b, the analogous integrations for CD3-2b 

result in ratios below 1. This outcome has to be in error, since it would mean CD3
open-2b 

being actually less stable than CD3
cyc-2b, which would immediately contradict the observed 

tunneling rearrangement of CD3
cyc-2b → CD3

open-2b (s. Figure 14) as well as contrast with 

the experimental findings for CD3-2a as obtained via IR (s. Figure 13) and NMR.[66] Thus, 

it seems evident that the inversed ratios for CD3-2b result from an error in integration e. g. 
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by not identifying and thus accounting for other isotopomers and their corresponding 

rotamers, which unfortunately could not be corrected for, despite multiple attempts.    

Table 17. Isotopomeric ratio of d2‐2b and d4‐2b as function of different temperatures and matrix materials. 

The ratio in neat deposition at 3 K could not be reliably evaluated due to the greater peak width. 

T / K Matrix 
d2-2b : d4-2b predicted ratioa 

t0 tfinal experimental calculated 

3 Ne 1.0 1.1 (52.7 h) 1.1∙106 4.7∙105 

3 Ne 1.0 1.5 (36.0 h)   

6 Ne 1.4 1.6 (39.5 h) 1047 683 

6 Ne 1.3 1.6 (30.7 h)   

3 N2 1.2 1.3 (41.0 h) 1.1∙106 4.7∙105 

8 N2 1.2 1.3 (30.0 h) 182 134 

13 N2 1.3 1.3 (38.4 h) 24 20 

18 N2 1.3 1.4 (41.3 h) 10 9 

23 N2 1.3 1.3 (68.6 h) 6 5 

3 p-H2 1.4 1.4 (36.5 h) 1.1∙106 4.7∙105 

3 p-H2 1.4 1.5 (43.8 h)   

3 p-H2 1.4 1.4 (68.8 h)   

3 Ar 1.4 1.5 (39.9 h)   

25 Ar 1.5 1.5 (26.6 h) 5 5 

3 Xe 1.3 1.4 (39.2 h)   

35 Xe 1.4 1.4 (38.5 h) 3 3 

a: Predicted isotopomeric ratios as derived by Boltzmann distribution using (a) the experimental 

energy difference ΔG(T) = (- 0.08 + 0.00007 T K-1) kcal mol−1,[60] and (b) the calculated ZPVE 

difference of ΔE = - 0.08 kcal mol−1 [B3LYP/6-311G(d,p)] between the isotopomers.  

With the experimental values for ΔZPVE being in excellent agreement with the 

theoretically calculated ones and the latter being only mildly dependent on the used basis 

set and level of theory (s. Table 3), this deviation from thermodynamic equilibrium 

demands further discussion: First of all, one might be tempted to assume a residual 

influence of the IR irradiation on this ratio as its impact for ν̃ > 2000 cm-1 has already been 

proven (s. Chapter 4.3.2.). Thus, a photostationary equilibrium differing from the 

thermodynamic one could be hypothesized as done by Melanie Ertelt[101] and our earlier 

publication.[32] However, the experiments that blocked IR irradiation between the 

individual scans via a custom-made macro or that were undertaken with a different filter 

with a cutoff of ν̃ > 1000 cm-1 did not result in any difference of either the rate constants or 

the isotopomeric ratios. In addition, excitation to vibrational levels below the activation 
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barrier of approx. 1700 cm-1 (s. Figure 11) would not lead to a decrease in ΔZPVE, but 

rather an increase (as shown in Chapter 4.2.2.) due to the enhanced interaction between the 

two wave functions through the diminished barrier. These experimental observations and 

theoretical considerations virtually disprove the hypothesis of a photostationary 

equilibrium. 

Table 18. Isotopomeric ratio of CD3-2a as function of different temperatures and matrix materials. 

T / 

K 
Matrix 

CD3
open-2a : CD3

cyc-2a 
predicted ratio 

(CD3-2a)a 

predicted ratio 

(CD2H-2a)b 

t0 tfinal exp. calc. exp. calc. 

3 Ne 1.3 1.4 (16.4 h) 4.9 26.1 2.9 17.2 (sym) 

3 Ne 1.2 1.3 (14.1 h)    6.7 (asym) 

6 Ne 1.4 1.6 (17.0 h) 2.2 5.1 1.7 4.1 (sym) 

6 Ne 1.3 1.4 (17.6 h)    2.6 (asym) 

a: Predicted isotopomeric ratios as derived by Boltzmann distribution using (a) the experimental energy 

difference ΔG(T) = (- 0.01 + 0.00001 T K-1) kcal mol−1,[66] and (b) the calculated ZPVE difference of 

ΔE = - 0.02 kcal mol−1 [B3LYP/6-311G(d,p)] between the isotopomers. 

b: Predicted isotopomeric ratios as derived by Boltzmann distribution using (a) the experimental energy 

difference ΔG(T) = (- 0.006 + 0.00001 T K-1) kcal mol−1,[66] and (b) the calculated ZPVE differences of 

ΔE = - 0.017 kcal mol−1 / ΔE = - 0.011 kcal mol−1 [B3LYP/6-311G(d,p)] between the respective 

symmetric and asymmetric rotamers of the corresponding isotopomers. 

Accordingly, one has to assume a thermodynamic (instead of a photochemical) equilibrium 

for these Cope rearrangements with the next potential reason for the observed ratio being 

that the dispersion in the rate constants effectively keeps the rearrangement from reaching 

that equilibrium, i. e. some matrix sites not reacting within the duration of the experiments. 

Despite performing significantly longer experiments on d1-2a than had been done before 

and subsequently also elongating any measurements for the slower rearrangement of d1-2b 

(as well as also following these modified experimental protocols for CD3-2a/b), it cannot 

be guaranteed that these experiments fit the convention of a duration of more than ten 

half-lives. Indeed, with a diminishing dispersion coefficient β the calculated apparent 

half-lives increasingly lose their meaning as they become more and more time-dependent.  

The idea that dispersive kinetics might be the reason for deviations from thermodynamic 

predictions has been discussed in the literature before and could explain the non-zero 

intensities of the respective less-stable isomers in the tunneling rearrangements of 

2-chlorobenzoic acid,[128] 2-chloropropionic acid[44] and cytosine[129] at the end of their 

respective experiments. While in none of these publications different matrix sites could be 

spectroscopically resolved, it could be shown that e. g. in xenon the rate of tunneling of 
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formic acid differs by a factor of approx. 30 depending on different sites.[51] Similarly, for 

the thermally activated rotation of 1,2-difluoroethane a substantial matrix site-dependence 

could be experimentally demonstrated and computationally traced back to a difference in 

the barrier height by approx. 1.2 kcal mol-1 depending on how many argon atoms were 

displaced in the lattice.[123] These considerations are in line with the kinetic analyses which 

had provided evidence for less than 10% of d1-2a/b occupying productive sites (i. e. cavities 

whose shape or size allow for sufficiently fast rearrangement; s. Chapter 4.3.3.1.) with 

observable rate constants (s. Table 10). They also agree with the finding of dispersive 

kinetics being most suitable for the fits of the kinetic data though the dispersion coefficient 

β = 1 for the Cope rearrangement of d1-2b in neon matrices seems contradictory at first 

glance. However, the disagreement can be reconciled by assuming that the productive sites 

themselves exhibit a very narrow distribution of reaction rates, with the 

“slow/unproductive” sites not contributing to the overall reaction rate to any discernible 

degree. 

Table 19. Isotopomeric ratio of CD3-2b as function of different temperatures and matrix materials.  

T / K Matrix 
CD3

open-2b : CD3
cyc-2b predicted ratio 

(CD3-2b)a 

predicted ratio 

(CD2H-2b)b 

t0 tfinal calc. calc. 

3 Ne 0.7 0.9 (94.2 h) 2.9 3.9 (sym) 

3 Ne 0.6 0.8 (47.5 h)  1.5 (asym) 

6 Ne 0.5 0.8 (50.8 h) 1.7 2.0 (sym) 

6 Ne 0.6 0.8 (63.8 h)  1.2 (asym) 

a: Predicted isotopomeric ratios as derived by Boltzmann distribution using the calculated ZPVE 

difference of ΔE = - 0.006 kcal mol−1 [B3LYP/6-311G(d,p)] between the isotopomers. 

b: Predicted isotopomeric ratios as derived by Boltzmann distribution using the calculated ZPVE 

differences of ΔE = - 0.008 kcal mol−1 / ΔE = - 0.003 kcal mol−1 [B3LYP/6-311G(d,p)] between the 

respective symmetric and asymmetric rotamers of the corresponding isotopomers. 

Intriguingly, this hypothesis resonates with some of the concepts and observations 

introduced in earlier chapters: If one assumes that the distribution of reaction rate constants 

strongly depends on the size constraints or polarizability of a given matrix material, the 

failure to observe the Cope rearrangements of d1-2a/2b in some matrices can be interpreted 

as results of subtle differences in the properties of matrix sites within those hosts. The 

aforementioned comprehensively studied susceptibility of semibullvalenes’ Cope 

rearrangement to solid state effects[96-99] (s. Chapter 4.1.) agrees well with this line of 

thought, which also mirrors the reports by Nakata et al. on the tunneling of various 

hydroquinone derivatives:[46-48] They found that these compounds exhibit ratios far 
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different from the thermodynamic equilibrium at cryogenic temperatures and hypothesized 

that the inhomogeneous matrix environment varies the energetic differences between 

different conformers, i. e. diminishing ΔEexp by 54 - 62% when compared to ΔEcalc.
[46] Apart 

from these potential modifications to the asymmetric potential energy surfaces, it has also 

been discussed that the rigid environment of noble gas matrices could desymmetrize the 

PES of a formerly degenerate rearrangement: This hypothesis might explain why the 

hydrogen-tunneling of malondialdehyde, observable in gas phase, is inhibited in a rare gas 

matrix[39] or the reduced tunnel splitting of tropolone in neon matrices compared to gas 

phase spectra.[45]  

Thus, the rigid environment caused by matrix isolation provides two intertwined 

explanations for the observed anomalous isotopomeric ratios: For one, it can be assumed 

that the complex interplay between solvation and confinement slightly modifies the 

activation barrier EA of semibullvalenes occupying different matrix sites. The resulting 

individual tunneling probabilities would thus explain the observed dispersion of 

rearrangement rates, with the semibullvalenes slower sites not reacting within an 

experimentally observable timeframe. For another, the inflexible matrix cages could distort 

the geometries of CD3-/d1-2a/b, e. g. via changes in the difference in the distances between 

C2/C8 and C4/C6, and thus alter the thermodynamics, i. e. ΔZPVE, of their rearrangement.  

However, one major caveat cannot be overlooked: Both of the aforementioned hypotheses 

should be detectable by an observable temperature dependence. For one, raising the 

temperature should anneal the matrix and thus change its distribution of matrix sites as 

indeed observed by Nakata et al.[128] alongside a threefold acceleration of the tunneling 

process, while neither of these observations is true for the investigated 

1,5-dimethylsemibullvalenes (2a/b). Additionally, inherently soft matrices like neon or 

p-H2 would be expected to exhibit different ratios between productive and unproductive 

sites or even lack any dispersion of rate constants, which, while accurate for the 

experiments involving 2b, cannot be confirmed for 2a. For another, even a modified 

ΔZPVE should still depend on the temperature contradicting the temperature-independent 

ratios between the isotopomers d1-/CD3-2a/b (s. Table 16 and Table 17) which can only be 

blamed on errors in the integration when assuming exceptionally small values for these 

energy differences. Thus, while it is tempting to explain the deviation from the predicted 

thermodynamic equilibrium by the rigid matrix environment, it does not account for all the 
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experimental observations, which for the time being seems to defy straight-forward 

explanations.      

 

4.5. Outlook 

While the comparison between 1,5-dimethylsemibullvalene (2a) and its 

3,7-dicyano-substituted derivative (2b) nicely illustrated the dependence of tunneling 

processes on barrier width as well as height and achieved the partial compensation of these 

competing factors, the semibullvalene motif holds the potential for another contest: 

2,6-Diazasemibullvalenes combine very low barriers to Cope rearrangement (> 1 kcal mol-1 

at MP4 or ≈ 3 kcal mol-1 at CCSD(T) level of theory)[150] due to an increase in the 

electrophilicity of the bisallyl moiety[151] with slightly higher mass(es) of the tunneling 

determining atom(s).[14] The investigation of a derivative of this system could thus provide 

the unique opportunity to counterbalance these opposing influences and would additionally 

allow to study the effect of the presence of a homoaromatic minimum (s. Figure 16), as 

would another attempt at the synthesis and subsequent investigation of 

2,6-dicyano-1,5-dimethylsemibullvalene (s. Chapter 3.1.).  

 

Scheme 15. Synthesis routes leading to 2,6-diazasemibullvalenes 69a/b as reported in the literature.[152-154]  

Indeed, the syntheses of 69a/b have already been described in the literature (s. Scheme 15), 

alongside other more structurally complex derivatives.[152, 155] Due to the anionic reaction 

path only nitriles without C–H acidic protons can be used, with phenyl groups as 

substituents usually leading to solid products (which might thus be easier to purify, though 

preliminary synthesis attempts unfortunately did not yield pure bipyrroline 67b). The 
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introduction of the isotopic label could either proceed by synthesis of the monobrominated 

derivative of 69b available from cyclization of the corresponding tribromide[153, 156] or by 

using 1,1-d2-2-CD3-3-CH3-1,3-butadiene (i. e. d5-64) as starting material.[157] The latter 

method would lead to tetradeuterated 2,6-diazasemibullvalenes, with the CD3- and d1-label 

being positioned on the same side of the molecule. The differing preferences of these two 

labels (as highlighted in Chapter 4.2.1.) partially compensate each other, leading to a 

slightly reduced ΔZPVE (s. Table 20).  

Table 20. Comparison of 1,5-dimethylsemibullvalene (2a) and 

2,6-diaza-1,5-dimethyl-3,7-diphenylsemibullvalene (69b) regarding properties connected to potential 

heavy-atom tunneling. ΔZPVE designates the difference in zero-point vibrational energy between the 

corresponding monodeuterated, CD3- or tetradeuterated isotopomers; ΔΔC–C/N denotes the difference in the 

distances between the carbon/nitrogen atoms C(N)2/C8 and CN4/C(N)6, respectively, with FWHH denoting 

this difference at half-height of the activation barrier. All theoretical calculations have been performed at the 

B3LYP/6-311G(d,p) level of theory. 

Property 

  

 calc. exp. calc. 

ΔH‡ / 

kcal mol-1 
3.2 

4.5[86] 

(EA = 4.8) 
3.2 

ΔΔC–C/N / Å 0.72 - 0.74 

FWHH / Å 0.43 - 0.47 

Prel 1 - 5·10-3 

ΔZPVE(d1) / 

kcal mol-1 
- 0.08 ≈ - 0.12[63] - 0.12 

ΔZPVE(CD3) / 

kcal mol-1 
- 0.02 - 0.01[66] - 0.03 

ΔZPVE(d1+CD3) 

/ kcal mol-1 
not applicable - 0.09 

While quantum chemical calculations predict that the most extensively studied 

diazasemibullvalene 69b might be approx. 200 times less likely to undergo tunneling than 

2a, the allure to gain another semibullvalene derivative with promising properties for an 

investigation into the mass dependency of its tunneling rearrangement warrants another 

attempt at the successful synthesis, purification and subsequent investigation via matrix 

isolation; for similar reasons, the investigation of 2,6-dicyano-1,5-dimethylsemibullvalene 

could be re-tried.   
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Figure 16. Potential energy scan of semibullvalenes with regard to the difference in the distances between 

the carbon/nitrogen atoms C(N)2/C8 and C4/C(N)6 (ΔΔC–C/N). All calculations have been performed at the 

B3LYP/6-311G(d,p) level of theory.  
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5. Conformer-specific heavy-atom tunneling in benzazirines 

This project was done in collaboration with Dr. Joel Mieres Pérez who provided the 

experimental data (summarized in Chapter 5.2.) and preliminary interpretation of this 

tunneling process.[158] Parts of this chapter have recently been submitted as manuscript for 

publication, currently under review. 

5.1. Motivation and background 

Phenylnitrenes (71) are reactive intermediates featuring univalent nitrogens that usually 

exhibit rather robust triplet electronic states, mostly independent from their respective 

substitution patterns.[159] However, as they are born in long-lived open-shell singlet states 

via photolysis of their corresponding precursors (with phenyl azides being most commonly 

used) and only undergo slow intersystem crossing, their complex photochemistry is 

dominated by C–H insertions and ring expansions.[160] Benzazirines (19) and cyclic 

ketenimines (20) constitute two key intermediates of these rearrangements though the 

former can only be detected via matrix isolation IR upon suitable substitution, e. g. with 

two fluorine substituents in o-position.[161]  

 

Scheme 16. Tunneling phenomena on the PES of phenyl nitrenes: Heavy-atom tunneling in the ring 

expansion of benzazirines 19a-d,[26, 27] hydrogen tunneling in 2-formyl phenylnitrene (71c),[162] its (as-of-yet 

unpublished) rearrangement to benzoxazole 70 (upon suitable substitution)[163] and nitrogen tunneling in the 

ring opening of benzazirine 19b, competing with the ring expansion to 20b.[28]   

In 2013, McMahon et al. demonstrated the contribution of heavy-atom tunneling to the ring 

expansion of 4-thiomethyl benzazirine (19a), while for the corresponding 4-methoxy 

derivative this rearrangement could not be observed, which the authors explained by a 

greater barrier height and width (for a re-evaluation of this statement s. Chapter 5.3.).[26] 

Shortly thereafter, the same tunneling process was recorded for (deuterated) 2-formyl 

benzazirine (19c/d)[27] in an extension to the H-tunneling study earlier reported for phenyl 
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nitrene 71c.[162] While the influence of the conformation of the thiomethyl substituent on 

the rearrangement 19a → 20a could not be resolved due to the energetic 

(ΔE ≈ 0.3 kcal mol-1) and spectroscopic similarities of the two conformers,[26] 19c/d could 

only be detected as single conformers respectively,[27] thus precluding any conformational 

dependence. The latter observation presumably results from the strong preference 

(ΔE[B3LYP/6-31G(d)] ≈ 2 kcal mol-1) of a single conformer of nitrene 71c/d with the 

H/D-atom forming an intramolecular hydrogen bond[162] as well as the tendency to cyclize 

towards o-substituents that stabilize adjacent radical centers as e. g. found for cyano  

groups.[164]   

Thus, the first actual opportunity to investigate the conformer-dependence of this ring 

expansion presented itself when Joel Mieres Pérez investigated the photochemistry of 

3-allyloxy phenyl azide in his approach to synthesize organic sextet molecules.[165] To 

simplify its great conformational flexibility he then switched to the study of 

3-methoxyphenyl azide (73a-d) as a model system and also investigated 3,5-difluorophenyl 

azide as reference system that could not exhibit different isomers or conformers at any 

given point of its photochemical/tunneling reaction pathway.[158] His experimental data, 

complemented by partial re-analysis as well as control experiments under use of an IR 

broadband filter, is shortly summarized in the following chapter, before the curious 

conformer-specificity first observed by him will be analyzed, explained and generalized by 

comparison to the aforementioned studies of McMahon et al.[26, 27]        

5.2. Experimental results regarding rearrangement of m-substituted benzazirines 

3-Methoxy phenylazide (73a-d) was deposited with a large excess of argon onto a CsI 

window maintained at 3 K. Its IR deposition spectrum can only be reproduced by assuming 

a mixture of its four most stable conformers; this is in agreement with calculations 

performed at the B3LYP/6-311++G(d,p) level of theory predicting less than 0.3 kcal mol-1 

energy difference between these conformers (s. Table 23).   
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Scheme 17. Photochemistry of 3-methoxyphenyl azide (73) and its isomer 4-methoxyphenyl azide (79). 

Rotamers are denoted as a-d.  

Photolysis of the argon matrix containing 73a-d with λ = 405 nm for 1 h at 3 K resulted in 

the decrease of all IR bands of 73a-d and the appearance of a new set of bands with intense 

absorptions at 1888 and 1728 cm-1 (Figure 19). While the intense band at 1888 cm-1 was 

assigned to the C=C=N cumulenic stretching vibration of ketenimines, based on published 

data for similar species,[160] the weaker band at 1728 cm-1 matches the characteristic C=N 

stretching vibration for previously reported benzazirines regarding position and relative 

intensity.[26, 166]   

The IR spectrum of the mixture of these benzazirines 75/76 and ketenimines 77/78 could 

be deconvoluted by irradiation with different wavelengths, since UV photolysis with 

λ = 254 nm generated 77/78 from 75/76, while irradiation with λ = 450 nm reverted this 

reaction. As with the previous analysis for 73, the corresponding sets of signals assigned to 

75/76 and 77/78 could only be reproduced by considering a mixture of their respective most 

stable conformers, resulting from the positioning of the azirine moiety with respect to the 

methoxy substituent as well as the rotation of the latter group, as highlighted by Figure 17 

and Figure 18. 
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Figure 17. IR spectra highlighting the presence of different conformers of 75/76 in the matrix after initial 

photolysis of 73. a) Experimental IR spectrum as recorded after photolysis of azide 73 with λ = 405 nm for 

1 h at 3 K in an argon matrix; for better comparison, residual intensities of 73 were removed from the spectrum 

via partial subtraction of the deposition spectrum. Peaks marked in green can be unanimously assigned to 76a 

via the experimental difference spectrum recorded for the rearrangement 76a → 78a. b-e) Theoretical spectra 

of 75/76 at the B3LYP/6-311++G(d,p) level of theory. (It should be noted that H2O residues could also 

contribute to the peak at approx. 1606 cm-1.) 

 

Figure 18. IR spectra highlighting the presence of different conformers of 77/78 in the matrix after initial 

photolysis of 73. a) Experimental IR spectrum as recorded after photolysis of azide 73 with λ = 405 nm for 

1 h at 3 K in an argon matrix; for better comparison, residual intensities of 73 were removed from the spectrum 

via partial subtraction of the deposition spectrum. Peaks marked in green and red can be unanimously 

assigned to 76a and 78a, respectively, via the experimental difference spectrum recorded for the 

rearrangement 76a → 78a. b-e) Theoretical spectra of 77/78 at the B3LYP/6-311++G(d,p) level of theory. 

(It should be noted that H2O residues could also contribute to the peak at approx. 1606 cm-1.) 
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After several hours in the dark the IR signals of a benzazirine species decreased in intensity, 

while the bands of a ketenimine increased concomitantly (Figure 19). The observed 

difference spectrum could be exclusively assigned to a single conformer 76a rearranging 

to its corresponding ketenimine 78a due to pronounced differences in the IR spectra of 

75/76 and 77/78 in the regions between 650 and 850 cm-1 as well as 950 and 1200 cm-1. 

Since this rearrangement occurs despite a considerable activation barrier of 4.9 kcal mol-1 

[B3LYP/6-311++G(d,p)], prohibitively high to be overcome thermally at cryogenic 

temperatures, it is interpreted in terms of heavy-atom tunneling like the aforementioned 

findings by McMahon et al.[26, 27]  

 

 

Figure 19. IR difference spectra showing the reaction of 76a to 78a in argon at 3 K in the dark. 

a) Experimental IR difference spectrum obtained after keeping an argon matrix containing 76a/b and 77a/b 

in the dark for 19.1 h at 3 K. Bands pointing upwards assigned to 78a increase in intensity and bands pointing 

downwards assigned to 76a are decreasing. b) Theoretical spectra of 78a (pointing upwards) and 76a 

(pointing downwards) calculated at the B3LYP/6-311++G(d,p) level of theory. 

In a further extension of the motif of the rearrangement of benzazirine → ketenimine, the 

photochemistry of 3,5-difluorophenyl azide was investigated whose symmetrical nature 

prevented the formation of different conformers in the course of its photolysis and could 

thus be used as a control. Indeed, also in this case the rearrangement of benzazirine 

83 → ketenimine 84 could be observed in the dark at cryogenic temperatures despite a 
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similarly inhibitive calculated activation barrier of 4.7 kcal mol-1 [B3LYP/6-311++G(d,p)], 

after having generated these species from photolysis of matrix-isolated 3,5-difluorophenyl 

azide with λ = 405 nm.  

 

Figure 20. IR difference spectra showing the reaction of 83 to 84 in argon at 8 K in the dark. a) Experimental 

IR difference spectrum obtained after keeping an argon matrix containing 83 in the dark for 40.2 h at 8 K. 

Bands pointing upwards assigned to 84 increase in intensity and bands pointing downwards assigned to 83 

are decreasing. b) Theoretical spectra of 84 (pointing upwards) and 83 (pointing downwards) calculated at 

the B3LYP/6-311++G(d,p) level of theory. 

As further proof for the contribution of heavy-atom tunneling to these two rearrangements, 

their temperature-dependence was studied via performing the aforementioned fit of 

dispersive kinetics to the decreasing intensities at 1407 (78a)/1382 cm-1 (83) as well as 

increasing intensities of 1889 (76a)/1888 cm-1 (84). Both reactions featured the lack of rate 

acceleration despite drastic increases in the absolute temperature that is characteristic for 

tunneling processes; in correction to the former analysis by Mieres Pérez,[158] the 

rearrangement of 76a → 78a did not exhibit the doubling in reaction rate for T ≥ 20 K upon 

re-evaluation. 
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Table 21. Rate constants as fitted to equation 5 with β = 0.6 (76a → 78a)/0.8 (83 → 84) for the ring 

expansions of 76a/83 as well as corresponding (apparent) half-lives measured at different temperatures. 

T / K 
76a → 78a 83 → 84 

k / 10-4 s-1 τapp / h tfinal / h k / 10-6 s-1 τapp / h tfinal / h 

3 
1.13 

(1.07 

± 

± 
0.020.02 

1.4 

1.3 

19.1 

20.6)a 
7.20 ± 0.7 24.4 48.0 

8 1.54 ± 0.03 1.0 20.5 4.70 ± 0.08 37.4 40.2 

15 1.94 ± 0.05 0.8 18.6 5.22 ± 0.03 33.7 56.0 

20 1.06 ± 0.04 1.4 15.3 5.71 ± 0.06 30.8 38.9 

25 1.01 ± 0.08 1.5 11.5 not measured 

a: Performed using a filter with a cutoff of ν̃  > 2000 cm−1. 

 

5.3. Computational analysis 

5.3.1. Tunneling probabilities 

Having summarized as well as partially re-evaluated the experimental results obtained by 

Mieres Pérez, the question arises why only one specific benzazirine isomer (76a) could be 

observed to rearrange in the dark, i. e. via heavy-atom tunneling, despite the detection of 

multiple, if not all, isomers after photolysis of the precursor 73. This conformer-specificity 

deserves further analysis as well as comparison with the benzazirine expansions by 

tunneling having already been reported by McMahon et al.[26, 27]  

For a start, the calculated reaction paths for the rearrangement of the four potential isomers 

75a/b and 76a/b shall be compared (s. Figure 21). First, all of the considered reactions are 

calculated to be exothermic with the exception of the ring expansion 75a → 77a whose 

slight endothermicity immediately disqualifies it for a tunneling process as this would 

otherwise violate the conservation of energy (if tunneling was to occur from the vibrational 

ground state).[13, 167] Second, as a result of the increase in exothermicity in this series of 

reactions (i. e. from the rearrangement of 75a to the one of 76b) the transition states become 

structurally more similar to the respective starting materials, thus obeying Hammond’s 

postulate.[168] Moreover, the corollary to this postulate, stating that reactions with earlier 

transition states exhibit smaller as well as narrower activation barriers and thus greater 

propensities for tunneling contributions, also holds true here (also s. Chapter 6.1.).[14, 169]       
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Figure 21. Reaction coordinates along the C1–C2 distance for the ring expansions of benzazirines 75a/b and 

76a/b, as calculated at the B3LYP/6-311++G(d,p) level of theory; all energies are given as relative to the 

respective benzazirine species. 

 

Figure 22. Reaction coordinates along the C1–C2 distance for the ring expansions of benzazirines 81a/b and 

19a’/a’’, as calculated at the B3LYP/6-311++G(d,p) level of theory; all energies are given as relative to the 

respective benzazirine species. It should be noted that neither of the IRC calculations performed for 19a’/a’’ 

fully converged to the local minima on their respective potential energy surfaces (as discussed in more detail 

below); thus, the structures depicted for them here shall be considered as visualization aids/approximate 

assignments.  
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In order to generalize the influence of different conformers on the reaction paths and thus 

tunneling processes of different benzazirines, the calculated reaction coordinates for the 

rearrangements of 19a’/a’’ as well as 81a/b were also compared (s. Figure 22). While the 

ring expansions of methoxy-substituted 81a/b → 82a/b exhibit an even greater 

conformer-dependency than the respective conformer pairs juxtaposed in Figure 21, the 

energetic differences in the reaction paths approximately assigned (as explained in more 

detail below) to 19a’/a’’ → 20a’/a’’ are much smaller. Surprisingly, the latter IRCs closely 

resemble the one for 81b → 82b even though the tunneling process was experimentally 

only observed for the thiomethyl derivatives by McMahon et al. despite also having 

investigated the photochemistry (and potential subsequent reactions) of 81a/b and 

82a/b.[26] To quantify the respective relative tunneling probabilities of the different 

benzazirines, equation 4 was once more applied as a rough estimate (compare Chapter 

4.2.1.) as well as the “tunneling limit” introduced by Kozuch[14] which acts as a means to 

assess the chance of spectroscopically observing any given heavy-atom tunneling process 

(equation 10).  

𝑇𝐿 = 𝑤√𝑚𝐸𝐴   eq. 10 

Table 22. Tunneling probabilities for the ring expansion of selected benzazirines as a function of barrier 

height (EA) and width (FWHH). 

Reaction 
EA

 

/ kcal mol-1 

FWHH / 

Å 
TL Prel kexp / s

-1 

75b → 77b 7.6 0.41 3.9 2.1∙10-6 - 

76a → 78a 4.9 0.28 2.1 1 1∙10-4 

76b → 78b 2.4 0.21 1.1 1.6∙103 - 

83 → 84 4.7 0.34 2.5 5.6∙10-2 7∙10-6 

19c/d → 20c/d[27] 3.8 0.32 
2.1 

(3.0 

9.4∙10-1 

1.6∙10-3)a 
7∙10-7 

19a’ → 20a’[26] 3.1 0.25 1.5 6.8∙101 
1.5∙10-5 

19a’’ → 20a’’ 3.4 0.29 1.8 8.1 

81a → 82a 6.4 0.35 3.1 7.6∙10-5 - 

81b → 82b 3.5 0.25 1.8 5.6∙102 - 

parent 3.1 0.29 1.7 1.6∙101 - 

a: For m = 24 g mol-1 to account for movement of o-substituent during tunnelling. 
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A great number of different insights and general concepts can be gained from Table 22: 

First, all of the potential tunneling pathways that fall into the spectroscopic window defined 

by Kozuch of approx. 2 ≤ TL ≤ 2.6 are indeed observed experimentally while all of the 

reactions outside of this range cannot be detected with the notable exception of the 

thiomethyl-substituted 19a’/a’’ → 20a’/a’’. For the benzazirines investigated by Mieres 

Pérez[158] this analysis leads to the conclusion that the rearrangements which could not be 

recorded proceed either too slow (75b → 77b) or too fast (76b → 78b) to be observed 

within typical experimental timeframes, in agreement with the detection of 75b, 77b and 

78b in the experimental spectra after photolysis (s. Figure 17 and Figure 18). Similarly, the 

predictions that 81b as well as the parent benzazirine should rearrange rapidly due to 

tunneling nicely fit the experimental data indicating the failed detection of either of them 

upon photolysis of their respective ketenimines.[26, 160] Moreover, the other 

methoxy-substituted conformer 81a whose significantly higher barrier prevents facile 

tunneling was indeed detected by McMahon et al. (in contrast to its labile counterpart 81b). 

Second, the relative tunneling probabilities should directly translate to the experimentally 

observed rate constants assuming that all benzazirines strike the barrier at roughly the same 

frequency (e. g. a typical C–C stretching frequency of approx. 1000 cm-1; compare 

Chapter 4.2.1.). This approximation results in an astonishingly good match for the 

rearrangement of difluoro-substituted 83, presumably due to fortuitous error-cancelling, 

but overestimates the tunneling rate of formyl-substituted 19c/d by several orders of 

magnitude. However, this error can be readily ameliorated if one tries to account for the 

greater mass of the tunneling determining atom(s),[14] i. e. carbon(s) C1/C2 (due to it no 

longer carrying a hydrogen substituent, but a formyl group), which greatly diminishes the 

projected tunneling probability. A more puzzling deviation from the aforementioned 

predicted tunneling rates can be found for the two thiomethyl derivatives 19a’/a’’: Both 

conformers are expected to undergo more rapid tunneling rearrangements than the 

reference reaction 76a → 78a by at least one order of magnitude, despite their 

experimentally observed rate constant (which could not be resolved regarding the 

contribution of individual conformers) being diminished by roughly the same factor. This 

deviation likely indicates aberrant tunneling paths with increases in either the heights 

and/or the widths of the barriers and a subsequent drop in tunneling probabilities since, 

unlike the case of 19c/d, the tunneling masses should not substantially differ from the 

reference system 76a.    
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5.3.2. Origin of conformer-specific tunneling in methoxy-substituted benzazirines 

To substantiate the claim about the tunneling pathways of 19a’/a’’ qualitatively differing 

from the ones of the methoxy-derivatives as well as to further investigate the conformer-

specificity of the latter ones, potential energy surface calculations were chosen as valuable 

tools. Scanning these surfaces along the C1–C2 distance as an approximate reaction 

coordinate as well as the dihedral angle between the benzazirine/ketenimine moiety and the 

respective thiomethyl/methoxy substituent resulted in the heatmaps depicted below.  

Comparing Figure 23 and Figure 24, one immediately realizes that the differences in 

exothermicity in each of the rearrangements 75/76 → 77/78 stem from the fact that the 

corresponding reaction pathways roughly maintain dihedral angles of φ1/2 ≈ 0°/180°, 

respectively, and connect the less stable conformer of any given benzazirine to the 

thermodynamically preferred ketenimine and vice versa. Noticeably, the only structure 

strongly deviating from this planar arrangement stems from the solitary endothermic 

reaction path, 75a → 77a, which results in ketenimine 77a being aligned out-of-plane (oop) 

with a dihedral angle of φ ≈ - 65°.  

 
Figure 23. Heatmap depicting the potential energy surface as well as the internal reaction coordinate for the 

ring expansions 75a/b → 77a/b [B3LYP-6-311++G(d,p)]. 
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Figure 24. Heatmap depicting the potential energy surface as well as the internal reaction coordinate for the 

ring expansions 76a/b → 78a/b [B3LYP-6-311++G(d,p)]. 

 
Figure 25. Heatmap depicting the potential energy surface as well as the internal reaction coordinate for the 

ring expansions 81a/b → 82a/b [B3LYP-6-311++G(d,p)]. 
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Figure 26. Heatmap depicting the potential energy surface as well as the internal reaction coordinate for the 

ring expansions 19a’/a’’ → 20a’/a’’ [B3LYP-6-311++G(d,p)].  

This pattern of reaction pathways connecting less stable benzazirine rotamers to 

thermodynamically preferred ketenimine rotamers continues for the 4-methoxy 

benzazirines 81a/b investigated by McMahon et al. though again the less endothermic path 

leads to an out-of-plane conformer with a dihedral angle of φ ≈ - 61° (s. Figure 25). 

However, the potential energy surface for the higher homologues 19a’/a’’ noticeably 

differs: While two distinct transition states can be detected with φ1 ≈ 113° and φ2 ≈ - 57° 

(and used as starting points for the IRC calculations), they connect three potential 

benzazirine rotamers (φA ≈ 180°, φB ≈ 78° and φC ≈ - 61°) to three distinct ketenimine 

rotamers (φD ≈ 123°, φE ≈ - 7° and φF ≈ - 111°). As easily recognizable from these values, 

the first transition state intermediates between benzazirine rotamers A and B and 

ketenimine rotamer D, with the residual conformers being connected by the second 

transition state (hence the tentative characterization of the virtual reaction pathways as 

19a’/a’’ → 20a’/a’’). As a consequence, no rearrangement on this surface can proceed 

under retention of the dihedral angle, necessitating either a diagonal tunneling pathway 

with greater barrier height and width (for 19a’ → 20a’) or a thermal relaxation into either 

potential energy minimum, i. e. ketenimine conformer (for 19a’’ → 20a’’). In the first of 
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these cases, the calculated reaction pathway has to be rather strongly modified to account 

for the actual tunneling path, thus verifying the claim stated above about the IRCs for 19a’ 

→ 20a’ incorrectly representing this rearrangement. The decrease in tunneling probability 

and subsequent deceleration of this tunneling process that follows from the aforementioned 

modifications should shift it into the spectroscopic window and enable its detection under 

matrix isolation conditions, in line with the actual experimental observation reported by 

McMahon et al. [though it could not be resolved which one(s) of the three possible 

benzazirine conformers undergo the tunneling rarrangement].[26] 

Another important insight from those heatmaps is the fact that the rotational barriers of 

EA > 2 kcal mol-1 between the most stable conformers of benzazirines 75/76 as well as 

ketenimines 77/78 should be thermally insurmountable under cryogenic conditions.[170] 

However, the isomerization of 81b → 81a affords much less activation energy of 

EA < 0.5 kcal mol-1, making it feasible despite the ultracold temperatures.[26] Likewise, 

rotamerizations on the potential energy surface of NC6H4SCH3 (depicted in Figure 26) 

feature noticeably lower barriers (EA < 2 kcal mol-1) and smaller energetic differences 

between the different conformers (ΔE < 0.5 kcal mol-1).  

 

Scheme 18. Comparison of the calculated energetic differences of the respective rotameric pairs of 

benzazirines 75a/b and 76a/b as well as ketenimines 77a/b and 78a/b with the ones observed[171] and 

calculated for methyl vinyl ether (85a/b). For the latter, the dominant electronic interaction, the nO → π*C=C 

donation, has been depicted.[172]  

Having realized that for the methoxy-substituted benzazirines 75a/b, 76a/b and 81a/b the 

conformational preference inverts upon rearrangement, the underlying origin of this 



 

85 

inversion should be investigated. Since this rearrangement proceeds via a [3,3]-sigmatropic 

bond shift, the orientation of the methoxy group with respect to the adjacent C=C double 

bond changes by 180° during the course of the reaction despite retention of the dihedral 

angle φ (s. Scheme 18). It was found to be instructive to compare the respective energy 

difference in these benzazirines and ketenimines to the extensively studied model system 

methyl vinyl ether (85a/b). Indeed, their energy separations mirror the one experimentally 

determined for the latter one within the limits of chemical accuracy, i. e. ± 1 kcal mol-1. As 

additional evidence, these energetic differences become more pronounced with increasing 

bond localization, from less than 0.3 kcal mol-1 in the phenyl azides 73a/b to more than 

1 kcal mol-1 in the benzazirines 75/76 and ketenimines 77/78, with the early transition states 

exhibiting energetic differences close to the ones of benzazirines 75/76, albeit smaller due 

to the greater extent of bond delocalization (s. Table 23). However, as all of these energetic 

differences fall within the aforementioned error margin of quantum chemical calculations, 

this correlation should not be overinterpreted.  

Table 23. Relative energies of all species relevant to the photochemistry of azides 73a-c as well as subsequent 

tunneling pathways, as calculated at the B3LYP/6-311++G(d,p) level of theory.  

Azides 

    

Erel 

/ kcal mol-1 
0.2 0.3 0 0.2 

µtot / D 3.40 1.53 1.79 3.43 

Triplet 

nitrenes 

  

Erel  

/ kcal mol-1 
1.1 0 

µtot / D 4.67 2.75 
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Benz- 

azirines 

    

Erel 

/ kcal mol-1 
0 1.1 1.5 5.0 

µtot / D 3.84 1.70 3.53 3.97 

Transition 

states 

    

Erel 

/ kcal mol-1 
0.8 1.2 0 0.8 

µtot / D 3.44 1.81 2.95 3.16 

Ketenimine

s 

    

Erel 

/ kcal mol-1 
7.1 5.3 1.1 0 

µtot / D 3.18 2.08 2.54 3.15 

The cause of the stabilization of the sterically more congested syn-conformation in 75a has 

been debated by computational chemists[173] with Bond and Schleyer providing the most 

extensive discussion of the effects at play.[174] They stressed the importance of the 

minimization of the molecular dipole moment and the increase in conjugation of the oxygen 

perpendicular lone pair with the double bond. The former concept cannot be confirmed in 

the case of 75/76 and 77/78, as e. g. 75b exhibits the smallest dipole moment of all 

investigated benzazirine conformers but is not the most thermodynamically stable one. The 

lack of correlation of the dipole moment with the energetic preference in this series 

presumably stems from the non-planarity of the benzazirine as well as ketenimine species 

investigated here, especially due to the interference of the strongly polarized C=N bond 

pointing out of the plane described by the positions of the C=C double bond and adjacent 

methoxy moiety.   



 

87 

However, the other explanation given by Bond and Schleyer, i. e. the stronger conjugation 

of the p-type oxygen lone pair with the double bond in the syn-conformation, has 

meanwhile been recognized as a major driving force in stereoelectronics[172, 175, 176] and 

seems to also apply to the energetic preferences in benzazirines 75/76/81 and ketenimines 

77/78/82: Indeed, the polarization of the C=C bond that Bond and Schleyer showed via 

natural charge analysis for MVE can be nicely reproduced for the benzazirines and 

ketenimines (s. Table 24). In all cases, the conjugation can be shown by a greater 

negative/positive charge at C1/C2, respectively, as well as a diminished negative charge at 

O, whose extents are lessening depending on the alignment of the oxygen’s lone pair with 

the π-system in the order syn > anti > out-of-plane (oop). As an additional straightforward 

indicator, the C–O distance is noticeably shortened in the syn-conformers when compared 

to their anti-/oop-counterparts. As a side note, the preference of the oop-conformation for 

77a might be explained by the presence of the nitrogen atom as an alternative π-donor for 

this alkene moiety since it is well-known that the oop-conformation converts the OMe 

group to a hyperconjugative σ-acceptor.[176] However, the reason for the deviation of 82a 

from a planar alignment cannot be confidently stated. 

Analysing the same properties, i. e. natural charges as well as C–X bond distances, for the 

thiomethyl benzazirines and ketenimines as higher homologues of 81 and 82 (s. Table 25), 

results in a very similar picture than the one gained from Table 24. In fact, the difference 

in the natural charges at C1, C2 and S (which is positive due to the diminished 

electronegativity compared to O) as well as in the C-S bond distances are calculated to be 

even greater between the respective syn- and oop-conformations. It has been shown by 

Schleyer et al.[177] that the efficiency of π-donation does not significantly decrease for 

heavier elements with respect to their second-row counterparts. Meanwhile, the σ-acceptor 

ability of sulfur exceeds the one of oxygen,[175] thus leading to the preference of the 

oop-conformation as opposed to the anti-conformation in (most) methoxy derivatives.   
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Table 24. Natural charges in the conformers of methyl vinyl ether (85a/b), benzazirines 75/76 and 

ketenimines 77/78. The nomenclature of 85a/b is applied, i. e. C2 bears a methoxy group and engages in a 

double bond with C1.  

Species 
Molecule 

(conformation, φ) 
C1 C2 O ΔC2-O / Å 

 

85a (syn) - 0.51 0.16 - 0.55 1.355 

85b (anti) - 0.45 0.14 - 0.56 1.361 

 

75a (syn) - 0.36 0.36 - 0.52 1.350 

75b (anti) - 0.31 0.36 - 0.54 1.355 

 

76a (syn) - 0.38 0.36 - 0.53 1.354 

76b (anti) - 0.32 0.35 - 0.54 1.360 

 

77a (oop, - 65°) - 0.01 0.25 - 0.57 1.381 

77b (syn) - 0.08 0.28 - 0.54 1.369 

 

78a (anti) - 0.28 0.37 - 0.53 1.358 

78b (syn) - 0.33 0.38 - 0.53 1.353 

 

81a (syn) - 0.30 0.30 - 0.54 1.365 

81b (anti) - 0.23 0.29 - 0.55 1.371 

 

82a (oop, 124°) - 0.20 0.30 - 0.58 1.379 

82b (syn) - 0.27 0.32 - 0.54 1.367 

 

It seems self-evident that these changes in the stereoelectronic effects should result in an 

overall reduced energy gap between the potential conformers of thiomethyl benzazirines 

19a, in agreement with the potential energy surface depicted in Figure 26. This conclusion 

is also supported by the smaller ΔEcalc = 1.0 kcal mol-1 [B3LYP/6-311++G(d,p)] calculated 

for methyl vinyl sulfide (86a/b) compared to ΔEcalc = 2.0 kcal mol-1 for methyl vinyl ether 

(85a/b) at the same level of theory. However, it should be noted that the experimental 
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verification of this energy difference in the parent compound 85a/b has been confounded 

by highly diverging results, ranging from 0 to 2.3 kcal mol-1,[178] with gas-phase microwave 

spectroscopy providing very similar values both for ether 85a/b [ΔEexp = (1.15 ± 0.25) kcal 

mol-1][171] and sulfide 86a/b [ΔEexp = (1.20 ± 0.07) kcal mol-1].[179]  

Table 25. Natural charges in the conformers of methyl vinyl sulfide (86a/b), thiomethyl benzazirine 

conformers A-C and corresponding ketenimines D-F (according to Figure 26). The nomenclature of 86a/b is 

applied, i. e. C2 bears a thiomethyl group and engages in a double bond with C1.  

Species 
Molecule 

(conformation, φ) 
C1 C2 S ΔC2-S / Å 

 

86a (syn) - 0.53 - 0.59 0.67 1.760 

86b (oop, 153°) - 0.42 - 0.59 0.63 1.770 

 

A (syn) - 0.23 - 0.20 0.28 1.781 

B (oop, 78°) - 0.16 - 0.22 0.20 1.797 

C (oop, - 61°) - 0.17 - 0.22 0.23 1.794 

 

D (oop, 123°) - 0.15 - 0.19 0.22 1.798 

E (syn) - 0.21 - 0.18 0.28 1.786 

F (oop, - 111°) - 0.14 - 0.19 0.22 1.805 

 

5.4. Outlook 

All in all, the abstraction of the structurally complex thiomethyl/methoxy-substituted 

benzazirines 75/76/81/19a and ketenimines 77/78/82/20a to the (computationally as well 

as experimentally) extensively studied model compounds 85 and 86 greatly contribute to 

understand the underlying stereoelectronic principles of their conformational preferences. 

The way that these preferences shift in the course of the ring expansions, due to their 

accompanying [3,3]-bond shifts, shapes the exothermicity and consequently tunneling 

probability of these reactions. It could also be shown that these analyses allow for 

retrospective rationalization of formerly unexplained phenomena like the non-

observation[26] of rapidly tunneling benzazirine 81b or the elusiveness of the parent 

benzazirine in matrix isolation studies.[160]  

At the same time, the reliability of the semi-qualitative estimation of tunneling 

probabilities, as also highlighted in the study of semibullvalenes (s. Chapter 4.2.1.), could 
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again be demonstrated by correctly predicting the relative tunneling probabilities of related 

benzazirine expansions. Motivated by these successful predictions, a large-scale 

computational effort was undertaken in cooperation with Dr. Stefan Henkel to predict the 

potential observation of a wide range of benzazirines for ring expansion via heavy-atom 

tunneling, whose results are depicted in Table 26. Slight differences in the tunneling limit 

with regards to the ones reported in Table 22 stem from the change in the level of theory 

as well as deviations in the treatment of the tunneling coordinate, i. e. assuming a higher 

tunneling mass (m = 24 g mol-1) but narrower barrier widths, to account for R1 substituents 

consistently within this study.  

Table 26. Comparison of barrier height EA and width FWHH, calculated at the B3LYP/6-31G(d,p) level of 

theory, as well as tunneling limit[14] TL as a function of different substitution patterns of the benzazirine 

moiety. According to Kozuch’s estimate for the observabilitiy of tunneling reactions (under matrix isolation 

conditions), the reactions are marked in red (TL < 2; too fast), black (2 ≤ TL ≤ 2.6; potentially observable) or 

blue (TL > 2.6; too slow).   

 

EA / 

kcal 

mol-1 

FWHH / 

Å 
TL  

EA / 

kcal 

mol-1
 

FWHH 

/ Å 
TL 

R1/2/3/4/5 = H 

(parent) 
4.7 0.18 1.9     

R1 = CF3 6.1 0.17 2.1 R2 = CF3 6.1 0.24 2.9 

R1 = CH3 3.7 0.17 1.6 R2 = CH3 6.5 0.23 2.8 

R1 = CHO ↑ (19c) 5.0 0.22 2.4 R2 = CHO ↑ 4.5 0.19 2.0 

R1 = CHO ↓ 3.0 0.17 1.4 R2 = CHO ↓ 5.1 0.20 2.3 

R1 = Cl 5.2 0.20 2.3 R2 = Cl 6.5 0.23 2.8 

R1 = F 4.1 0.17 1.7 R2 = F 6.9 0.22 2.9 

R1 = NMe2 did not converge R2 = NMe2 10.8 0.32 5.2 

R1 = NO2 6.4 0.24 3.0 R2 = NO2 5.7 0.22 2.6 

R1 = OH ↑ 1.4 0.11 0.7 R2 = OH ↑ 7.8 0.25 3.4 

R1 = OH ↓ 1.2 0.10 0.5 R2 = OH ↓ 8.1 0.24 3.4 
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R1 = OMe ↑ 2.0 0.14 1.0 
R2 = OMe ↑ 

(75a) 
9.3 0.28 4.3 

R1 = OMe ↓ 1.7 0.12 0.8 
R2 = OMe ↓ 

(75b) 
7.8 0.24 3.3 

R3 = CF3 4.1 0.18 1.8 R4 = CF3 4.3 0.18 1.8 

R3 = CH3 5.4 0.19 2.2 R4 = CH3 5.1 0.18 2.0 

R3 = CHO ↑ 4.1 0.15 1.5 R4 = CHO ↑ 4.4 0.18 1.9 

R3 = CHO ↓ 2.4 0.14 1.1 R4 = CHO ↓ 2.9 0.15 1.3 

R3 = Cl 5.0 0.18 2.0 R4 = Cl 4.2 0.17 1.7 

R3 = F 5.7 0.19 2.2 R4 = F 4.6 0.16 1.7 

R3 = NMe2 6.1 0.19 2.3 R4 = NMe2 5.0 0.17 1.9 

R3 = NO2 2.9 0.15 1.3 R4 = NO2 3.3 0.15 1.3 

R3 = OH ↑ 5.6 0.18 2.1 R4 = OH ↑ 4.5 0.16 1.7 

R3 = OH ↓ 7.3 0.21 2.7 R4 = OH ↓ 5.6 0.18 2.1 

R3 = OMe ↑ (81a) 4.8 0.17 1.8 
R4 = OMe ↑ 

(76b) 
3.8 0.15 1.4 

R3 = OMe ↓ (81b) 8.1 0.22 3.1 
R4 = OMe ↓ 

(76a) 
6.4 0.19 2.4 

R5 = CF3 4.7 0.19 2.0 R5 = NMe2 11.4 0.31 5.2 

R5 = CH3 6.5 0.22 2.7 R5 = NO2 3.6 0.17 1.6 

R5 = CHO ↑ 3.0 0.16 1.3 R5 = OH ↑ 9.6 0.25 3.8 

R5 = CHO ↓ 3.8 0.18 1.7 R5 = OH ↓ 9.3 0.25 3.7 

R5 = Cl 6.5 0.21 2.6 R5 = OMe ↑ 10.8 0.28 4.5 

R5 = F 8.1 0.23 3.2 R5 = OMe ↓ 9.2 0.24 3.6 

Table 26 allows to discuss some general trends: First, electron-withdrawing substituents as 

either R3 or R5 result in diminished barrier heights. It has been hypothesized by Cramer et 

al.[180] that this phenomenon can be rationalized by resonance structures of the ketenimine 
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that allocate a negative charge to the carbons carrying those substituents (s. Scheme 19). 

Their greater stability causes an increase in overall exothermicity for the corresponding 

ring expansions, thus lowering the activation energies in accordance with the 

aforementioned corollary to Hammond’s Postulate;[168] these smaller activation energies 

are also accompanied by diminished barrier widths, as has been demonstrated before (s. 

Chapter 5.3.1.). Second, for the substituent R1 this pattern inverts which indicates that 

positive charge is built-up at the adjacent carbon during the reaction. It should be noted, 

however, that this effect as well as the aforementioned ones are only weakly correlated with 

the corresponding Hammett parameters.[180] Third, the interference of stereoelectronic 

effects governing conformational preferences like the one discussed in Chapter 5.3.2. can 

be seen in the noticeably different tunneling probabilities in the calculations of nearly all 

substituents that enable distinguishable conformers.   

 

Scheme 19. Resonance structures of a generic cyclic didehydroazepine. 

Overall, several as-of-yet unreported examples for the tunneling contribution to ring 

expansions of benzazirines can be derived from Table 26 that might warrant experimental 

verification. In general, it can reasonably be expected that the concepts developed in these 

computational studies will be of significant help when investigating any ring expansion 

under [3,3]-bond shift. One potential application might be the rational design of a 

cyclopropene 89 whose rearrangement into an allene 90 could be sufficiently slowed down 

to be detectable. While these species have often been proposed as intermediates in the 

photolysis of diazo compounds 87 and subsequent formation of aryl carbenes 88 like the 

azulenyl carbenes,[181] their rearrangement via heavy-atom tunneling has not been detected 

so far and could thus be a worthwhile object of study.  

 

Scheme 20. Potentially observable ring expansion of cyclopropenes 89 via heavy-atom tunneling.   
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6. Heavy-atom tunneling in the ring opening of cyclopropylcarbinyl radical  

6.1. Motivation and background 

The rapid ring opening of cyclopropylcarbinyl radical (7) to 3-buten-1-yl radical (83) has 

been extensively investigated in the past since it is frequently used as a radical clock for 

other reactions involving free radicals.[182] In 2008, Borden et al. proposed, based on SCT 

calculations, that the rate of this intramolecular rearrangement contained a large 

contribution from heavy-atom tunneling and suggested (matrix isolation) experiments to 

test this prediction.[183] Unfortunately, early attempts from our group seemed to indicate 

butadiene (63) as the only product in the photolysis of (iodomethyl)cyclopropane (45), as 

recounted by Borden in his review of theoretical and experimental records of carbon 

tunneling.[20] This observation was attributed to a hydrogen abstraction by the iodine atom 

trapped within the same matrix cage, following the initial photolytic cleavage of the C–I 

bond and the rapid rearrangement of the intermediary cyclopropylcarbinyl radical (7’), 

though this potential mechanism could not be proven (s. Scheme 21).  

 

Scheme 21. Comparison between results from the Singleton group[25] (left) and our lab (right).[20] Borden did 

not relate the conformation of 63 as either s-cis or s-trans.   

In 2010, Singleton et al. were able to successfully prove the contribution of heavy-atom 

tunneling in the ring opening of 7 by investigating its 12C/13C kinetic isotope effect 

(KIE).[25] While the extraordinarily large KIEs found as well as the curvature of the 

Arrhenius plot of these KIEs provided conclusive evidence for a tunneling contribution to 

this reaction, the investigation could only provide a static picture from determining the 

isotope distribution in the product. However, a dynamic view via studying the reaction’s 

kinetics is still missing and would be the only way to prove two other predictions by Borden 

et al. connected to this rearrangement: 
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Based on further SCT studies, they concluded that H/D substitution at C1, i. e. the radical 

center of 7, would result in a threefold increase in the reaction rate of the ring opening of 

93, thus in an unusual large, but inverse KIE.[184] They explained this by a change in the 

activation barrier height upon substitution which, though comparatively small with only 

approx. 0.2 kcal mol-1, suffices to accelerate the reaction noticeably at cryogenic 

temperatures where it is governed by QMT. Another surprising increase in the reaction rate 

would be detected upon substituting the methylene moiety at C3 by a C(CH3)2 group.[169] 

This effect, though counterintuitive due to the increased tunneling mass, was attributed by 

Borden et al. to the greater exothermicity in this rearrangement: As a corollary to 

Hammond’s postulate,[168] the more exothermic a reaction, the narrower its barrier should 

be; thus, the more stabilized tertiary radical 96 would be formed faster via tunneling 

through its narrower barrier when compared to the unsubstituted parent molecule 8.  

 

Scheme 22. Predictions by Borden et al. regarding the tunneling rearrangement of substituted 

cyclopropylcarbinyl radicals 7/93/95.[169, 184] 

Experimental verifications of these interesting predictions would demonstrate some 

fundamental principles of heavy-atom tunneling, though few spectroscopic techniques can 

probe kinetics of rearrangements of reactive intermediates at cryogenic temperatures, chief 

among them the matrix-isolation spectroscopy. For the photolytic cleavage of C–I bonds 

p-H2 has been established as an excellent matrix material[133, 185] since its softness allows 

for the diffusion of iodine radicals and thus prevents the rapid recombination of radical 

pairs (s. Chapter 2.1.). Matrix experiments employing p-H2, recently having been made 

available as an experimental tool in our group,[158, 186] should thus circumvent the problems 

faced during the initial attempts to investigate the photochemistry of 

(iodomethyl)cyclopropane (45; s. Scheme 21).[20]  Radical 7 should be isolable in a p-H2 

matrix because the bond dissociation energy of the cyclopropyl CH2–H bond (98.5 kcal 

mol-1)[187] lies well below the one of H–H (104 kcal mol-1),[188] thermodynamically 

preventing the occurrence of H–H cleavage during the planned experiments. Also pyrolysis 

as a potential way to cleanly generate radical 7 should be attempted as Schreiner et al. had 

proven the benefit of pyrolysis in studying reactive species undergoing rearrangement via 

QMT.[38, 189, 190]  
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6.2. Photolysis experiments 

Commercially available (iodomethyl)cyclopropane (45) was deposited from - 50 °C in a 

p-H2 matrix at 3 K and its identity could be confirmed by comparison to its quantum 

chemically calculated spectrum [B3LYP/def2-TZVP]. In agreement with earlier 

experimental investigations, 45 was found to adopt a gauche-conformation (regarding the 

position of the iodine substituent with respect to the cyclopropyl ring) as its cis-conformer 

had been determined by Raman spectroscopy to be at least 2.3 kcal mol-1 higher in 

energy[191] and thus does not contribute to its IR spectrum at the deposition temperature. 

However, this comparison also revealed an impurity which could be later identified and 

quantified as approx. 20% of iodocyclobutane (97) by NMR analysis (s. Chapter 3.3.). In 

analogy to the aforementioned conformational analysis for 45, compound 97 was found to 

significantly prefer the conformer in which the bulky iodine substituent adopts the 

equatorial position (97a). The axial conformer (97b) lies higher in energy by 

ΔE ≈ 1.6 kcal mol-1 [B3LYP/def2-TZVP] in keeping with the general trend experimentally 

determined for monosubstituted cyclobutanes.[192] Indeed, the deposition spectrum of the 

commercially obtained sample can thus be reproduced by assuming a mixture of approx. 

80% of 45 and 20% of 97a, which is consistent with the NMR analysis. Only the peak at 

923 cm-1 cannot be confidently assigned to any of the species discussed above and 

presumably stems from another trace impurity as it does not exhibit any photochemistry 

upon irradiation with λ = 254 nm (s. Figure 28). Despite these complications, the 

experiment was continued to test for the potential photolytic generation of 

cyclopropylcarbinyl radical (7) and its rearrangement via QMT.  
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Figure 27. Deposition spectrum of (iodomethyl)cyclopropane (45). a-b) Theoretical IR spectra of 

iodocyclobutane conformers with iodine substituent in either equatorial (97a, marked in blue) or axial 

position (97b, marked in red) calculated at the B3LYP/def2-TZVP level of theory. c) Theoretical IR spectrum 

of 45 in its gauche-conformation calculated at the B3LYP/def2-TZVP level of theory. d) IR deposition 

spectrum of a commercial sample of 45 in a p-H2 matrix at 3 K.  

Indeed, irradiation with λ = 254 nm for 45 min resulted in the decrease of signals assigned 

to 45 (as well as signals belonging to 97a) and in the detection of a new set of signals. 

Prolonged irradiation did not result in any further changes, but in a visible color change of 

the matrix to pale yellow, which can be rationalized as the formation of I2 in the upper 

layers of the p-H2 matrix due to its great softness. Since molecular iodine is known to 

absorb UV irradiation, backside irradiation was employed which indeed resulted in the 

same changes seen during the initial photolysis, further supporting this hypothesis. To 

avoid any false assignment due to the iodocyclobutane (97a) impurity which could equally 

cleave off an iodine atom under the irradiation conditions, freshly prepared, pure 45 was 

irradiated under the same conditions in an argon matrix. Though argon matrices at 3 K are 

much more rigid than p-H2 matrices and therefore might cause instantaneous recombination 

of any radicals being formed in the same matrix cage upon photolysis, a nearly identical IR 

difference spectrum could be obtained, albeit in much lower intensity; the small differences 

in frequencies can be attributed to subtle interactions with the different matrix material.  
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Figure 28. Photolysis of (iodomethyl)cyclopropane (45). a) IR deposition spectrum of 45 and 97a in a p-H2 

matrix at 3 K. Asterisks mark signals assigned to impurities, predominantly 97a (s. Figure 27). b) 

Experimental IR difference spectrum obtained upon irradiation of a p-H2 matrix containing 45 (as well as 

approx. 20% of iodocyclobutane as impurity) with λ = 254 nm for 45 min at 3 K. c) Experimental IR 

difference spectrum obtained upon irradiation of an argon matrix containing 45 with λ = 254 nm for 1 h at 9 

K. d-f) Theoretical IR spectra of the gauche-conformer (8a, marked in blue) and cis-conformer (8b, marked 

in red) of 3-buten-1-yl radical (8) as well as of cyclopropylcarbinyl radical (7) calculated at the B3LYP/def2-

TZVP level of theory. 

The new set of signals could be assigned to the two potential conformers of 3-buten-1-yl 

radical (8) by comparison to theoretically calculated spectra [B3LYP/6-311G(d,p)], while 

7 as potential photoproduct could be excluded due to the lack of any discernible IR signals 

between 700 and 800 cm-1 (s. Figure 28). Since the gauche-conformer 8a is only 

ΔE ≈ 0.6 kcal mol-1 more stable than its cis-counterpart 8b (in agreement with a recent 

study reporting ΔE ≈ 0.5 kcal mol-1 [B2PLYP/aug-cc-pVTZ]),[193] both conformers are 

expected to contribute to the experimental spectrum as indeed evidenced by Figure 28. 

However, the C–H wagging vibration of 8a predicted at 659 cm-1 could not be clearly 

detected during the photolysis of 45 in argon, calling into question its assignment for the 

irradiation experiment in p-H2 where the photolysis of 97a could also lead to the emergence 

of different photoproducts.  
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Thus, these experiments disprove the original, slightly puzzling results obtained in our 

group and instead seem to indicate that the rearrangement of the initially formed 

cyclopropylcarbinyl radical (7) proceeds to fast to be detected, i. e. in the time period 

between the end of the photolysis and the IR measurement. This hypothesis would roughly 

match the predictions of Borden et al.[183] as they calculated a very short half-life of approx. 

30 seconds. However, it should be pointed out that an involvement of QMT under these 

experimental conditions cannot be proven as a photochemical rearrangement cannot be 

excluded without actual detection of the rearrangement in the dark. 

6.3. Pyrolysis experiments 

As a potential alternative access to radical 7, pyrolysis of pure 45 was attempted since 

pyrolytic generation of reactive intermediates like nitrenes can avoid unwanted 

photochemical rearrangements.[194] Although the high temperatures necessary for 

producing most radicals might seem counterintuitive for investigations into tunneling 

rearrangements under cryogenic temperatures as they might promote thermal reactions, 

Schreiner et al. have proven their value for these kinds of studies.[38, 189, 190] 

 

Figure 29. Pyrolysis of (iodomethyl)cyclopropane (45). a) Theoretical IR spectrum of 45 calculated at the 

B3LYP/def2-TZVP level of theory. b+c) IR deposition spectra of the pyrolysis products (at the designated 

temperatures) of 45 in argon matrices at 10-11 K. d+e) Experimental IR spectra of 63a (depicted in red), 

measured in gas phase at room temperature and provided by the NIST Chemistry Webbook,[195] and 63b 

(depicted in blue), measured in an argon matrix at 20 K by Chapman et al.[109]   
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As shown in Figure 29, pyrolysis at T > 400 °C results in the detection of a new set of 

signals with strong absorbances at 914 and 906 cm-1 alongside signals assigned to 

unpyrolized 45. At an oven temperature of approx. 500 °C the precursor is nearly 

completely pyrolyzed and the spectrum is dominated by its pyrolysis products which can 

be unambiguously assigned[196] to 1,3-butadiene (63) in its two conformers by comparison 

with experimental reference spectra.[109, 195] Butadiene (63) is probably formed during the 

pyrolysis via initial cleavage of the C–I bond to give 7 which subsequently rearranges, 

either thermally or via QMT, to 3-buten-1-yl radical (8) in its two nearly energetically 

degenerate conformations. Finally, a C–H bond is cleaved under pyrolytic conditions, 

resulting in 63 in its two conformers 63a and 63b, the latter being populated due to the 

elevated temperatures of the pyrolysis.[109] 

6.4. Outlook    

In conclusion, these experiments did not provide spectroscopic evidence for the 

cyclopropylcarbinyl radical (7) and its subsequent rearrangement under matrix isolation 

conditions. However, one might wonder if stabilizing radical 7 (with respect to its 

rearrangement product 8) by suitable substitution could not extend its lifetime sufficiently 

to be observable. This approach would mirror the prediction of Borden et al.[169] about the 

accelerated formation of stabilized radical 96 (compared to 7 → 8), but invert its underlying 

principle by lessening the degree of exothermicity to decelerate the rearrangement.        

 

Scheme 23. Results from photolysis (up) and pyrolysis (down) of (iodomethyl)cyclopropane (45). 

As can be seen from IRC calculations summarized in Table 27, this strategy indeed works 

as intended, but does not necessarily guarantee the observability of either of the 

investigated rearrangements: If the radical center at the derivatives of 7 is too strongly 

stabilized by either allyl or phenyl substituents, the resulting endothermicity of the 
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corresponding ring opening should prevent heavy-atom tunneling at cryogenic 

temperatures since the conservation of energy would be violated otherwise. This greatly 

limits the options for potential substituents, with two methyl groups being the most suitable 

candidates. The corresponding (iodomethyl)cyclopropane derivative, however, might be 

difficult to synthesize as the Finkelstein reaction utilized for the generation of parent 

compound 45 (s. Scheme 12) is likely significantly slowed down by increased steric 

hindrance,[197] necessitating either much greater reaction times or a completely different 

synthetic approach. In addition, its ring opening is only predicted to be decelerated by a 

factor of approx. 6 (s. Table 27), in qualitative agreement with the fivefold decrease 

experimentally determined at ambient temperatures.[198] This would, when combined with 

the predicted half-life of approx. τ ≈ 30 s of the parent radical 7,[183] still only result in an 

estimated half-life of τ < 5 min, which would make its detection after the photolysis of its 

precursor challenging.[33] 

Table 27. Relative tunneling probabilities for the ring opening of selected derivatives of 7 as a function of 

activation energy EA and barrier width FWHH, calculated at the B3LYP/6-311G(d,p) level of theory. To 

reduce the computational cost of these approximate comparisons, all properties were evaluated from the IRC 

calculations.  

 

ΔEr /  

kcal mol-1 

EA /  

kcal mol-1 

FWHH / 

Å 
Prel 

R1 = R2 = H (7/8) - 3.3 7.5 0.42 1 

R1 = Me, R2 = Me - 2.5 7.9 0.43 0.18 

R1 = Allyl, R2 = H + 7.1 13.0 / / 

R1 = H, R2 = Allyl + 8.0 13.2 / / 

R1 = Phenyl, R2 = H + 4.6 11.9 / / 

R1 = H, R2 = Phenyl + 5.8 11.8 / / 

 
- 3.2 12.8 0.58 7.2·10-11 

 

It should also be pointed out that the aforementioned prediction by Borden et al. about the 

effect of geminal methyl substituents at the cyclopropyl ring, i. e. 95 → 96 in Scheme 22, 

does not necessitate a kinetic measurement: A simple product analysis after photolysis of 

the corresponding (iodomethyl)cyclopropane precursor would allow to judge whether the 

substituted carbon would almost exclusively tunnel, giving the predicted reaction outcome 

of 96. Unfortunately, a suitable precursor is not commercially available and lacks any 

straightforward synthetic approach, precluding such investigation via matrix isolation for 

the time being. As a final side note, switching to other ring systems like cyclobutanes 

unfortunately only results in a greatly decreased tunneling probability or even in an 



 

101 

endothermic reaction for cyclopentylcarbinyl radicals,[21] probably due to the loss in ring 

strain inherent to three- and four-membered carbocycles.    
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7. Tunneling control of the reactivity of noradamantylmethylcarbene 

7.1. Motivation and background 

In recent years, the concept of tunneling control has gained some attention in the physical 

organic chemistry community: First coined by Schreiner et al. in their seminal study of 

tunneling processes in the rearrangement of methylhydroxycarbene (98),[190] it describes 

the phenomenon that at sufficiently low temperatures a given reaction outcome might not 

be determined by the lowest activation barrier (signifying kinetic control) or the greatest 

exothermicity (i.e. thermodynamic control), but by the highest tunneling probability for a 

potential reaction path.[199, 200] Within the last years, this concept was found to also hold 

true for hydroxy carbenes carrying tert-butyl,[201] phenyl,[202] cyclopropyl[203] and 

trifluoromethyl substituents (101),[189] favoring the formation of the corresponding 

aldehydes over either ring expansions or conformation changes in each of these cases, 

though interestingly this preference can even be predicted to be inverted for selectively 

deuterated cyclopropylhydroxycarbene derivatives.[204] In retrospect, the tunneling 

rearrangement of the analogous tert-butylchlorocarbene (11) constitutes further 

experimental observation of tunneling control[31, 200] and even results in a reaction outcome 

that is neither kinetically nor thermodynamically favored, a so-called tunneling product 

which has been established as a concept by Schreiner et al. when investigating a 

photoproduct (104) of o-nitrobenzaldehyde.[205]  
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Scheme 24. Examples for tunneling control as experimentally observed in the rearrangements of 

methylhydroxycarbene (98),[190] trifluoromethylhydroxycarbene (101),[189] tert-butylchlorocarbene (11)[31, 200] 

and ketene 104[205] or computationally predicted for tetrahydro‑1H‑cyclobuta[e]indene derivatives 107[206] 

and [16]annulene (110).[207] All species are reported to undergo tunneling reactions through the higher, but 

narrower barrier (in red) rather than the lower, but broader one (in blue).  

While there have been multiple theoretical predictions about potential systems being 

subject to tunneling control (s. 107 and 110 in Scheme 24), only one of them lends itself 

well to an evaluation via matrix-isolation spectroscopy: In an extension to the report of 

Zuev et al. on the ring expansion of noradamantylchlorocarbene (15) via heavy-atom 

tunneling,[36] Borden et al. computationally investigated other noradamantyl carbenes and 

predicted that noradamantylmethylcarbene (112) would exhibit two different reaction 

pathways, depending on the ambient temperature.[208] At room temperature, 112 should 

undergo the same ring expansion(s) as its analogue 15, resulting in the strained adamantene 

114 and, to a minor degree, the protoadamantene 115. These outcomes, despite their 

non-negligible contributions from carbon tunneling constituting approx. 8% 

(S-112b → 115) to 24% (S-112a → 114) of the overall rates constants,[208] would also 
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reflect kinetic control due to the lower reaction barrier of these ring expansions (s. Figure 

30).  

 

Scheme 25. Experimental observations for the rearrangement(s) of noradamantylchlorocarbene (15)[36] and 

theoretical prediction for the ones of noradamantylmethylcarbene (112). 

Under cryogenic conditions however, the thermodynamically preferred 

noradamantylethene (113) should be the sole product despite the associated activation 

barrier being higher than the one for S-112a → 114. This change in preference mainly 

results from the decrease in effective tunneling mass for this pathway since the formation 

of 113 can be approximated by the movement of a single hydrogen atom in contrast to the 

carbon tunneling necessary to generate either 114 or 115. The greater tunneling probability 

exerted by lighter particles is a common feature among most reported examples for the 

concept of tunneling control (s. Scheme 24) and the predicted outcome does not 

significantly change even under exchange of the crucial hydrogens in the CH3-group for 

deuteriums, despite a large computed KIE of approx. 1000.[208] In Figure 30 these 

predictions are summarized, complemented by some calculations performed at the 

B3LYP-D3/def2-TZVP level of theory during the course of this project.    

A potential pitfall of any experimental test of the predicted rearrangements of singlet 

carbene S-112a/b would be if its ground state would indeed turn out to be triplet as the 

respective intersystem crossing might then be faster than any predicted rearrangement. 

Borden et al. foresaw this complication and provided a high-level calculation that resulted 

in a singlet-triplet energy gap of ΔES-T ≈ 2.0 kcal mol-1 [CCSD(T)-F12b/cc-pVTZ], which 
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qualitatively agrees with calculations performed at the B3LYP-D3/def2-TZVP level of 

theory giving ΔES-T ≈ 0.8 kcal mol-1 regardless of the conformer.  

 

 

Figure 30. Potential reaction pathways for the two (singlet) noradamantylmethylcarbene conformers 

S-112a/b with relative energies and activation barriers calculated at the B3LYP-D3/def2-TZVP level of 

theory. Pathways involving hydrogen transfer are marked in red, the ones encompassing ring expansions in 

blue. The schematic structure of this figure resembles the one given by Borden et al.[208] from whom also the 

calculated rate constants at 10 K stem. In accordance with this earlier report by Borden et al., the transition 

state connecting S-112a and 113 could not be calculated, though the corresponding rate constant could still 

be estimated by those authors.  

7.2. Matrix isolation experiments of noradamantyl diazoethane 

The precursor, sodium noradamantyltosylhydrazonide (42), was thermolyzed at 100 °C 

oven temperature and its thermolysis products were deposited with an excess of argon gas 

on a cold spectroscopic window maintained at 9 K. Unfortunately, the deposition spectrum 

cannot be reproduced by only assuming a mixture of the two energetically close 

diazoethanes 41a/b (ΔE ≈ 0.6 kcal mol-1 [B3LYP-D3/def2-TZVP]). Presumably the high 

temperatures that were necessary for the thermolysis of the precursor 42 also promoted 

partial decomposition of the intermediary diazoethanes 41a/b, with either singlet carbenes 
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S-112a/b or their respective ring expansion products 114 or 115 as likely outcomes. 

However, comparing the deposition spectrum with the difference spectrum obtained upon 

subsequent UV irradiation with λ = 254 nm allows for the assignment of some peaks to the 

expected diazoethanes 41a/b and for the exclusion of the presence of 113 in the 

thermolyzed sample (s. Figure 32). The remaining features in the deposition spectrum 

cannot be confidently assigned to any of the potential thermolysis products stated above as 

all of them (except 115) would exhibit strong signals below 800 cm-1 whereas the 

experimental spectrum lacks any such features; only 115 with its overall rather weak IR 

absorbance cannot be ruled out.   

 

Figure 31. Thermolysis of sodium noradamantyltosylhydrazonide (42). a-d) Theoretical IR spectra of singlet 

carbenes S-112a/b and their corresponding ring expansion products 114 and 115 calculated at the 

B3LYP-D3/def2-TZVP level of theory. e) IR deposition spectrum of the thermolysis (T ≈ 100 °C) products 

of precursor 42 in an argon matrix at 9 K. Peaks marked in green decrease during subsequent irradiation with 

λ = 254 nm and can be assigned to diazoethanes 41a/b (s. Figure 32).    

Subsequent irradiation of the matrix containing 41a/b (besides the unidentified 

sideproducts) resulted in the disappearance of the peak assigned to the N=N stretch of these 

diazoethanes and the concomitant appearance of a new set of signals with strong 

absorptions at 1641, 999 and 908 cm-1. The newly appearing peaks can readily be assigned 

to 113 by comparison with a quantum chemically calculated spectrum as well as with an 

experimental study that identified 113 as pyrolysis product of 3-homoadamantyl acetate via 
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GC-MS, 1H NMR and IR, reporting its principal peaks at 1625, 995 and 906 cm-1 (as neat 

compound).[209] The decreasing peaks, on the other hand, agree reasonably well with the 

calculated spectra of diazoethanes 41a/b though the peak patterns between 1300 and 

1400 cm-1 differ from the experiment, whereas their strong predicted absorptions at approx. 

1000 cm-1 seem to partially cancel with the increasing bands of 113.     

 
Figure 32. Photolysis of diazoethanes 41a/b. a)+b) Theoretical IR spectra of rotameric diazoethanes 41a/b 

calculated at the B3LYP-D3/def2-TZVP level of theory. c) Experimental IR difference spectrum obtained 

after UV irradiation of an argon matrix containing 41a/b at 9 K with λ = 254 nm for 85 min. d) Theoretical 

IR spectrum of noradamantylethene (113) calculated at the B3LYP-D3/def2-TZVP level of theory.   

These observations confirm some of the predictions of Borden et al. since neither the ring 

expansion products 114 and 115 nor the labile singlet carbenes S-112a/b were observed as 

results of the photolysis, in keeping with the projected rapid hydrogen tunneling (s. Figure 

30). Though the non-observation of the carbenes S-112a/b (and their subsequent 

rearrangement in the dark) also means that a purely photochemical process cannot be 

excluded, contrasting the abovementioned experiments with the ones from literature seems 

encouraging: Photolysis of diazomethane 116 with λ = 254 nm results in adamantene 117 

and protoadamantene 118 which can be photochemically interconverted, presumably via 

formation and rapid rearrangement of intermediary singlet carbene S-119.[210] Neither of 

these photochemical processes could be observed for the irradiation of matrix-isolated 

diazoethane 41 despite the close chemical relation between the noradamantyl-substituted 
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carbenes 119 and 112 as well as their corresponding ring expansion products. If one would 

assume a purely photochemical rearrangement of 41, potentially via singlet carbene S-112, 

the exclusive formation of noradamantylethene (113) would be hard to explain when 

contrasted with those findings of Platz et al.[210] As a side note, since the photolysis of the 

argon matrix containing the thermolysis products of sodium noradamantyltosylhydrazonide 

(42) did not result in the decrease of any peaks that could be assigned to 115 despite the 

reported photochemistry of its derivative 118, its presence in the deposition spectrum (s. 

Figure 31) can also be tentatively excluded.  

 

Scheme 26. Experimental observations regarding the photolysis of diazomethane 116.[210]    

 

7.3. Matrix isolation experiments of CD3-noradamantyl diazoethane 

As mentioned above, another prediction of Borden et al.[208] states that even full deuteration 

of the methyl group in the singlet carbene S-112 would not change the preference for the 

tunneling pathway leading to 113 at cryogenic temperatures. In order to test this hypothesis, 

CD3-42 was synthesized and deposited by an analogous method as the one used for 42. 

Apart from experiments utilizing argon as host material, also nitrogen matrices were 

investigated as nitrogen has been shown to stabilize singlet carbenes and considerably 

increase their stability with regard to tunneling reactions: While the greatly increased half-

lives of the H-tunneling in hydroxycarbenes (e. g. 98)[38] presumably stems from H-bonds 

similar to the ones stabilizing otherwise unfavorable conformations of formic acid,[37, 211] 

nitrogen can also affect the heavy-atom tunneling processes of singlet carbenes lacking the 

potential for such distinct interactions: Zuev et al. report a decrease in the ring expansion 

rate of 1-methylcyclobutylfluorocarbene (13) by roughly one order of magnitude,[212] 

whereas they noted a reduction in the conversion rate of noradamantylchlorocarbene (15) 

from 50% in argon to 35% in nitrogen matrices in the course of three days.[36] Especially 
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the latter observation was taken as encouragement to perform the experiments with CD3-42 

also in nitrogen matrices to potentially detect singlet carbene CD3-S-112 and its subsequent 

rearrangement via hydrogen tunneling, decelerated by the isotopic labelling as well as 

non-covalent interactions with N2.     

 

Figure 33. Photolysis of deuterated diazoethanes CD3-41a/b. a+b) Theoretical IR spectra of rotameric 

deuterated diazoethanes CD3-41a/b calculated at the B3LYP-D3/def2-TZVP level of theory. c) Experimental 

IR difference spectrum obtained after UV irradiation with λ = 254 nm of a nitrogen matrix containing 

CD3-41a/b at 3 K for 105 min. The broad peaks at 1711, 1150 and 830 cm-1 presumably stem from photolysis 

of an unidentified impurity. d) Theoretical IR spectrum of deuterated noradamantylethene (d3-113) calculated 

at the B3LYP-D3/def2-TZVP level of theory.   

The thermolysis of deuterated tosylhydrazonide CD3-42 suffered from the same formation 

of unidentifiable sideproducts that was noticed during the experiments with its lighter 

isopologue 42, as evident from broad features underlying the deposition spectrum of 

diazoethanes CD3-41a/b. However, the subsequent photolysis with λ = 254 nm could be 

almost exclusively assigned to the formation of deuterated ethene d3-113 from CD3-41a/b. 

While some of the peaks in the difference spectrum cannot be confidently assigned to either 

diazoethane, like the broad features centered at 1150 and 830 cm-1 decreasing in intensity 

during the irradiation, various spectroscopic mismatches rule out the contribution of either 

singlet carbene CD3-S-112 or ring expansion products CD3-114 or CD3-115. Deuterated 

ethene d3-113 on the other hand can be readily identified by its strong absorption at 

713 cm-1 that stems from C–D wagging in the ethylene moiety and its C=C stretch 
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vibration, predicted at 1633 cm-1, that is split into two roughly equally intense peaks at 

1585 and 1575 cm-1.  

Contrary to the above mentioned hypothesis of nitrogen potentially stabilizing singlet 

carbene CD3-S-112 and allowing for its hydrogen tunneling to be observed, the experiments 

in argon and nitrogen matrices did not considerably differ apart from minor changes in 

band intensities and positions that frequently accompany a change in the host material. 

However, this observation fits the prediction of Borden et al. that even the deuterated 

carbene CD3-S-112 would still undergo a rapid [1,2]-hydrogen shift with a calculated SCT 

rate constant of 10 – 100 s-1. Though this signifies a decrease by a factor of approx. 103 

when compared to the rearrangement of non-deuterated S-112, the predicted rate would 

still be at least three orders of magnitude too fast to be detected by matrix-isolation IR 

spectroscopy, in line with the failure to observe this carbene experimentally.    

7.4. Outlook 

While the predictions of Borden et al. about the exclusive formation of ethene 113 from the 

irradiation of diazoethanes 41a/b could be proven, both for the non-deuterated as well as 

deuterated case, the change in the reaction outcome to ring expansion products 114 and 115 

at room temperature (s. Scheme 25) have not yet been tested. Since diazoethanes 41a/b 

could only recently be synthesized in small amounts from the oxidation of the 

corresponding hydrazones 40a with lead acetate, their synthesis has yet to be optimized. 

Once this step has been achieved, experiments at room temperature can commence, 

modelled after the analogous investigations reported by Zuev et al. for 

noradamantylchlorocarbene (15).[36] They were able to trap either carbene 15 or its ring 

expansion product 16 (depending on the choice of trapping reagent) and characterize them 

via 1H and 13C NMR as well as GC-MS, apart from ylide 121 that was only detected via 

UV-Vis in solution. The same experimental procedures should then also apply to the room 

temperature experiments necessary to prove the tunneling control in singlet 

noradamantylmethylcarbene (S-112), though it should be noted that the decreased 

(computed) lifetime of this carbene (when compared to 15) of approx. 2 ns could greatly 

diminish the opportunity to trap it,[208] as also experimentally observed for the even less 

stabilized noradamantylcarbene S-119.[210]       
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Scheme 27. Trapping experiments at room temperature performed by Zuev et al.[36] 
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8. RESOLV-Internship: Investigations of the solid-state photochemistry of aroyl 

azides 

The work presented in the following chapter was performed in the course of the RESOLV 

internship at the University of California, Los Angeles, under the supervision of Prof. 

Miguel A. García-Garibay. 

 

8.1. Motivation and background 

While the matrix-isolation technique succeeds in stabilizing reactive intermediates at 

cryogenic temperatures and slowing down their unimolecular reactions sufficiently to 

characterize them spectroscopically, (nanosecond) laser flash photolysis (LFP) as a 

complimentary method allows for the study of these species under ambient conditions via 

transient-absorption spectroscopy.[213] This approach has traditionally been focusing on the 

generation of the target species in organic, aprotic solvents like acetonitrile or pentane, as 

exemplarily seen in the investigation of arylnitrenes.[160, 214]  

The group of García-Garibay extended the range of potential study objects by investigating 

solid-state photochemistry in aqueous suspensions of nanocrystals. These nanocrystals can 

be generated by the reprecipitation method[215] in which a solution of a nonpolar, crystalline 

organic compound in a water-miscible solvent (e. g. THF or acetonitrile) is added dropwise 

to a rapidly vortexing solution of water with a submicellular concentration of a surfactant. 

Upon mixing of the droplets of the substrate solution with water, micro-emulsions are 

formed with the proportion of organic solvent continuously decreasing over time.[215] In the 

presence of a surfactant, those micro-emulsions are stabilized, while the substrate slowly 

crystallizes as its concentration becomes more saturated. Electrostatic repulsion between 

the charged exteriors of these colloids prevent their growth (Ostwald ripening), thus 

limiting their diameters to a few hundred nanometers.[216]  

The thus obtained aqueous suspension of nanocrystals has been proven to be an excellent 

medium for UV transient spectroscopy coupled with LFP, as their sizes can be smaller than 

the wavelength of the incident light which greatly reduces birefringence and light 

scattering.[217] So far, this technique has been successfully applied to a range of diverse 

phenomena, such as the decarbonylation of aryl ketones (Norrish Type II),[218, 219] the 

photochemistry of substituted acetophenones[220] or the photochromic reaction of the 

spiropyran-merocyanine system.[221]  
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Scheme 28. Photochemical denitrogenations of biphenyl azides 124,[222] 1,2,3-triazolines 126,[223] α- and 

β-azido-acetophenones 128/130[224] that have been investigated in nanocrystalline suspensions via LFP. Due 

to the confinement inside the nanocrystals, nitrogen remains in the proximity of the organic photoproducts.  

Inspired by the rich photochemistry of azides that had already been spectroscopically 

characterized by this methodology (s. Scheme 28), it was decided to study the 

photochemical Curtius rearrangement of acyl azides,[225] a process that incidentally has also 

been linked to heavy-atom tunneling by a study of trifluoroacetyl nitrene (9, s. Scheme 6) 

under cryogenic temperatures.[34] The photochemical pathway is known to proceed in a 

stepwise fashion, unlike the concerted thermal reaction path,[226] and has been extensively 

investigated in room-temperature solutions or cryogenic matrices for a wide range of aroyl 

azides,[72, 227-229] the general scheme being summarized in Scheme 29. To facilitate 

detection of nitrenes or any other reactive intermediates after photolysis via UV-Vis 

spectroscopy, aryl systems were chosen as chromophores, while sufficiently high melting 

points were achieved by optimizing the intramolecular London dispersion forces (s. 

Chapter 3.4.).   

 



 

114 

 

Scheme 29. Comparison of the (projected) photochemical and thermal pathways for aroyl azoides 48a-c, 

based on the known photochemistry of 2-naphthoyl azide (48a) and benzoyl azide  (48d, Ar = Ph).[72, 229-231] 

 

8.2. Steady-state photolysis of solutions, dry powders and aqueous suspensions  

In order to gain first insights into the photochemistry of the chosen model compounds 

48a-c, the products of their steady-state photolysis were characterized in solution, dry 

powders obtained via grinding the substances between two microscopic slides as well as 

aqueous nanocrystalline suspensions prepared by the aforementioned reprecipitation 

method. It should be noted that for the sake of simplicity, all colloids generated during this 

project are referred to as nanocrystalline in nature, despite the fact that the suspensions 

prepared for the product studies necessitated relatively high sample loadings and thus often 

appeared milky, indicating greater colloid sizes.[219] While this convention is not 

uncommon in the discussion of such investigations, the data obtained from dynamic light 

scattering (DLS) indicated that microcrystalline would in some instances be the more 

accurate descriptor (s. Chapter 8.3.).    
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Figure 34. IR spectra of 48a as dry powder before (t = 0, blue) and after irradiation with a 400 W 

medium-pressure Hg lamp, using Pyrex glass as a filter (λ > 290 nm), for 17.5 h (violet) and 36.5 h (red), 

with assignments according to reference data for aroyl azides and aryl isocyanates.[232]   

As representative example for the product studies via IR spectroscopy, Figure 34 shows the 

spectra of 48a as dry powder, taken after different intervals of UV irradiation with 

λ > 290 nm: During prolonged UV irradiation of aroyl azide 48a, the IR peaks at 

2140 – 2150 cm-1 and at 1690 – 1700 cm-1 decrease in intensity, which can readily be 

assigned to the asymmetric stretching of the azide group and the carbonyl stretching, 

respectively, by comparison with reference data.[232] Concomitantly, a peak at 

2260 – 2280 cm-1 increases, indicating the formation of aryl isocyanate 133a,[232] alongside 

broader features that presumably arise from the multitude of side products generated from 

the intermediate singlet aroyl nitrene S-132a, e. g. a band above 3100 cm-1 potentially 

signifying the presence of amine groups. However, after photolysis for 36.5 hours in total, 

the characteristic peak of aryl isocyanate 133a has significantly decreased in intensity with 

respect to the intermediary spectrum taken after 17.5 h of irradiation, possibly indicating 

secondary photolysis[231] of the isocyanate 133a to the (excited) aryl nitrene 134a* which 

itself can also generate a variety of side products (s. Scheme 29).  
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Figure 35. NMR investigation of the photochemistry of 2-naphthoyl azide (48a) as dry powder. a) 1H NMR 

spectrum of pure 48a. b) 1H NMR spectrum obtained after irradiation of 48a for 17.5 h with a 400 W 

medium-pressure Hg lamp, using Pyrex glass as a filter (λ > 290 nm). c) 1H NMR spectrum obtained after 

continuing the aforementioned irradiation of 48a for 36.5 h in total. d) Magnified section of the 1H NMR 

spectrum obtained after the irradiation of 48a for 17.5 h. e) 1H NMR spectrum of 2-naphthyl isocyanate 

(133a), obtained by refluxing a solution of 48a in benzene for 3 h. The signal at 7.26 ppm belongs to CHCl3 

as impurity of the NMR solvent CDCl3.   

As further evidence for the contribution of the highly reactive nitrenes S-132, it was found 

that the photolysis of benzoyl azides 48b/c resulted in yellow-brownish polymeric material 

that could no longer be dissolved in CDCl3 as NMR solvent which instead only eluted 

residual starting material. For the lighter analogue 48a, the product analysis via 1H NMR 

spectroscopy proved to be more instructive (s. Figure 35), since 2-naphthyl isocyanate 

(133a) could be detected in traces after 17.5 hours of irradiation, while longer photolysis 

resulted in the emergence of multiple, non-identifiable signals in the aromatic region. The 

latter observation presumably indicates oligomeric species stemming from e. g. C–H 

insertion of 2-naphthoyl nitrene (S-132a); alternatively, (excited) 2-naphthyl nitrene 

(134a*) could also be involved as a highly reactive product of the secondary photolysis of 

isocyanate 133a, in analogy to the IR study presented above.      

This solid-state photochemistry starkly contrasts with the one taking place in solution: As 

evidenced by Figure 36, UV irradiation of a solution of 48a in acetonitrile predominantly 

results in the formation of 133a, with only traces of side products to be observed, just like 
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the thermal decomposition of 48a in refluxing benzene. This finding implies that the 

environment in solid 48a influences the lifetime or reactivity of the aroyl nitrene S-132a. 

However, it should be noted that this effect cannot be simply reduced to the rigidity of the 

nanocrystals, since for the photochemistry of aroyl azides 48 (e. g. explicitly investigated 

for 48a)[229] a profound influence of the polarity of the environment has also been reported: 

With increasing polarity of the solvent, the lifetime of the S1 state of excited 48* is 

decreasing while the rate constants for the formation of nitrene S-132 and isocyanate 133 

significantly grow (also s. Scheme 30).[228, 229] Deconvoluting the influence of rigidity as 

well as polarity of the nanocrystals and furthermore quantifying the two variables is highly 

complex and thus beyond the scope of this short-term project. Nevertheless, it can 

reasonably be assumed that similar mechanisms also extend the lifetime of the excited 

azides 48b/c or respective nitrenes S-132b/c, explaining the formation of polymeric 

products that prevent analogous NMR studies to the one performed for 48a.  

 
Figure 36. Comparison of photochemical and thermal reaction outcomes for 2-naphthoyl azide (48a). a) 1H 

NMR spectrum of pure 48a. b) 1H NMR spectrum obtained after irradiation of a solution of 48a in MeCN for 

23 h with a 400 W medium-pressure Hg lamp, using Pyrex glass as a filter (λ > 290 nm). c) 1H NMR spectrum 

obtained after refluxing a solution of 48a in benzene for 3 h, resulting in 133a as reported.[233] The signal at 

7.26 ppm belongs to CHCl3 as impurity of the NMR solvent CDCl3.   

The photochemistry of aqueous suspensions of nanocrystalline 48a-c did not noticeably 

differ from the one described above for dry powders, resulting in comparable 1H NMR and 
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IR spectra. As a consequence, studying the photochemical transformations of 

nanocrystalline 48a-c suspended in water via LFP and time-resolved UV-Vis spectroscopy 

should provide general insights into their photochemistry in the solid state. 

8.3. Characterization of nanocrystalline suspensions 

Before the aforementioned LFP studies could proceed, one first has to characterize the 

stability and size distribution of the (nano)crystalline suspensions of 48a-c obtained via the 

reprecipitation method. Checking for potential aggregation over time can easily be done 

via UV-Vis spectroscopy in defined intervals after the preparation of the suspensions, 

whereas the exact size distribution of the particles is accessible via dynamic light scattering.   

 

Figure 37. Characterization of aqueous nanocrystalline suspensions of 48a/b as obtained by reprecipitation 

from solutions of these compounds in MeCN or THF. a+b) Time-dependent UV-Vis spectra of aqueous 

nanocrystalline suspensions of 48a/b as obtained by reprecipitation from solutions of these compounds in 

MeCN. c+d) Time-dependent UV-Vis spectra of aqueous nanocrystalline suspensions of 48a/b as obtained 

by reprecipitation from solutions of these compounds in THF. The label t = 0 signifies recording immediately 

after preparation of the suspensions. UV-Vis spectra of solutions of 48a/b in MeCN 

[c(48a) = 2.0·10-5 mol L-1; c(48b) = 8.5·10-6 mol L-1] are depicted as references. The broad features above 

330 nm could later be identified as instrumental artifacts due to insufficient integration times.  

As shown in Figure 37a, the UV-Vis spectrum of the suspension of 48a, recorded 

immediately after preparation, closely resembles the reference spectrum for a solution of 

48a in MeCN. However, within less than five minutes after preparation, the UV-Vis 

absorption of the crystalline suspension noticeably decreases and broadens, indicating 

aggregation of the particles. The Ostwald ripening could also not be alleviated by changes 
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in the concentration of 48a or changing the organic solvent to THF, as evident from Figure 

37c. The same observations are also valid for the attempted preparation of crystalline 

aqueous suspensions of 48b (s. Figure 37b and d), although in this case the suspensions 

seem to aggregate almost instantly upon preparation, since their UV-Vis spectra even at 

t = 0 greatly differ from the solution data. DLS measurements corroborate the UV-Vis 

studies by resulting in a particle size distribution of > 1 μm (which constituted the upper 

limit of reliable DLS measurements in the setup used) for the suspensions of 48a/b. 

 

Figure 38. Characterization of an aqueous nanocrystalline suspension of 48c as obtained by reprecipitation 

from a solution of this compound in MeCN. a) UV-Vis spectra of an aqueous nanocrystalline suspension of 

48c as function of time after preparation. The UV-Vis spectrum of a solution of 48c in MeCN 

[c = 6.5·10-6 mol L-1] is depicted as reference. The broad features above 330 nm could later be identified as 

instrumental artifacts due to insufficient integration times. b) Unimodal size distribution of this suspension 

obtained from dynamic light scattering at 90°. 

Fortunately, the generation of nanocrystals of 48c succeeded without complications: The 

UV-Vis data of the suspension mirror the solution data and exhibit no sign of aggregation 

over a prolonged period of time, while the size distribution of the crystals centers around 

approx. 500 nm, comparable to the sizes of e. g. nanocrystalline biphenyl azides 124 

(250 – 440 nm).[222] While the maximum of this size distribution exceeds the wavelength 

needed for the LFP investigation of benzoyl nitrenes (λ = 308 nm),[72] its broadness should 

ensure that a sufficient number of particles can be efficiently photolyzed and probed with 

greatly reduced interference from birefringence or light scattering. Regarding the reasons 

for the different aggregation behavior and size distribution of the (nano)crystalline 

suspensions of 48a-c, it can be reasonably assumed that the different molecular geometries 

contribute to these different observations, with 48c possessing the most three-dimensional, 

globular structure of the three aroyl azides investigated.    
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Figure 39. Powder X-ray diffraction (PXRD) data of 48c. a) PXRD of nanocrystals prepared by the 

reprecipitation method from MeCN solution and collected by evaporation/air-drying of the aqueous 

suspension. b) PXRD of the dry powder of 48c, obtained by grinding the substance between two microscope 

slides.  

In a final step prior to any LFP study, it had to be confirmed that the nanocrystals obtained 

for 48c represent the same polymorph as the bulk powder in order to be able to extrapolate 

the photochemistry of the nanocrystals to bulk properties. Indeed, the two powder X-ray 

diffractograms shown in Figure 39 possess similar peak patterns and positions, although 

the clear differences in intensities, e. g. at 11° or 19°, indicate that the nanocrystals lean 

towards specific crystallite alignments.[222] Thus it could be shown that nanocrystalline 

aqueous suspensions of 48c should be representative of the bulk phase and a suitable model 

system to investigate the photochemistry of solid aroyl azides.  

8.4. Outlook 

Unfortunately, technical difficulties prevented the actual LFP study of aqueous 

nanocrystalline suspensions of 48c during the three months of the RESOLV internship. It 

would have been very interesting to see whether the solid-state photochemistry of 48c could 

indeed be probed by LFP and UV-Vis transient spectroscopy to verify the conjecture of the 

extended lifetime of nitrene S-132c. In addition, it seems worthwhile to try to stabilize the 

nanocrystalline suspension of 2-naphthoyl azide (48a), e. g. by choosing different organic 

solvents or surfactants for its preparation, as the photochemistry in solution has been 

extensively investigated in the past. The experimental setup at the lab of Prof. 
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García-Garibay would also allow to investigate the solid-state photochemistry of 48a as a 

function of the excitation wavelength and compare this potential dependency with the one 

reported for 48a in solution (s. Scheme 30).[229] 

 

Scheme 30. Experimentally reported pathways for the photochemical decomposition of benzoyl azide (48d) 

and 2-naphthoyl azide (48a), annotated by the maximum of the UV-Vis absorption and lifetime of the 

respective species.[72, 229, 230] For 48a, two different photochemical pathways are reported depending on the 

excitation wavelength, as depicted in blue (for λ = 350 nm) and red (for λ = 270 nm). 
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9. Appendix 

Materials and methods 

Compound preparation and purification 

All starting materials and reagents were purchased from commercial suppliers and used 

without further purification. Retention factors were determined by thin layer 

chromatography (TLC) utilizing POLYGRAM® TLC plates (Macherey-Nagel SIL 

G/UV254). For subsequent column chromatography, silica gel (Acros Organics; pore size: 

60 Å, particle sizes: 35 – 70 μm) or alumina (Acros Organics; neutral, Brockmann activity 

I, pore size: 60 Å, particle sizes: 50 – 200 μm) were used as stationary phases. Alumina 

was deactivated by addition of 8 mL of water per 100 g of Al2O3 (i. e. Brockmann activity 

≈ IV) before use.  

Compound characterisation 

1H as well as 13C NMR spectra were measured using Bruker DPX-200/400 spectrometers. 

The chemical shifts are denoted in parts per million (ppm) downfield from 

tetramethylsilane and referenced with respect to the solvent signal. Signal multiplicities are 

identified as singlet (s), broad singlet (bs), doublet (d), triplet (t) and multiplet (m), with 

apparent multiplicities signified by quotation marks. Mass spectrometric analyses were 

carried out by the SC department of the Ruhr-Universität Bochum using a VG Autospec 

mass spectrometer for standard mass spectra (MS), and a Joel AccuTOF GCv 

JMS-T100GCV spectrometer for high resolution mass spectra (HRMS), utilising electron 

ionization (EI) or fast atom bombardment (FAB).   

Gas chromatography-mass spectra (GC-MS) were obtained by use of either a Hewlett 

Packard setup consisting of a 5890 Series II gas chromatograph and 5972 Series mass 

selective detector or an Agilent Technologies setup consisting of a 7820A GC system and 

a 5977B mass selective detector. Fourier-transform infrared (FTIR) spectra at room 

temperature were recorded on a Bruker Equinox 55 FTIR spectrometer, while UV/Vis 

spectra at room temperature were measured with an Agilent (Varian) Cary I spectrometer.  

Low-temperature spectroscopy 

Matrix isolation experiments were performed by using closed‐cycle helium compressors 

(CSW‐71, F‐50 and F‐70 from Sumitomo Heavy Industries Ltd; HC4‐MK1, APD 

Cryogenics) to cool CsI spectroscopic windows to 3 K. FTIR spectra at cryogenic 
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temperatures were recorded on Bruker IFS66/s, IFS66v/S, or IFS66 spectrometers with a 

resolution of 0.5 cm−1 by using DLaTGs or MCT detectors in the range 400 – 4000 cm−1. 

To block irradiation by the Globar with wavenumbers greater than 2000 or 1000 cm–1 

during some experiments, the IR beam of the spectrometer was passed through IR long pass 

interference filters (LOT II-VI Inc. with a cutoff of 𝜈 > 2000 cm-1 or LP Spectrogon with 

cutoffs of λ > 5000/9800 nm, respectively). Photolysis of matrix-isolated samples was 

performed with custom-made LEDs with λ = 405/450 nm (max. 5 W) or a low-pressure 

mercury arc lamp with λ = 254 nm (Penray). For IR irradiation (> 4000 cm-1) an optical 

parametric oscillator (OPO; InnoLas Laser model SpitLight 600 midband) was used. As 

inert gases for matrix isolation nitrogen, argon, neon (all obtained from Air Liquide at 

99.999% purity) or xenon (Messer, 99.99%) were used. p-Hydrogen was prepared 

according to instructions by Enrique Méndez Vega,[186] using the corresponding 

experimental setup constructed by him and Joel Mieres Pérez. 

Quantum chemical calculations 

Geometry optimizations, frequency calculations and potential energy scans were performed 

with Gaussian 09.[234] In combination with the B3LYP functional,[235] the Pople family 

basis sets[236] or the Karlsruhe basis set[237] def2-TZVP utilising the dispersion 

correction[238] were applied.  

Band assignments 

4. Heavy-atom tunneling in the Cope rearrangement of dimethylsemibullvalenes 

Table A1. IR spectroscopic data of 1,5-dimethylsemibullvalene (2a). 

Mode 
Calculateda 

𝜈/cm-1 (Iabs) 

Argonb 

𝜈/cm-1 (Irel) 
Assignmentc 

13 662.1 (8) 652.7 (8) C–H def. 

16 759.4 (49) 739.8 (100) C–H wag. 

17 787.6 (42) 775.6 (33) C–H wag. 

18 811.7 (16) 796.6 (19) C–H def. 

19 860.2 (16) 844.5 (20) C–H def. 

24 949.4 (11) 921.2 (17) C–H scis. 

25 971.7 (5) 953.8 (5) C–H twist. 

38 1374.3 (15) 1350.2 (22) C–H rock. 

40 1404.1 (2) 1368.4 (4) C–H (CH3) def. 

41 1416.1 (2) 1381.7 (2) C–H (CH3) def. 

42 1437.6 (4) 1413.9 (5) C–C–C str. 

44 1492.9 (15) 1455.9 (25) C–H (CH3) def. 

45 1500.5 (11) 1465.9 (8) C–H (CH3) def. 

a: Calculated at B3LYP/6-311G(d,p) level of theory. b: Argon matrix at 12 K. c: Tentative assignment. 
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Table A2. IR spectroscopic data of d4-1,5-dimethylsemibullvalene (d4-2a). 

Mode 
Calculateda 

𝜈/cm-1 (Iabs) 

Neonb 

𝜈/cm-1 (Irel) 

Argonb,c 

𝜈/cm-1 (Irel) 

Nitrogenb 

𝜈/cm-1 (Irel) 

p-H2
b 

𝜈/cm-1 (Irel) 
Assignmentd 

13 652.4 (18) 644.3 (46) 643.6 (36) 645.3 (57) 643.5 (52) C–H def. 

14 658.7 (4) 650.6 (18)    C–H def. 

15 677.8 (16) 671.0 (16) 669.1 (29)  668.6 (35) C–H wag. 

16 740.9 (10) 735.5 (47) 735.5 (44) 737.3 (29) 735.1 (54) C–H wag. 

17 770.3 (46) 755.5 (100) 755.5 (100) 759.2 (100) 754.9 (93) C–H wag. 

18 799.4 (4) 785.6 (12) 785.1 (21)  784.8 (22) C–H def. 

20 858.3 (21) 845.5 (79) 844.0 (57) 847.5 (44) 844.1 (100) C–H wag. 

22 897.4 (17) 873.3 (39) 872.1 (39) 876.2 (37) 873.0 (49) C–H def. 

39 1376.5 (6) 1351.6 (16)   1350.2 (6) C–H rock. 

49 2355.3 (6) 2280.5 (39) [e]    C–D stretch. 

a: Calculated at B3LYP/6-311G(d,p) level of theory. b: Matrices at 3 K. c: Performed using a filter with a 

cutoff of ν̃  > 1000 cm-1 (as opposed to all other experiments using a filter with a cutoff of ν̃ > 2000 cm-1). 

d: Tentative assignment. e: Only observable at very high amount of sample deposition. 
 

 

Table A3. IR spectroscopic data of d2-1,5-dimethylsemibullvalene (d2-2a). 

Mode 
Calculateda 

𝜈/cm-1 (Iabs) 

Neonb 

𝜈/cm-1 (Irel) 

Argonb,c 

𝜈/cm-1 (Irel) 

Nitrogenb 

𝜈/cm-1 (Irel) 

p-H2
b 

𝜈/cm-1 (Irel) Assignment[d] 

13 657.0 (9) 647.8 (25) 647.6 (31)  647.1 (44) C–H def. 

15 711.7 (30) 702.8 (100) 702.6 (100) 704.6 (68) 702.1 (79) C–H wag. 

16 738.8 (7) 731.7 (39) 730.7 (50)  730.8 (37) C–H wag. 

17 766.5 (47) 750.5 (94) 749.9 (88) 753.5 (100) 750.1 (100) C–H wag. 

18 795.4 (23) 780.5 (62) 779.4 (62) 784.1 (88) 779.0 (44) C–H def. 

19 810.9 (16) 796.0 (38) 795.1 (50) 796.1 (51) 795.5 (37) C–H def. 

25 951.2 (9) 922.0 (11) 920.8 (19)  921.7 (10) C–H twist. 

39 1372.4 (13) 1349.9 (18)   1348.8 (23) C–H rock. 

49 2332.5 (10) 2268.4 (5)[e]    C–D stretch. 

a: Calculated at B3LYP/6-311G(d,p) level of theory. b: Matrices at 3 K. c: Performed using a filter with a 

cutoff of ν̃  > 1000 cm-1 (as opposed to all other experiments using a filter with a cutoff of ν̃  > 2000 cm-

1). d: Tentative assignment. e: Only observable at very high amount of sample deposition. 

 

IR spectroscopic data for d4-2a + d2-2a (+ 2a): 

IR (neat, 3 K): 𝜈 = 871 w, 863 w, 844 m, 795 m, 783 m, 751 s, 735 m, 730 sh, 702 m, 668 w, 648 m, 644 m, 

598 vw, 537 vw cm-1 (performed using a filter with a cutoff of ν̃  > 1000 cm-1). 

IR (xenon matrix, 3 K): 𝜈 (Irel) = 1450.1 (100), 1346.5 (34), 869.1 (26), 843.4 (36), 794.0 (33), 783.4 (6), 

776.9 (36), 753.2 (58), 748.6 (77), 733.5 (51), 729.0 (29), 700.8 (73), 668.0 (17), 646.3 (31), 642.3 (46) cm-1.  

 

Table A4. IR spectroscopic data of CD3
cyc-1,5-dimethylsemibullvalene CD3

cyc-2a. 

Mode 
Calculateda 

𝜈/cm-1 (Iabs) 

Neonb 

𝜈/cm-1 (Irel) 
Assignmentc 

20 829.7 (10) 816.1 (16) C–H twist. 

21 859.0 (18) 842.9 (100) C–H wag. 

41 1373.0 (16) 1349.4 (9) C–H rock. 

46 1497.9 (7) 1457.2 (12) C–H scis. 

a: Calculated at B3LYP/6-311G(d,p) level of theory. b: Neon matrix at 3 K. c: Tentative assignment. 
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Table A5. IR spectroscopic data of CD3
open-1,5-dimethylsemibullvalene CD3

open-2a. 

Mode 
Calculateda 

𝜈/cm-1 (Iabs) 

Neonb 

𝜈/cm-1 (Irel) 
Assignmentc 

20 818.4 (15) 802.1 (43) C–H rock. 

21 860.6 (15) 847.6 (100) C–H wag. 

24 946.7 (7) 916.5 (15) C–H twist. 

25 959.5 (8) 944.1 (8) C–H wag. 

39 1248.4 (7) 1242.0 (9) C–H wag. 

41 1374.8 (13) 1352.4 (16) C–H rock. 

45 1489.8 (6) 1447.9 (10) C–H twist. 

46 1499.8 (10) 1464.7 (16) C–H scis. 

a: Calculated at B3LYP/6-311G(d,p) level of theory. b: Neon matrix at 3 K. c: Tentative assignment 

 

Table A6. IR spectroscopic data of 3,7-dicyano-1,5-dimethylsemibullvalene (2b). 

Mode 
Calculateda 

𝜈/cm-1 (Iabs) 

Argonb 

𝜈/cm-1 (Irel) 
Assignmentc 

16 541.0 (3) 524.1 (10) C–C  rock. 

19 570.1 (7) 548.7 (12) C–C  rock. 

20 596.5 (7) 574.7 (21) C–C  stretch. 

25 863.9 (7) 838.5 (20) C–H rock. 

26 871.2 (34) 849.6 (82) C–H wag. 

27 881.3 (17) 852.9 (31) C–H scis. 

29 922.9 (5) 911.9 (11) C–H rock. 

30 933.2 (6) 922.8 (11) C–H wag. 

32 981.1 (6) 959.6 (13) C–H wag. 

44 1319.6 (13) 1302.8 (43) C–H scis. 

50 1495.3 (18) 1454.3 (41) C–H (CH3) wag. 

51 1502.1 (15) 1457.1 (37) C–H (CH3) twist. 

52 1507.4 (2) 1465.6 (11) C–H (CH3) wag. 

54 1622.3 (6) 1599.3 (2) C=C stretch. 

55 2334.1 (19) 2233.6 (100) C≡N str. 

a: Calculated at B3LYP/6-311G(d,p) level of theory. b: Argon 

matrix at 9 K. c: Tentative assignment. 

 

Table A7. IR spectroscopic data of d4-3,7-dicyano-1,5-dimethylsemibullvalene (d4-2b). 

Mode 
Calculateda 

𝜈/cm-1 (Iabs) 

Neonb 

𝜈/cm-1 (Irel) 

Argonb 

𝜈/cm-1 (Irel) 

Nitrogenb 

𝜈/cm-1 (Irel) 

Xenonb 

𝜈/cm-1 (Irel) 
Assignmentc 

21 637.5 (9) 624.1 (29) 621.9 (96) 625.3 (33) 621.3 (100) C–H wag. 

23 680.9 (14) 
663.3 

(100) 

 
663.0 (100) 

 
C–H rock. 

25 764.3 (4) 739.5 (20) 737.9 (79) 741.8 (10) 736.1 (57) C–C  wag. 

26 828.9 (7) 816.8 (56) 816.7 (100) 818.2 (86) 815.8 (72) C–H wag. 

32 979.8 (8) 960.3 (10)    C–H wag. 

44 1300.7 (11) 
1286.4 

(90) 

1285.1 (82) 
1286.4 (33) 

1285.0 (45) 
C–H scis. 

a: Calculated at B3LYP/6-311G(d,p) level of theory. b: Matrices at 3 K. c: Tentative assignment. 
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Table A8. IR spectroscopic data of d2-3,7-dicyano-1,5-dimethylsemibullvalene (d2-2b). 

Mode 
Calculateda 

𝜈/cm-1 (Iabs) 

Neonb 

𝜈/cm-1 (Irel) 

Argonb 

𝜈/cm-1 (Irel) 

Nitrogenc 

𝜈/cm-1 (Irel) 

Xenonb 

𝜈/cm-1 (Irel) 
Assignmentc 

21 644.7 (6) 628.0 (72)  629.3 (29)  C–H wag. 

23 698.4 (8) 680.8 (35) 680.1 (58) 680.5 (29)  C–H rock. 

25 773.8 (10) 754.6 (45) 752.2 (60) 754.2 (40) 751.1 (100) C–H rock. 

28 879.0 (37) 
851.1 

(100) 

849.9 (76) 
855.0 (100) 

848.1 (84) 
C–H wag. 

44 1316.8 (12) 
1300.8 

(45) 

1299.7 (100) 
 

1296.4 (70) 
C–H scis. 

a: Calculated at B3LYP/6-311G(d,p) level of theory. b: Matrices at 3 K. c: Tentative assignment. 

    

IR spectroscopic data for d4-2b + d2-2b (+ 2b): 

IR (neat, 3 K): 𝜈 = 2227 vs, 1571 m, 1454 s, 1300 m, 1285 m, 1261 w, 1193 w, 1098 m, 865 s, 650 sh, 816 m, 

751 m, 742 sh, 661 s, 627 m, 572 s cm-1. 

IR (p-H2 matrix, 3 K): 𝜈 (Irel) = 2227.9 (100), 1571.7 (14), 1454.0 (55), 1299.8 (11), 1285.8 (6), 1261.1 (4), 

1191.8 (4), 1099.2 (6), 864.5 (54), 850.0 (14), 816.2 (23), 752.0 (8), 740.6 (4), 662.3 (24), 627.5 (12), 

571.9 (14) cm-1.  

 

Table A9. IR spectroscopic data of CD3
cyc-2b. 

Mode 
Calculateda 

𝜈/cm-1 (Iabs) 

Neonb 

𝜈/cm-1 (Irel) 
Assignmentc 

28 869.9 (30) 850.7 (13) C–H wag. 

29 881.9 (23) 857.0 (42) C–H wag. 

30 922.2 (6) 912.3 (35) C–H rock. 

31 933.1 (5) 922.5 (28) C–H wag. 

32 960.3 (2) 946.1 (32) C–H wag. 

47 1316.0 (14) 1298.6 (32) C–H scis. 

49 1415.2 (5) 1384.0 (76) C–H scis. 

50 1438.6 (8) 1418.6 (38) C–H (CH3) wag. 

52 1500.1 (8) 1459.2 (100) C–H (CH3) scis. 

a: Calculated at B3LYP/6-311G(d,p) level of theory. b: Neon matrix at 3 K. c: Tentative assignment 

 

Table A10. IR spectroscopic data of CD3
open-2b. 

Mode 
Calculateda 

𝜈/cm-1 (Iabs) 

Neonb 

𝜈/cm-1 (Irel) 
Assignment 

28 871.9 (24) 853.7 (19) C–H wag. 

29 883.7 (28) 866.0 (75) C–H wag. 

30 892.6 (5) 881.5 (72) C–H rock. 

32 974.5 (9) 954.5 (100) C–H wag. 

34 1027.5 (2) 1014.4 (8) C–H (CH3) wag. 

36 1069.4 (4) 1047.6 (7) C–H (CH3) scis. 

37 1074.7 (4) 1053.3 (27) C–H (CH3) scis. 

43 1194.3 (4) 1185.2 (22) C–H scis. 

47 1319.5 (14) 1307.9 (34) C–H scis. 

50 1440.0 (10) 1428.6 (36) C–H (CH3) wag. 

51 1493.0 (7) 1454.4 (14) C–H (CH3) scis. 

a: Calculated at B3LYP/6-311G(d,p) level of theory. b: Neon matrix at 3 K. c: Tentative assignment 
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5. Conformer-specific heavy-atom tunneling in benzazirines  

Table A11. IR spectroscopic data of 76a. 

Mode 
Calculateda 

𝜈/cm-1 (Iabs) 

Argonb 

𝜈/cm-1 (Irel) 
Assignmentc 

15 818.5 (57) 794.8 (30) C–H wag. 

20 1033.2 (35) 1020.8 (18) C–O stretch. 

24 1180.5 (45) 1160.6 (14) C–H scis. 

27 1305.1 (51) 1281.1 (16) C–H rock. 

28 1338.6 (20) 1311.1 (13) C–H rock. 

29 1437.2 (66) 1406.8 (77) C–H rock. 

30 1473.1 (10) 1440.7 (2) C–H (CH3) wag. 

33 1536.5 (75) 
1520.0 + 

1597.6 (55)  
C=C stretch. 

34 1626.8 (93) 1587.2 (100) C=C stretch. 

35 1804.9 (66) 1729.1 (32) C=N stretch. 

a: Calculated at B3LYP/6-311++G(d,p) level of theory. b: Argon 

matrix at 3 K. c: Tentative assignment. 

 

Table A12. IR spectroscopic data of 75a/b and 76b, calculated at B3LYP/6-311++G(d,p) 

level of theory. 

Mode 
75a 

𝜈/cm-1 (Iabs) 

75b 

𝜈/cm-1 (Iabs) 

76b 

𝜈/cm-1 (Iabs) 

15 835.5 (22) 858.6 (28) 806.2 (66) 

20 1045.6 (78) 1019.8 (23) 1018.7 (11) 

24 1167.9 (4) 1165.9 (3) 1191.6 (26) 

27 1306.8 (30) 1310.1 (26) 1297.5 (70) 

28 1383.4 (52) 1385.3 (121) 1335.5 (31) 

29 1406.3 (3) 1399.4 (4) 1454.4 (74) 

30 1465.1 (49) 1469.7 (39) 1477.9 (3) 

33 1516.6 (236) 1513.6 (177) 1509.5 (33) 

34 1604.2 (59) 1603.8 (68) 1619.4 (126) 

35 1805.4 (52) 1806.6 (66) 1812.0 (77) 
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Table A13. IR spectroscopic data of 78a. 

Mode 
Calculateda 

𝜈/cm-1 (Iabs) 

Argonb 

𝜈/cm-1 (Irel) 
Assignmentc 

13 713.0 (66) 695.3 (50) C–H wag. 

15 818.2 (39) 799.6 (14) C–H wag. 

17 896.7 (7) 876.9 (12) C–H wag. 

20 1023.6 (23) 1006.2 (13) C–O stretch. 

21 1085.7 (28) 1066.0 (13) C–O stretch. 

24 1188.1 (77) 1169.2 (49) C–H (CH3) wag. 

25 1232.4 (41) 1224.1 (47) C–H scis. 

26 1248.6 (333) 1230.0 (16) C–O stretch. 

28 1357.2 (98) 
1338.4 + 

C–C  stretch. 
1347.7 (60) 

31 1494.2 (14) 1457.9 (3) C–H (CH3) scis. 

32 1503.5 (30) 1467.1 (6) C–H (CH3) scis. 

33 1561.6 (89) 1535.2 (28) C=C stretch. 

34 1609.8 (58) 1578.8 (34) C=C stretch. 

35 1952.7 (229) 1889.0 (100) C=C=N stretch. 

a: Calculated at B3LYP/6-311++G(d,p) level of theory. b: Argon matrix at 3 K. c: Tentative assignment. 

 

Table A14. IR spectroscopic data of 77a/b and 78b, calculated at B3LYP/6-311++G(d,p) 

level of theory. 

Mode 
77a 

𝜈/cm-1 (Iabs) 

77b 

𝜈/cm-1 (Iabs) 

78b 

𝜈/cm-1 (Iabs) 

13 719.8 (1) 705.0 (53) 726.0 (62) 

15 822.6 (28) 812.5 (41) 806.6 (46) 

17 900.3 (10) 892.5 (5) 893.4 (14) 

20 1026.4 (2) 1035.8 (29) 1029.8 (56) 

21 1046.8 (55) 1048.7 (25) 1066.4 (7) 

24 1178.7 (59) 1200.0 (34) 1200.1 (35) 

25 1198.2 (5) 1208.8 (5) 1232.1 (52) 

26 1228.5 (100) 1238.2 (185) 1257.4 (323) 

28 1333.6 (7) 1345.6 (8) 1369.8 (31) 

31 1487.6 (10) 1490.5 (10) 1491.2 (11) 

32 1503.0 (13) 1504.4 (17) 1502.4 (23) 

33 1562.4 (12) 1566.4 (55) 1561.7 (152) 

34 1619.2 (36) 1627.7 (38) 1609.5 (45) 

35 1949.3 (186) 1948.7 (190) 1962.3 (219) 
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Table A15. IR spectroscopic data of 83. 

Mode 
Calculateda 

𝜈/cm-1 (Iabs) 

Argonb 

𝜈/cm-1 (Irel) 
Assignmentc 

11 677.5 (8) 662.9 (6) ring def. 

13 776.8 (34) 753.8 (19) C–H wag 

14 860.5 (43) 846.4 (22) C–H wag. 

15 910.7 (20) 894.7 (13) C–H wag. 

17 976.6 (40) 966.0 (16) ring def. 

19 1088.1 (24) 1085.1 (8) C–C stretch. 

20 1135.1 (169) 1131.9 (88) C–H scis. 

23 1355.3 (52) 1340.2 (34) ring def. 

24 1408.4 (97) 1381.7 (67) C–C stretch. 

25 1541.0 (150) 1535.1 (89) C=C stretch. 

26 1639.6 (154) 1618.1 (100) C=C stretch. 

27 1813.4 (59) 1734.8 (25) C=N stretch. 

a: Calculated at the B3LYP/6-311++G(d,p) level of theory. b: Argon matrix at 3 K. 

c: Tentative assignment. 

 

Table A16. IR spectroscopic data of 84. 

Mode 
Calculateda 

𝜈/cm-1 (Iabs) 

Argonb 

𝜈/cm-1 (Irel) 
Assignmentc 

10 598.6 (25) 585.2 (15) C–H wag. 

13 742.0 (74) 720.2 (47) C–H wag. 

14 862.3 (46) 835.5 (32) C–H wag. 

16 920.4 (11) 907 (6) ring def. 

17 968.1 (29) 957.5 (15) ring def. 

18 1047.3 (41) 1034.6 (15) C–N stretch. 

19 1122.1 (168) 1119.5 (81) C–F stretch. 

21 1222.1 (148) 1213.8 (71) C–F stretch. 

22 1275.3 (20) 1251.4 (9) C–H rock. 

23 1338.8 (36) 1320.5 (34) C–H scis. 

24 1386.1 (47) 1365.9 (21) C–H scis. 

25 1584.6 (69) 1560 (20) C=C stretch. 

26 1640.4 (94) 1607.7 (45) C=C stretch. 

27 1949.9 (198) 1888.4 (100) C=N stretch. 

a: Calculated at the B3LYP/6-311++G(d,p) level of theory. b: 

Argon matrix at 3 K. c: Tentative assignment. 
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6. Heavy-atom tunneling in the ring opening of cyclopropylcarbinyl radical 

Table A17. IR spectroscopic data of (iodomethyl)cyclopropane (45). 

Mode 
Calculateda 

𝜈/cm-1 (Iabs) 

Argonb 

𝜈/cm-1 (Irel) 

p-H2
c 

𝜈/cm-1 (Irel) 
Assignmentd 

5 571.5 (30) 576.6 (29) 572.5 (37) C–I stretch. 

7 785.4 (7) 778.7 (14) 778.0 (17) C–H rock. 

8 837.6 (10) 828.7 (19) 828.7 (22) C–H rock. 

10 908.0 (13) 896.7 (15) 894.7 (16) C–C  stretch. 

11 968.3 (36) 957.6 (41) 956.6 (36) C–C  stretch. 

12 1049.0 (9) 1020.6 (42) 1021.5 (24) C–H wag. 

16 1196.3 (35) 1168.4 (28) 1169.1 (27) C–H rock. 

17 1202.7 (52) 1179.0 (100) 1179.0 (100) C–H wag. 

a: Calculated at the B3LYP/def2TZVP level of theory. b: Argon matrix at 9 K. c: 

p-H2 matrix at 3 K. d: Tentative assignment. 

 

Table A18. IR spectroscopic data of 3-buten-1-yl radical (8). 

Mode 
Calculateda 𝜈/cm-1 (Iabs) Argonb 

𝜈/cm-1 (Irel) 

p-H2
c 

𝜈/cm-1 (Irel) 
Assignmentd 

8a 8b 

6 659.2 (10)  662.9 (32) 640.8 (43) C–H (H2C=C) twist. 

9 951.2 (47) 952.1 (42) 921.9 (100) 916.5 (100) C–H wag. 

10 1027.4 (11) 1027.8 (7) 
994.0 (46) 993.3 (24) 

C–H (H2C=C) twist. 

11  1034.5 (4) C–C  stretch. 

11 

(12) 
1047.3 (3) 1052.7 (6) 1015.2 (14) 1014.8 (15) C–C  stretch. 

a: Calculated at the B3LYP/def2TZVP level of theory. b: Argon matrix at 9 K. c: p-H2 matrix at 3 K. d: 

Tentative assignment. 

 

Table A19. IR spectroscopic data of 1,3-butadiene (63). 

Mode 
Calculateda 𝜈/cm-1 (Iabs) Argonb 

𝜈/cm-1 (Irel) 

gas phase (63a)c Argon (63b)d 

𝜈/cm-1 (Irel) 
Assignmente 

63a 63b 𝜈/cm-1 (Irel) 

8 943.8 (90)  905.5 (100) 908.1 (vs)  C–H wag. 

8  952.5 (81) 914.0 (74)  913 (100) C–H wag. 

10  1032.6 (28) 995.3 (17)  995 (86) C–H twist. 

11 1054.6 (34)  1019.4 (39) 1013.8 (s)  C–H twist. 

15 1420.4 (4)  1379.5 (15) 1380.6 (wm)  C–H scis. 

15  1444.6 (2) 1401.6 (3)  1402 (23) C–H scis. 

16  1468.4 (10) 1425.2 (6)  1425 (50) C–C  stretch. 

17 1654.1 (21)  1595.7 (19) 1596.5 (s)  C=C stretch. 

a: Calculated at the B3LYP/def2TZVP level of theory. b: Argon matrix at 9 K. c: According to 

literature.[196] d: Argon matrix at 20 K, according to literature.[109] e: Tentative assignment. 
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7. Tunneling control of the reactivity of noradamantylmethylcarbene 

Table A20. IR spectroscopic data of noradamantyl methyl diazoethanes (41). 

Mode 
Calculateda 𝜈/cm-1 (Iabs) Argonb 

𝜈/cm-1 (Irel) 
Assignmentc 

41a 41b 

17 
 654.7 (5) 644.5 (0.1) 

N=N def. 
662.3 (4)  646.5 (0.2) 

37 1105.9 (4) 1197.1 (7) 1083.8 (0.8) C–H rock. 

38/39 1128.7 (5) 1133.9 (6) 1106.7 (1.3) C–H rock. 

53 1361.8 (11) 1364.9 (11) 1332.3 (1.7) C–H wag. 

57 1420.3 (10) 1419.5 (10) 1381.2 (1.2) C–H (CH3) wag. 

58 1478.3 (9) 1476.8 (10) 1439.0 (1.5) C–H (CH3) scis. 

62 1509.0 (13) + 1510.0 (9) + 
1466.2 (0.6) C–H scis. 

63 1514.1 (5) 1515.7 (5) 

65 2136.7 (588) 2135.9 (527) 2041.4 (100) N=N stretch. 

a: Calculated at B3LYP-D3/def2TZVP level of theory. b: Argon matrix at 9 K. c: Tentative 

assignment. 

 

Table A21. IR spectroscopic data of CD3-noradamantyl methyl diazoethanes (CD3-41). 

Mode 
Calculateda 𝜈/cm-1 (Iabs) Argonb 

𝜈/cm-1 (Irel) 

Nitrogenc 

𝜈/cm-1 (Irel) 
Assignmentd 

CD3-41a CD3-41b 

20 (19) 792.8 (4) 784.6 (4) 778.7 (0.5) 778.5 (0.3) C–H + C–D rock. 

32 (33) 995.8 (2) 999.0 (3) 980.3 (0.3) 980.7 (0.4) C–H rock. 

40 1111.7 (3) 1111.8 (8) 1109.8 (0.9) 1109.0 (0.8) C–H rock. 

42 1132.5 (6) 1135.1 (7) 1132.6 (0.6) 1134.9 (0.5) C–H rock. 

61 1493.1 (4) 1491.5 (4) 1444.6 (0.4) 1444.3 (0.1) C–H scis. 

62 1508.0 (9) 1509.8 (10) 1459.2 (0.6) 1459.8 (1.3) C–H scis. 

65 2132.4 (572) 2131.6 (515) 2040.8 (100) 2039.5 (100) N=N + C–D stretch. 

66 2166.6 (41) 2164.7 (38) 2062.6 (0.6) 2060.9 (0.9) N=N + C–D stretch. 

a: Calculated at B3LYP-D3/def2TZVP level of theory. b: Argon matrix at 3 K. c: Nitrogen matrix at 3 K. 

d: Tentative assignment. 

 

Table A22. IR spectroscopic data of noradamantylethene (113). 

Mode 
Calculateda 

𝜈/cm-1 (Iabs) 

Argonb 

𝜈/cm-1 (Irel) 
neatc Assignmentd 

13 674.1 (7) 661.2 (12)  C–H twist. (RH=CH2) 

23 939.5 (26) 908.1 (100) 906 C–H wag. (RH=CH2) 

29 1038.4 (9) 999.1 (33) 995 C–H twist. (RHC=CH2) 

34 1116.4 (6) 1071.7 (10)  C–H rock. 

36 1152.3 (3) 1092.1 (10)  C–H twist. 

53 1458.8 (3) 1417.5 (9)  C–H scis. (RHC=CH2) 

59 1699.4 (28) 1640.7 (84) 1625 C=C stretch. 

a: Calculated at B3LYP-D3/def2TZVP level of theory. b: Argon matrix at 9 K. c: According to 

literature.[209] d: Tentative assignment. 
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Table A23. IR spectroscopic data of d3-noradamantylethene (d3-113). 

Mode 
Calculateda 

𝜈/cm-1 (Iabs) 

Argonb 

𝜈/cm-1 (Irel) 

Nitrogenc 

𝜈/cm-1 (Irel) 
Assignmentd 

12 575.3 (3) 564.0 (4) 565.7 (6) C–D twist. (RD=CD2) 

15 731.8 (29) 711.0 (100) 713.2 (100) C–D wag. (RD=CD2) 

16 781.7 (3) 726.3 (26) 728.6 (13) C–H rock. 

31 1032.5 (4) 1012.0 (16) 1012.9 (12) C–D scis. (RDC=CD2) 

56 1508.5 (9) 1465.7 (8) 1467.1 (12) C–H scis. 

59 1633.3 (25) 1584.2 (27) 1585.5 (27) C=C stretch. 

a: Calculated at B3LYP-D3/def2TZVP level of theory. b: Argon matrix at 3 K. c: Nitrogen 

matrix at 3 K. d: Tentative assignment. 

 

Kinetic data 

Table A24. Rate constants and apparent half-lives as fitted to equation 6 with β as variable 

for the Cope rearrangement of d1-1,5-dimethylsemibullvalene (d1-2a) via QMT. 

Matrix T / K k / 10-4 s-1 τapp / h tfinal / h β 

Ar 3  2.2 ± 0.2a 0.7 16.1 0.6 ± 0.1 

Ar 3  1.3 ± 0.1 1.5 20.7 1.0 ± 0.1 

Ar 5  1.5 ± 0.3 0.9 16.1 0.5 ± 0.1  

Ar 5 3.3 ± 0.8 0.6 1.9 0.9 ± 0.1 

Ar 5 4.5 ± 1.0 0.4 1.9 1.0 ± 0.3 

Ar 10 4.8 ± 0.7 0.4 6.2 1.0 ± 0.2 

Ar 15 5.1 ± 0.6 0.4 1.9 1.0 ± 0.1 

Ar 20 3.5 ± 1.1 0.5 1.9 0.9 ± 0.2 

Ar 25 4.9 ± 0.5 0.4 1.9 0.9 ± 0.1 

Ar 30 6.2 ± 1.6 0.3 1.9 0.9 ± 0.3 

Ne 3 1.7 ± 0.1 1.1 38.3 0.9 ± 0.1 

p-H2 3 1.2 ± 0.2 1.3 16.4 0.6 ± 0.1 

N2 3 2.4 ± 0.5 0.8 4.2 0.9 ± 0.2 

a: Performed using a filter with a cutoff of 𝜈 > 1000 cm-1 (as opposed to all other experiments using a filter 

with a cutoff of 𝜈 > 2000 cm-1). 

 

Table A25. Rate constants and apparent half-lives as fitted to equation 6 with β as variable 

for the Cope rearrangement of d1-1,5-dimethyl-3,7-dicyanosemibullvalene (d1-2b) via 

QMT. 

Matrix T / K k / 10-5 s-1 τapp / h tfinal / h β 

N2 3  5.7 ± 1.1 3.9 41.0 0.7 ± 0.1 

N2 8  4.7 ± 0.9 3.5 30.0 0.7 ± 0.0 

N2 13  15.3 ± 6.7 0.7 38.4 0.4 ± 0.1  

N2 18 6.3 ± 1.0 2.6 41.3 0.7 ± 0.1 

N2 23 fit does not converge with β as variable   

Ne 3 1.9 ± 0.7 10.1 52.7 1.0 ± 0.4 

Ne 3 3.0 ± 0.3 6.4 36.0 1.0 ± 0.1 

Ne 6 4.3 ± 0.8 4.5 39.5 1.0 ± 0.3 

Ne 6 2.0 ± 1.0 9.6 30.7 1.0 ± 0.5 

Ar 3 5.8 ± 2.1 2.3 39.9 0.5 ± 0.1 

Ar 25 7.5 ± 2.0 2.6 26.6 1.0 ± 0.4 

Xe 3 2.1 ± 1.9 2.3 39.2 0.5 ± 0.2 

Xe 35 3.8 ± 0.8 2.3 38.5 0.8 ± 0.2 
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Table A26. Rate constants and apparent half-lives as fitted to equation 6 with β as variable 

for the Cope rearrangement of CD3-1,5-dimethylsemibullvalene (CD3-2a) in a neon matrix 

via QMT. 

T / K k / 10-4 s-1 τapp / h tfinal / h β 

3 2.3 ± 0.6 0.7 16.4 0.72 ± 0.07 

3 2.0 ± 0.5 0.7 14.1 0.65 ± 0.14 

6 1.0 ± 0.2 1.5 17.0 0.63 ± 0.12 

6 
1.3 ± 0.9 

(0.09 ± 0.27)a 

0.8 

(7.9) 

17.6 

(68.5) 

0.39 ± 0.12 

(0.26 ± 0.08)a 

a: For better comparability, the kinetic data was also evaluated for a shorter duration of the 

measurement. 

 

Table A27. Rate constants and apparent half-lives as fitted to equation 6 with β as variable 

for the Cope rearrangement of CD3-1,5-dimethyl-3,7-dicyanosemibullvalene (CD3-2b) in 

a neon matrix via QMT. 

T / K k / 10-5 s-1 τapp /h tfinal / h β 

3  
5.0 ± 0.6 

(9.1 ± 0.8) 

1.8 

(1.3) 

50.8 

(94.2) 

0.33 ± 0.02 

(0.44 ± 0.03)a 

3  11.7 ± 1.7 0.9 47.5 0.40 ± 0.04 

6  7.9 ± 0.9 1.4 50.8 0.39 ± 0.03 

6  6.8 ± 0.9 1.4 63.8 0.34 ± 0.03 

a: For better comparability, the kinetic data was also evaluated for a shorter duration of the 

measurement. 

 

Table A28. Rate constants and ratio of unproductive sites I∞ / Iinitial as analysed according 

to Nakata et al.[48, 128] for the Cope rearrangement of d1-1,5-dimethylsemibullvalene (d1-2a) 

via QMT. 

Matrix T / K k / 10-4 s-1 I∞ / Iinitial 

Ar 3  2.0 ± 0.1a 0.96 

Ar 3  1.5 ± 0.1 0.95 

Ar 5  1.2 ± 0.1 0.96 

Ar 5 3.5 ± 0.5 0.96 

Ar 5 4.2 ± 1.0 0.95 

Ar 10 5.3 ± 0.7 0.86 

Ar 15 4.9 ± 0.6 0.94 

Ar 20 4.0 ± 0.8 0.95 

Ar 25 4.8 ± 0.5 0.95 

Ar 30 6.2 ± 1.6 0.96 

Ne 3 1.7 ± 0.1 0.91 

p-H2 3 1.3 ± 0.1 0.93 

N2 3 2.5 ± 0.1 0.95 

a: Performed using a filter with a cutoff of 𝜈 > 1000 cm-1 (as opposed 

to all other experiments using a filter with a cutoff of 𝜈 > 2000 cm-1). 
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Table A29. Rate constants and ratio of unproductive sites I∞ / Iinitial as analysed according 

to Nakata et al.[48, 128] for the Cope rearrangement of d1-1,5-dimethyl-3,7-

dicyanosemibullvalene (d1-2b) via QMT. 

Matrix T / K k / 10-5 s-1 I∞ / Iinitial 

N2 3  5.6 ± 0.8 0.97 

N2 8  4.7 ± 0.9 0.98 

N2 13  11.2 ± 2.6 0.98 

N2 18 6.4 ± 0.9 0.97 

N2 23 6.3 ± 2.0 0.98 

Ne 3 1.8 ± 0.5 0.71 

Ne 3 3.0 ± 0.2 0.46 

Ne 6 3.7 ± 0.6 0.89 

Ne 6 1.8 ± 0.6 0.90 

Ar 3 6.0 ± 1.3 0.98 

Ar 25 9.8 ± 2.9 0.98 

Xe 3 2.6 ± 0.9 0.99 

Xe 35 3.9 ± 0.9 0.99 

a: Averaged over two different experiments within the same matrix. 

 

Syntheses 

In this subchapter, all syntheses performed in the course of this thesis shall be summarized, 

also compromising ones that were performed in the course of my Master thesis[1] or by my 

in-depth practical/Bachelor students Enis Yalcinkaya, Julien Rowen, Milena John, 

Mykhailo Kondratiuk and Frederike Beyer. 

Synthesis of 1,5-dimethylsemibullvalene-2(4)-d1 (d1-2a) 

 

Tetraester 23 was synthesized according to a literature procedure described by Weiss et 

al.[52] 2.8 g (33.4 mmol) of NaHCO3 were dissolved in 200 mL of dist. water before 

suspending 29.0 mL (35.0 g, 200.8 mmol) of dimethyl-1,3-acetone dicarboxylate (22) in 

this solution. After addition of 8.8 mL (8.7 g, 101.2 mmol) of 2,3-butanedione (21) in one 

portion under rapid stirring the reaction solution was stirred for 24 h at rt. The resulting 

white crystals were collected by vacuum filtration and dried under reduced pressure to 

afford 38.3 g (96.1 mmol, 95% yield) of a white solid.  

1H NMR (200 MHz, CDCl3): δ = 10.62 (br s, 2H, 2 OH), 3.94 (s, 2H, 2 CH), 3.87 (s, 6H, 

2 CO2CH3), 3.75 (s, 6H, 2 CO2CH3), 1.29 (s, 6H, 2 CH3) ppm.  
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According to a literature procedure described by Weiss et al.[52] 36.0 g (90.3 mmol) of 

tetraester 23 were decarboxylated by addition to 300 mL of 1 M HCl and subsequent 

heating at reflux under vigorous stirring for 16 h. The reaction mixture was then cooled to 

40 °C and extracted with 4 x 150 mL of CHCl3. The combined organic extracts were dried 

over Na2SO4, filtered and the solvent was evaporated. 13.4 g (80.9 mmol, 90% yield) of 

diketone 24 were obtained as slightly yellow solid. 

1H NMR (200 MHz, CDCl3): δ = 2.35 (s, 8H, 4 CH2), 1.20 (s, 6H, 2 CH3) ppm.  

 

 

Following a literature procedure by Askani et al.[64] 12.8 g (77.0 mmol) of diketone 24 were 

dissolved in 250 mL of dry Et2O and the resulting pale yellow solution was added dropwise 

to a suspension of 10.0 g (262.7 mmol) of lithium aluminum hydride in 250 mL of dry Et2O 

before heating at reflux for 2 h. The reaction was then quenched by addition of 20 mL of 

dist. water. The resulting hydroxides were collected by filtration and extracted in a Soxhlet 

apparatus with 250 mL of CH2Cl2 for 21 h. Evaporation of the solvents from the Soxhlet 

extraction as well as from the filtrate gave 10.9 g (64.3 mmol, 83% yield) of diol 25 in total 

as white crystals. The 1H NMR spectrum results from a superposition of the signals of the 

exo/exo-, exo/endo- and endo/endo-products in the ratio 1 : 2 : 2.  

1H NMR (200 MHz, CDCl3): δ = 4.55 - 4.11 (m, 2H, 2 CH), 2.77 (br s, 2 OH), 2.23 - 1.27 

(m, 8H, 4 CH2), 1.14 (s, CH3, exo/exo), 1.02 (s, CH3, exo/endo), 0.94 (s, CH3, endo/endo) 

ppm.  
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Dimesylate 26 was synthesized according to a literature procedure by Askani et al.[64] 

10.2 g (59.9 mmol) of diol 25 were suspended in 90 mL of pyridine and 27.5 mL (40.7 g, 

355.2 mmol) of methanesulfonyl chloride were added dropwise at 0 °C under vigorous 

stirring. The resulting orange-brown reaction mixture was stored at 0 °C for 18.5 h. The 

resulting black mixture was added to approx. 200 g of ice and acidified with conc. aq. HCl. 

It was extracted with 3 x 400 mL of CH2Cl2 and washed with 300 mL of sat. aq. NaHCO3 

solution. After drying over Na2SO4, filtration and evaporation of the solvents 16.9 g (51.8 

mmol, 86% yield) of 26 as a light brown solid were obtained. The 1H NMR spectrum results 

from a superposition of the signals of the exo/exo-, exo/endo- and endo/endo-products in 

the ratio 1 : 3 : 2.  

1H NMR (200 MHz, CDCl3): δ = 5.30 – 4.90 (m, 2H, 2 CH), 3.01 (s, CH3, exo/exo), 3.00 

(s, CH3, exo/endo), 2.99 (s, CH3, endo/endo), 2.42 - 1.79 (m, 8H, 4 CH2), 1.17 (s, CH3, 

exo/exo), 1.08 (s, CH3, exo/endo), 0.96 (s, CH3, endo/endo) ppm.  

 

 

Following a literature procedure by Askani et al.[64] 10.0 g (30.6 mmol) of dimeyslate 26 

were dissolved in 150 mL of DMSO and 15.0 g (133.7 mmol) of potassium tert-butoxide 

were added at 0 °C under vigorous stirring. After stirring at rt overnight the orange-brown 

suspension was acidified with conc. aq. HCl and then added to a mixture of 200 g of ice 

and 50 mL of conc. aq. HCl. The aqueous solution was extracted with 4 x 200 mL of 

pentane and the combined organic extracts were washed with 2 x 100 mL of sat. aq. 

NaHCO3 solution. Drying over Na2SO4, filtration and evaporation of the solvents gave 3.6 

g (26.5 mmol, 87% yield) of a 1 : 1 mixture of alkenes CS-/C2-27a as a yellow liquid which 

could be used without further purification or separation of the two isomers.  

1H NMR (200 MHz, CDCl3): δ = 5.60 - 5.41 (m, 8H, 2 CH2), 2.26 (ddt, 8H, 4 CH, J = 8.4, 

6.3, 2.2 Hz), 1.06 (s, 6H, 2 CH3) 1.01 (s, 3H, CH3), 0.99 (s, 3H, CH3) ppm.  
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1.5 g (11.4 mmol) of alkenes 27a were dissolved in 40 mL of CCl4 according to a literature 

procedure by Quast et al.[32] 4.5 g (25.1 mmol, 2.2 eq) of N-bromosuccinimide (NBS) and 

a small amount of azobisisobutyronitrile (AIBN) were added and the resulting suspension 

was refluxed for 1.5 h while under broadband irradiation by a daylight lamp (OSRAM, 300 

W). Filtration and evaporation of the solvents gave 3.2 g (10.8 mmol, 95%) of an orange 

oil as crude product with 28a being identified as the main component.  

1H NMR (200 MHz, CDCl3): δ = 5.82 (dd, 2H, J = 5.6 Hz, J = 2.4 Hz, 2 CH), 5.67 (d, 2H, 

J = 5.6 Hz, 2 CH), 4.89 (d, 2H, J = 2.4 Hz, 2 CH), 1.39 (s, 6H, 2 CH3) ppm.  

 

 

Adapting a literature procedure by Quast et al.[60]1.3 g (4.4 mmol) of 28a were dissolved 

in 25 mL of DMSO and 1.2 g (11.0 mmol) of potassium tert-butoxide were added in one 

portion. After stirring overnight, 30 mL of dist. water were added to the resulting orange 

solution. The aqueous phase was extracted with 6 x 50 mL of Et2O and the combined 

organic extracts were washed with 6 x 30 mL of dist. water. Drying over Na2SO4, filtration 

and evaporation of the solvents gave 1.0 g of an orange liquid as crude product. Purification 

of the crude product by HPLC with pentane as eluent resulted in 460 mg (2.2 mmol, 50% 

yield) of pure, white 29a.  

1H NMR (200 MHz, CDCl3): δ = 5.37 - 5.33 (m, 2H, 2 Allyl-CH), 5.21 (d, 1H, J = 4.8 Hz, 

Vinyl-CH), 3.10 - 3.00 (m, 2H, 2 CH), 1.17 (s, 3H, CH3), 1.10 (s, 3H, CH3) ppm.  

 

 

The lithiation and subsequent deuteration was performed as described by Askani et al.[63] 

443 mg (2.1 mmol) of 29a were dissolved in 10 mL of dry THF and cooled to -  60 °C 

under an argon atmosphere. 2.7 mL (4.6 mmol) of 1.7 M tert-butyllithium in pentane was 

added under vigorous stirring. The resulting bright yellow solution was stirred for 75 min 

at - 60 °C before quenching by addition of 3 mL of D2O. The mixture was allowed to warm 
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to rt before adding additional 1 mL of D2O and stirring for another 5 - 10 min. The aqueous 

phase was extracted with 8 x 10 mL of pentane and the combined organic extracts were 

washed with 2 x 20 mL of dist. water and 20 mL of sat. aq. NaCl solution. Drying over 

Na2SO4, filtration and evaporation of the solvents gave 242 mg (1.8 mmol, 86% yield) of 

a pale yellow liquid as a mixture of the isotopomers d2-2a and d4-2a as well as the 

non-deuterated 2a.  

Pure (non-deuterated semibullvalene) could be synthesized by an analogous procedure via 

quenching with H2O instead of D2O. 

1,5-dimethylsemibullvalene-2(4)-d1 (d
2-2a and d4-2a)  

1H NMR (200 MHz, CDCl3): δ = 5.12 - 5.06 (m, 2H, 2 CH), 4.25 (d, 2H, J = 2.9 Hz), 4.25 

(d, 1H, J = 3.7 Hz), 1.04 (s, 6H, 3 CH3) ppm.  

13C NMR (50 MHz, CDCl3): δ = 119.0 (C3/7), 118.8 (C3/7), 95.2 (C4/6), 90.4 (C2/8), 90.2 

(C2/4, t, J = 25.5 Hz), 59.6 (C1/5), 59.5 (C1/5), 15.7 (C9/10), 15.5 (C9/10) ppm.  

1,5-dimethylsemibullvalene (2a)  

1H NMR (200 MHz, CDCl3): δ = 5.12 - 5.06 (m, 2H, 2 CH), 4.18 ("dd", 4H, J = 2.5, 1.3 Hz), 

1.04 (s, 6H, 3 CH3) ppm.  

13C NMR (50 MHz, CDCl3): δ = 119.0 (C3/7), 92.9 (C2/4/6/8), 59.7 (C1/5), 15.6 (C9/10) 

ppm. 

Synthesis of 3,7-dicyano-1,5-dimethylsemibullvalene-2(4)-d1 (d1-2b) 

 

According to literature procedures,[60, 61] 5.0 g (30.0 mmol) of diketone 24, 4.0 g 

(15.0 mmol) of [18]-crown-6 and 1.0 g (15.3 mmol) of KCN were prepared in a flask. 

Under vigorous stirring and external cooling by an ice bath 15 mL (120.0 mmol) of 

trimethylsilylcyanide (TMSCN) were slowly added. After 90 min of stirring at rt, 100 ml 

of pentane were added and 100 mL of a 1:1 mixture of sat. aq. K2CO3 solution and dist. 

water were added dropwise (HCN evolution!). The organic phase was separated and 

washed with another 100 mL of a 1:1 mixture of sat. aq. K2CO3 solution and dist. water. 

After drying over K2CO3, filtration and evaporation of the solvent 10.8 g (29.6 mmol, 99% 

yield) of product 30 were obtained as a white solid. The 1H NMR spectrum results from a 



 

139 

superposition of the signals of the exo/exo-, exo/endo- and endo/endo-products in a ratio 

of 1 : 1.5 : 1. 

1H NMR (200 MHz, CDCl3): δ = 2.63 (d, J = 13.0 Hz, 2H, exo/endo), 2.48 (d, J = 13.7 Hz, 

4H, endo/endo), 2.43 (d, J = 13.8 Hz, 4H, exo/exo), 2.30 (d, J = 13.7 Hz, 2H, exo/endo), 

2.12 (d, J = 13.4 Hz, 2H, exo/exo), 2.06 (d, J = 12.3 Hz, 2H, exo/endo), 2.00 (d, J = 13.8 Hz, 

4H, endo/endo), 1.94 (d, J = 12.7 Hz, 2H, exo/endo), 1.21 (s, 6H, CH3, exo/exo), 1.18 (s, 

6H, CH3, endo/endo), 1.16 (s, 6H, CH3, exo/endo), 0.27 (s, 9H, SiMe3, endo/endo), 0.25 (s, 

9H, SiMe3, exo/endo), 0.24 (s, 27H, exo/endo + exo/exo) ppm. 

 

 

As described by Quast et al.,[60, 61] 10.8 g (29.6 mmol) of 30 were dissolved in 60 mL of 

pyridine and heated to 60 °C. After addition of 18 mL (30.2 g, 198 mmol) of POCl3 the 

mixture was refluxed for 3 h. After cooling the reaction mixture to rt, it was slowly poured 

onto ice and the precipitate was collected by vacuum filtration before being subsequently 

washed with 1 N HCl and dist. water. 5.4 g (29.3 mmol, 99% yield) of a mixture of alkenes 

27b were obtained as a light brown powder which was used without further purification or 

separation of the two isomers. 

1H NMR (200 MHz, CDCl3): δ = 6.34 (d, J = 2.3 Hz, 2H, CH), 2.64 - 2.55 (m, 8H, CH2), 

1.16 - 1.11 (m, 6H, CH3) ppm. 

 

 

According to instructions by Quast et al.,[60, 61] 0.5 g (2.7 mmol) of alkenes 27b were 

dissolved in 25 mL of CCl4 and 2.4 g (13.5 mmol) of N-bromosuccinimide were added as 

well as few milligrams of AIBN. The resulting mixture was heated to reflux and irradiated 

with a 250-Watt daylight lamp for 3 h. Afterwards the mixture was filtered hot and the 

solvent was removed in vacuo. Flash column chromatography with CH2Cl2 as the eluent 

yielded the product with only minor impurities. Further purification can be performed by 



 

140 

recrystallization from EtOAc. 1.0 g (2.0 mmol, 74% yield) of 38 were gained as a yellow 

solid. 

1H NMR (200 MHz, CDCl3): δ = 6.89 (s, 1H, Hvin), 5.24 (s, 1H, CHBr), 1.70 (s, 3H, 5-CH3), 

1.53 (s, 3H, 1-CH3) ppm. 

 

 

Following a preparation by LeGoff,[62] 0.2 g Cu(OAc)2∙H2O (1.0 mmol) were dissolved in 

5 mL of glacial acetic acid and the solution was heated to boiling under stirring. 3.5 g 

(53.5 mmol) of Zn dust (particle size  < 10 μm) were added, and it was waited for one 

minute until most of the copper deposited on the zinc. The acetic acid was decanted off 

carefully and the solid was washed with 5 mL acetic acid and three 10 mL portions of 

diethyl ether to yield the moist, dark red couple which was used directly after preparation 

for the debromination reactions. 

Closely following a synthesis by Quast et al.,[60, 61] 0.5 g (1 mmol) of 31 were dissolved 

under an argon atmosphere in 20 mL of anhydrous THF. 1.5 g of the active Cu/Zn couple 

were added to the solution and it was refluxed for 3 h. Afterwards it was filtered through a 

short plug of silica gel and the silica gel was washed with 20 mL of pentane. The resulting 

yellow solution was washed twice with 30 mL of saturated NaHCO3 solution and the 

organic phase was dried over MgSO4. After removing the solvents, 120 mg (0.66 mmol, 

66% yield) of 2b were obtained as a beige solid. 

1H NMR (200 MHz, CDCl3): δ = 4.68 (s, 4H), 1.16 (s, 6H, CH3) ppm. 

 

 

Modifying a synthesis by Quast et al.,[60] 0.5 g (1 mmol) of 31 were dissolved under an 

argon atmosphere in 20 mL of anhydrous THF. 1.5 g of the active Cu/Zn couple (for 

preparation s. above) were added to the solution and it was stirred for 30 min at rt. 
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Afterwards it was filtered through a short plug of silica gel and the silica gel was washed 

with 20 mL of pentane. The resulting yellow solution was washed twice with 30 mL of 

saturated NaHCO3 solution and the organic phase was dried over MgSO4. After removing 

the solvents, 200 mg (0.77 mmol, 77% yield) of the crude product were received as a beige 

solid. Further purification can be performed by recrystallization from EtOAc which yields 

a white crystalline solid. 

1H NMR (200 MHz, CDCl3): δ = 6.09 (s, 1H), 3.19 (d, J = 6.1 Hz, 1H), 3.13 (d, J = 6.1 Hz, 

1H), 1.30 (s, 3H, 5-CH3), 1.20 (s, 3H, 1-CH3) ppm. 

 

 

Following a procedure by Quast et al.,[60] 260 mg (1.0 mmol) of 29b were dissolved in 20 

mL of anhydrous THF in a dry Schlenk flask under an argon atmosphere. The stirred 

solution was cooled down to - 100 °C via a liquid nitrogen/EtOH cooling bath. 1.4 mL 

(2.2 mmol) of t-BuLi in hexane were added slowly to the mixture and the resulting dark 

red solution was stirred for 40 min. Then 2 mL of MeOD were added slowly to the mixture 

and it was stirred for 1 hour. The yellow solution was then warmed up slowly to rt and was 

poured onto 100 mL of cold brine and was extracted twice with 50 mL of Et2O. The organic 

phase was dried over MgSO4 and the solvents were removed in vacuum. 110 mg (0.6 mmol, 

60% yield) of d2-/d4-2b were obtained as a slightly yellow solid. 

1H NMR (200 MHz, CDCl3): δ = 4.78 (s, 2H, s), 4.61 (s, 1H), 1.16 (s, 3H, CH3), 1.14 (s, 

3H, CH3) ppm. 

 

Synthesis of 2,3-butanedione-d3 (starting material for the preparation of 

CD3-semibullvalenes) 
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According to a synthesis by Pierau,[239] 100 mL of dry MeOH were added to 7.2 mL (6.2 g, 

56.6 mmol) of trimethylsilyl chloride before dropwise addition of 10.2 mL (10.1 g, 

117.3 mmol) of 2,3-butanedione (21) at rt. After having stirred at rt overnight, the reaction 

mixture was poured into a mixture of 100 mL of saturated aqueous NaHCO3 solution and 

50 mL of 2 M NaOH solution. The product was extracted with 2 x 100 mL of CH2Cl2 and 

the combined organic extracts were dried over MgSO4. Filtration and removal of the 

solvents gave 14.0 g (106.0 mmol, 94% yield) of 34 as pale yellow liquid.  

1H NMR (200 MHz, CDCl3): δ = 3.24 (s, 6H, OCH3), 2.22 (s, 3H, COCH3), 1.37 (s, 3H, 

CH3) ppm. 

 

 

Following a procedure by Chen et al.,[69] 14.0 g (106.0 mmol) of 34 were dissolved in 50 

mL of D2O and 0.87 mL (0.75 g, 10.6 mmol) of pyrrolidine were added. After having stirred 

at rt overnight, the reaction mixture was extracted with 3 x 100 mL of Et2O. The combined 

organic extracts were dried over Na2SO4 and the solvents were removed to yield 9.0 g 

(66.6 mmol, 63% yield) of CD3-34 as yellow liquid.   

1H NMR (200 MHz, CDCl3): δ = 3.21 (s, 6H, OCH3), 1.34 (s, 3H, CH3) ppm. 

13C NMR (50 MHz, CDCl3): δ = 207.35 (C=O), 102.49 (C(OMe)2), 49.79 (OCH3), 19.61 

(C(OMe)2CH3) ppm. 

 

 

According to instructions by De Kimpe et al,[240] 8.7 g (64.4 mmol) of CD3-34  were 

dissolved in 16.5 mL (24.4 g, 214.2 mmol) of trifluoroacetic acid and stirred overnight at 

rt. The reaction mixture was neutralized with saturated aqueous NaHCO3 solution and it 

was extracted with 4 x 50 mL of CH2Cl2. The combined organic extracts were dried over 

Na2SO4, filtered and the solvents were removed at 0 °C by rotary evaporator to obtain 4.8 g 

(53.9 mmol, 84% yield) of CD3-21 as pale yellow to brown liquid. 

 1H NMR (200 MHz, CDCl3): δ = 2.33 (s, 3H, CH3) ppm. 
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Attempted synthesis of 2,6-diaza-1,5-dimethylsemibullvalenes 

 

2.24 g (20 mmol) of potassium tert-butoxide were suspended in 20 ml of pentane under an 

argon atmosphere. 13.4 mL (1.6 M, 22 mmol) of BuLi were added to the suspension under 

stirring, during which the solution slowly turned orange. A mixture of 1.18 ml (10 mmol) 

of 2,3-dimethyl-1,3-butadiene (64) in 20 ml of pentane was slowly added dropwise to the 

solution, followed by stirring for another 10 min. After the solid had settled, the excess 

solvent was removed via pipette and the solid was dried in an argon stream. This was mixed 

with 20 mL THF and cooled down to - 78 °C. 4.4 mL (3.3 g, 40 mmol) of tert-butyl cyanide 

(for 67a) or 4.3 mL (4.3 g, 42 mmol) of benzonitrile (for 67b) were added, respectively, 

and the solution was slowly warmed to rt over 2 h. After the solution had been stirred for 

20 h at rt, saturated sodium bicarbonate solution was added. The subsequent extraction was 

carried out with Et2O (4 × 10 ml) and the combined organic solutions were washed with 

water (2 × 40 ml) and saturated sodium chloride solution (40 ml). The organic solution was 

finally dried over magnesium sulfate, filtered and the solvent removed in vacuo, yielding 

1.1 g of crude 67a as brown oil or 1.6 g of crude 67b as orange powder (after drying at 

150 °C and 10-3 mbar), respectively. Attempts to purify via distillation/sublimation at 

reduced pressure or column chromatography failed. 

2,6-Diaza-1,5-dimethyl-3,7-di-tert-butyl-bipyrrole (67a) 

1H NMR (200 MHz, CDCl3): δ = 3.05 (d, J = 17.2 Hz, 2H), 2.54 (d, J = 17.2 Hz, 2H), 1.17 

(s, 6H, CH3), 1.08 (s, 18H, C(CH3)3) ppm.   

2,6-Diaza-1,5-dimethyl-3,7-diphenyl-bipyrrole (67b) 

1H NMR (200 MHz, CDCl3): δ = 7.91 – 7.66 (m, 2.2 Hz, 12H, Ph), 3.60 (d, J = 17.4 Hz, 

2H), 3.11 (d, J = 17.3 Hz, 2H), 1.45 (s, 6H, CH3) ppm.  

Attempted synthesis of 2,6-dicyano-1,5-dimethylsemibullvalene 
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Following a procedure by Quast et al.,[55] 7.5 g (45.1 mmol) of 24 were converted to 13.0 

g (31.0 mmol; 69% yield) of a mixture of C2-32 and CS-32 (with a ratio of 1.6 : 1 according 

to 1H NMR analysis) as pale yellow solid. 

3,7-Bis(4-chlorphenylthio) - 1,5-dimethyldicyclo[3.3.0]octa-2,6-dien (C2-32) 

1H NMR (200 MHz, CDCl3): δ = 7.26 (“dd”, J = 7.8, 1.3 Hz, 8H, arom. H), 5.46 (d, 

J  = 1.6 Hz, 2H, 2-H), 2.31 (d, J = 2.4 Hz, 4H, 4-H2), 1.05 (s, 6H, CH3) ppm. 

3,7-Bis(4-chlorphenylthio) - 1,5-dimethyldicyclo[3.3.0]octa-2,7-dien (CS-32)  

1H NMR (200 MHz, CDCl3): δ = 7.26 (“dd”, J = 7.8, 1.3 Hz, 8H, arom. H), 5.46 (d, 

J = 1.6 Hz, 2H, 2-H), 2.32 (d, J = 1.8 Hz, 2H, 4/6-H), 2.25 (d, J = 1.7 Hz, 2H, 4/6-H), 1.01 

(s, 3H, CH3), 1.01 (s, 3H, CH3) ppm. 

 

 

 

According to a protocol by Quast et al.,[55] 13.0 g (31.0 mmol) of a mixture of C2-32 and 

CS-32 (ratio: 1.6 : 1, s. above) were dissolved in 65 mL of dry CCl4. After addition of 

0.45 mL (3.2 mmol) of trifluoroacetic anhydride and 0.15 mL (2.0 mmol) of trifluoroacetic 

acid, the solution was stirred at rt for 72 h. The reaction was quenched via addition of 13 g 

of K2CO3 and 130 mL of sat. aq. K2CO3 solution. The phases were separated, the organic 

phase was washed with 100 mL of dist. water and then dried over K2CO3. Filtration and 

subsequent evaporation of the solvent gave 12.6 g (30.0 mmol; 97% yield) of a mixture of 

C2-32 and CS-32 (with a ratio of 2.6 : 1 according to 1H NMR analysis) as pale yellow solid. 
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12.5 g (30.0 mmol) of a mixture of C2-32 and CS-32 (ratio: 2.6 : 1, s. above) were suspended 

in 150 mL of acetic acid at 55 °C and over the course of 40 min 27.7 g (180.1 mmol) of 

sodium perborate were added in small portions under stirring. After another 3 h of stirring 

at 55 °C (ATTENTION: this duration was mistakenly inferred from the procedure by Quast 

et al;[55] the authors recommend a duration of 9 h for full conversion), the solution was 

cooled to rt and 150 mL of dist. water were added. The resulting precipitate was collected 

by vacuum filtration and washed with dist. water until a pH of 4-5 was reached. Drying the 

precipitate for 16 h over KOH in an evacuated desiccator resulted in 10.3 g of a crude 

mixture of unreacted 32 as well as a mixture of C2-33 and CS-33 as off-white powder. 

3,7-Bis(4-chlorphenylsulfonyl) - 1,5-dimethyldicyclo[3.3.0]octa-2,6-dien (C2-33) 

1H NMR (200 MHz, CDCl3): δ = 7.81 – 7.68 (m, 4H, arom. H), 7.57 – 7.40 (m, 4H, arom. 

H), 6.30 (d, J = 1.8 Hz, 2H, 2-H), 2.54 (d, J = 2.7 Hz, 2H, 4-H2), 2.51 (d, J = 3.1 Hz, 2H, 

4-H2), 1.13 (s, 6H, CH3) ppm. 

3,7-Bis(4-chlorphenylsulfonyl) - 1,5-dimethyldicyclo[3.3.0]octa-2,7-dien (CS-33)  

1H NMR (200 MHz, CDCl3): δ = 7.81 – 7.68 (m, 4H, arom. H), 7.57 – 7.40 (m, 4H, arom. 

H), 6.45 (“t”, J = 1.8 Hz, 2H, 2-H), 2.41 (d, J = 3.1 Hz, 2H, 4/6-H), 2.32 (d, J = 1.7 Hz, 

2H, 4/6-H), 1.10 (s, 3H, CH3), 1.02 (s, 3H, CH3) ppm. 

 

 

Continuing to follow the instructions of Quast et al.,[55] 100.2 g of Al2O3 (neutral, 

Brockmann activity I) were deactivated by addition of 5 mL of dist. water (i. e. Brockmann 
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activity II – III) and then added to 150 mL of an aqueous solution of 10.5 g KCN 

(161.5 mmol). The water was slowly removed by rotary evaporation at 60 °C, before drying 

the solid at 120 °C in vacuum overnight. 55.0 g of the KCN/Al2O3 adsorbate thus obtained 

and 10.3 g of the crude mixture of 32 and 33 were suspended in 250 mL of 2-butanol (which 

was prior dried over K2CO3 for 6 h). After refluxing the reaction mixture for 64 h, it was 

cooled to rt and filtered. The precipitate was washed with 5 x 70 mL of CH2Cl2 and the 

organic extracts were washed with 3 x 300 mL of aqueous 10% NaCl solution. Drying over 

MgSO4, filtration and evaporation of the organic solvent yielded a brown solid that was 

purified via column chromatography with 1 : 5 EtOAc/pentane as eluents. However, only 

1.8 g of a crude mixture of products were obtained, among them the targeted 27c, as 

indicated by comparison of 1H NMR with reported data.[56] Further purification attempts 

via HPLC with the same eluent mixture did not yield sufficient purity or quantity of 27c to 

enable further continuation of this multistep synthesis. 

 

Synthesis of precursors to noradamantyl methyl carbene 

 

Following a literature procedure,[241] 1.0 g (6,7 mmol) of 2-adamantanone (35) were 

suspended in 5 mL of dry Et2O under argon atmosphere at 0 °C. After addition of 4.4 mL 

of 3 M solution of CH3MgBr in THF (13.2 mmol) the solution was stirred for 1 h at 0 °C. 

The reaction was quenched with 10 mL of sat. aq. NH4Cl solution at rt and the aqueous 

phase was extracted with ethyl acetate (3 x 15 mL). The combined organic extracts were 

washed with water (10 mL) and sat. aq. NaCl solution (10 mL), dried over Na2SO4 and 

filtered. Evaporation of the solvent gave 1.0 g (6.0 mmol; 90% yield) of 36 as white 

crystals. 

1H NMR (200 MHz, CDCl3): δ = 2.24 – 2.09 (bd, J ≈ 12 – 13 Hz, 2H, H’4/9), 1.91 - 1.60 

(m, 10H), 1.58 (s, 1H, OH), 1.56 – 1.44 (bd, J ≈ 12 – 13 Hz, 2H, H 4/9), 1.31 (s, 3H, CH3) 

ppm. 

13C NMR (50 MHz, CDCl3): δ = 73.3 (C2), 38.6 (C1/C3), 37.8 (C6), 34.6 (C8/C10), 32.4 

(C4/C9), 27.0 (C7), 26.9 (C5), 26.5 (CH3) ppm. 
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As described in the literature,[241, 242] 1.0 g (6.0 mmol) of 36 were suspended in 4 mL of 

CCl4 and added to 2.0 mL (25.1 mmol) of 14% aq. NaOCl solution at 0 °C. After addition 

of 1.5 mL of acetic acid, the resulting yellow suspension was stirred at 0 °C for 1.5 h. The 

aqueous phase was extracted with DCM (3 x 25 mL) and the combined organic extracts 

were washed with 3% aq. NaHCO3 solution (20 mL). After drying over Na2SO4, filtration 

and evaporation of the solvents 1.0 g of crude 37 were obtained as pale yellow liquid. 

1H NMR (200 MHz, CDCl3): δ = 2.21 – 1.42 (m, 14H), 1.38 (s, 3H, CH3) ppm. 

 

This crude intermediary product was dissolved in 8 mL of CCl4 and refluxed for 16 h. 

Subsequent evaporation of the solvent yielded 1.0 g of crude 38 as yellow oil. 

1H NMR (200 MHz, CDCl3): δ = 4.25 (tt, J = 12.1, 4.9 Hz, 1H, 7-H), 2.57 (tt, J = 12.3, 6.0 

Hz, 1H, 3-H), 2.14 (s, 3H, CH3), 2.35 – 1.10 (m, 12H) ppm. 

 

A solution of 1.45 g (25.8 mmol) KOH in 15 mL of MeOH was added to crude 38 and the 

mixture was subsequently heated to reflux for 2 h. The solvent was removed in vacuo before 

addition of few mL of CH2Cl2 and subsequent filtration. Removal of CH2Cl2 by rotary 

evaporator gave 0.9 g (5.5 mmol, 91% yield) of 39 as viscous, yellow oil of sufficient purity 

for further synthesis. 

1H NMR (200 MHz, CDCl3): δ = 2.62 (t, J = 6.5 Hz, 1H, 7-H), 2.32 (bs, 2H, 6/8-H), 2.17 

(s, 3H, CH3), 2.12 – 1.20 (m, 10H) ppm. 

 

 

Analogous to the synthesis of adamantyl hydrazones described by Elguero et al.,[243] 

reacting 215 mg (1.3 mmol) of 39 were reacted with 1 ml (20.6 mmol) of hydrazine 

monohydrate (100%) in 1.2 ml of abs. ethanol at rt for 20 h (and subsequent evaporation 

of the solvent/reagent), resulting in 211 mg (1.2 mmol, 90% yield) of 40a. 

1H NMR (200 MHz, CDCl3): δ = 2.29 (t, J = 6.4 Hz, 1H, 7-H), 2.22 – 2.05 (m, 2H, 1/5-H), 

1.68 (s, 3H, CH3), 1.94 – 1.35 (m, 10H) ppm. 
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13C NMR (50 MHz, CDCl3): δ = 155.88 (C=N), 55.72 (C3), 46.95 (C2/C4), 43.96 (C7), 

42.15 (C6/C8), 37.20 (C1/C5), 35.11 (C9), 12.05 (CH3) ppm. 

 

 

Adapting a procedure by Holton and Shechter,[68] 200 mg (1.1 mmol) of 40a were dissolved 

in a mixture of 10 mL of dimethylformamide (DMF) and 5 mL of 1,1,3,3-tetramethyl 

guanidine (TMG) and 507 mg (1.1 mmol) of Pb(OAc)4 were added in one portion under 

stirring at - 78 °C. The greenish reaction mixture was stirred for 1 h at - 78 °C before 

extraction with 3 x 25 mL of cold (- 78 °C) pentane in a cold separatory funnel. The 

combined organic extracts were washed with 25 mL of cold (approx. - 20 °C) 30% aqueous 

potassium hydroxide solution. A few spatulas of dry ice were added to the pentane solution 

and the resulting precipitate from carbon dioxide and TMG was removed via filtration. The 

pentane solution was concentrated under reduced pressure to about 5 mL and stored under 

argon at - 20 °C until further use. However, the 1H NMR spectrum of the white crystals 

obtained after evaporation of the solvent noticeably differed from the one recorded for a 

white compound generated by sublimation of hydrazonide 42, thus preventing any 

confident identification of either substance as (pure) 41.  

 

 

In an analogous synthesis to the one described for 40a, 491 mg (3.0 mmol) of 39 were 

dissolved in 3 mL of abs. EtOH and 600 mg (3.2 mmol) of tosyl hydrazide were added in 

one portion. After having stirred for 24 h at rt, the resulting white precipitate was collected 

by filtration and dried in vacuo. 917 mg (2.8 mmol, 92% yield) of 40b were thus obtained.  

1H NMR (200 MHz, d6-DMSO): δ = 9.79 (s, 1H, NH), 7.73 (d, J = 8.3 Hz, 2H), 7.36 (d, 

J = 7.8 Hz, 2H), 2.36 (s, 3H, Tos-CH3), 2.29 (d, J = 5.5 Hz, 1H), 2.19 (bs, 2H, 6/8-H), 1.77 

(s, 3H, C=NCH3), 1.92 – 1.39 (m, 10H). 



 

149 

13C NMR (50 MHz, d6-DMSO): δ = 162.17 (C=N), 142.88 (C1arom), 136.30 (C4arom), 

129.02 (C3/5arom), 127.59 (C2/6arom), 55.77 (C3), 46.53 (C2/C4), 43.35 (C7), 41.72 

(C6/C8), 36.64 (C1/C5), 34.48 (C9), 20.97 (benz. CH3), 14.05 (CH3) ppm. 

MS (EI, 70eV): m/z (rel. int.) = 333 (43) [M + H]+, 178 (99) [M + H - Tos]+, 177 (15) [M 

- Tos]+, 155 (6) [Tos]+, 148 (13), 136 (25), 106 (19), 94 (24), 91 (77) [C7H7]
+, 79 (25), 65 

(22), 41 (17) [CH3CN]+.  

HRMS (EI-TOF) calculated for C18H24N2O2S: 332.15585; Found: 332.08069.  

IR (KBr): 𝜈 = 3223 (vs, N-H), 2927 (vs, C–H), 2862 (s, C–H), 1725 (m, C=N), 1331 (s, 

R-SO2-R’), 1183 (s, R-SO2-R’), 1167 (vs, R-SO2-R’), 806 (s), 708 (m), 685 (s), 658 (m), 

552 (s) cm-1. 

UV/Vis (abs. EtOH): λmax = 418, 225, 205 nm.  

Melting point: 134 - 137 °C 

 

The trideuterated tosylhydrazone CD3-40b was generated by a procedure analogous to the 

one described above for 40b. 

1H NMR (200 MHz, d6-DMSO): δ = 9.79 (s, 1H, NH), 7.73 (d, J = 7.9 Hz, 2H), 7.36 (d, 

J = 7.9 Hz, 2H), 2.35 (s, 3H, CH3), 2.28 (t, J = 5.9 Hz, 1H), 2.17 (bs, 2H, 6/8-H), 1.87 – 1.22 

(m, 10H). 

13C NMR (50 MHz, d6-DMSO): δ = 162.31 (C=N), 142.99 (C1arom), 136.34 (C4arom), 

129.11 (C3/5arom), 127.67 (C2/6arom), 55.82 (C3), 46.58 (C2/C4), 43.42 (C7), 41.79 

(C6/C8), 36.71 (C1/C5), 34.54 (C9), 21.04 (benz. CH3) [CD3 not detected] ppm. 

 

31 mg (1.2 mmol) of sodium hydride (as 52 mg of 60% dispersion in oil) were washed 

thrice with few mL of dist. pentane. Under an argon atmosphere, a solution of 199 mg 

(0.6 mmol) of 40b in 15 mL of DCM were added and the reaction mixture was stirred at rt 

for 2.5 h. Evaporation of the solvent in vacuo yielded 155 mg (0.4 mmol, 73% yield) of 42 

as white solid.  

1H NMR (200 MHz, d6-DMSO): δ = 7.59 (d, J = 7.9 Hz, 2H, arom. H), 7.08 

(d, J = 7.9 Hz, 2H, arom. H), 2.27 (s, 4H, benz. CH3 + 7-H), 2.17 (bs, 2H, 6/8-H), 1.63 (s, 

3H, CH3), 2.09 – 1.37 (m, 10H) ppm. 
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13C NMR (50 MHz, d6-DMSO): δ = 148.58 (C=N), 144.45 (C1arom), 137.74 (C4arom), 

127.72 (C3/5arom), 126.45 (C2/6arom), 55.29 (C3), 47.23 (C2/C4), 43.73 (C7), 41.65 

(C6/C8), 36.88 (C1/C5), 35.14 (C9), 20.85 (benz. CH3), 13.50 (CH3) ppm. 

IR (KBr) 𝜈 = 2925 (vs, C–H), 2865 (s, C–H), 1725 (m, C=N), 1225 (s, R-SO2-R’), 1132 

(vs, R-SO2-R’), 1090 (vs, R-SO2-R’), 813 (w), 708 (m), 695 (m), 653 (w), 584 (w), 558 

(m) cm-1 

UV/Vis (abs. Ethanol): λ = 235 nm. 

 

The trideuterated tosylhydrazonide CD3-42 was generated by a procedure analogous to the 

one described above for 42. 

1H NMR (200 MHz, d6-DMSO): δ= 7.57 (d, J = 8.1 Hz, 2H, arom. H), 7.09 

(d, J = 7.8 Hz, 2H, arom. H), 2.27 (s, 3H, benz. CH3), 2.24 (bs, 1H, 7-H), 2.17 (s, 2H, 

6/8-H), 1.95 – 1.39 (m, 10 H) ppm. 

13C NMR (50 MHz, d6-DMSO): δ = 148.38 (C=N), 144.45 (C1arom), 137.64 (C4arom), 

127.68 (C3/5arom), 126.37 (C2/6arom), 55.20 (C3), 47.15 (C2/C4), 43.64 (C7), 41.53 

(C6/C8), 36.77 (C1/C5), 35.06 (C9), 20.80 (benz. CH3) [CD3 not detected] ppm. 

 

 

According to a procedure by Chen et al.,[69] 165 mg (1 mmol) of 39 were added to a solution 

of 0.01 mL of pyrrolidine (9 mg, 0.1 mmol) in 1.5 mL of D2O and 1.5 mL of dry dioxane. 

After stirring at rt for 12 h, the reaction mixture was diluted with water (10 mL) and then 

extracted with Et2O (2 x 10 mL). The organic layer was washed with water (5 mL) and 

brine (5 mL), dried over Na2SO4, and filtered. The filtrate was concentrated to obtain 

133 mg of CD3-39 as oily liquid. 

1H NMR (200 MHz, CDCl3): δ = 2.62 (t, J = 6.5 Hz, 1H, 7-H), 2.32 (bs, 2H, 6/8-H), 

22.07 – 1.58 (m, 10H) ppm. 

13C NMR (50 MHz, CDCl3): δ = 212.43 (C=O), 61.69 (C3), 46.28 (C2/C4), 43.72 (C7), 

42.31 (C6/C8), 37.45 (C1/C5), 34.86 (C9), 25.70 (sep, J = 19.4 Hz, CD3) ppm. 

 

Synthesis of aroyl azides 
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5.2 g (1.6 mmol) of 5% FeCl3 on SiO2 (dried at 90 °C overnight) were suspended in 120 mL 

of dry benzene (dried over activated molecular sieve overnight). 2.3 g (10.5 mmol) of 

1-bromoadamantane (49) were added upon which the yellow suspension turned dark-red. 

After having stirred at reflux for 22 h, the reaction mixture was filtered through a short plug 

of SiO2 and the product was washed off with multiple mL of hexanes. Evaporation of the 

solvents gave 2.2 g (10.4 mmol; 99% yield) of 50 as white crystals. 

1H NMR (400 MHz, CDCl3): δ = 7.39 – 7.29 (m, 4H), 7.20 – 7.15 (m, 1H), 2.10 (bs, 3H, 

3-H), 1.93 (d, 6H, J = 2.7 Hz, 2-H2), 1.80 (dd, 3H, J = 12.5, 3.2 Hz, 4-H), 1.76 (dd, 3H, 

J = 11.9, 3.0 Hz, 4-H) ppm. 

     

 

1.0 g (4.7 mmol) of 50 were dissolved in 20 mL of dry CH2Cl2 under an argon atmosphere 

and 0.7 mL (2.2 g; 13.6 mmol) of Br2 were added dropwise within 10 min under stirring at 

rt. After having stirred for 17 h at rt, the reaction mixture was poured onto ice. After the ice 

had melted, sodium bisulfite was added under stirring until the mixture was completely 

decolorized. The layers were separated and the aqueous layer was extracted with 25 mL of 

DCM. The combined organic layers were dried over Na2SO4, filtered and the solvent was 

evaporated to give 1.3 g (4.5 mmol; 96% yield) of 51 as off-white solid.  

1H NMR (400 MHz, CDCl3): δ = 7.44 – 7.40 (m, 2H, arom. H), 7.25 – 7.21 (m, 2H, 

arom. H), 2.09 (bs, 3H, 3-H), 1.87 (d, J = 2.6 Hz, 6H, 2-H2), 1.76 (“q”, J = 12.2 Hz, 6H, 

4-H2) ppm. 

 

 

2.8 g (9.6 mmol) of 51 dissolved in 100 mL of dry THF and 4.5 mL (11.3 mmol) of 2.5 M 

BuLi in hexanes were added at - 78 °C. After having stirred at - 78 °C for 10 min, dry CO2 
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was bubbled through the pale yellow solution for 15 min at - 78 °C upon which the 

formation of a white precipitate could be observed. The reaction mixture was warmed to rt 

under a continuous flow of CO2 within 40 min before being poured into 200 mL of saturated 

aqueous solution of NH4Cl. The mixture was extracted with 200 mL of CH2Cl2 and the 

organic extract was dried over MgSO4. Filtration and evaporation of the solvents resulted 

in 2.4 g (9.4 mmol) of 46b as white solid. 

1H NMR (400 MHz, d6-DMSO): δ = 7.94 – 7.82 (m, 2H, arom. H), 7.54 – 7.41 (m, 2H, 

arom. H), 2.06 (bs, 3H, 3-H), 1.88 (d, J = 2.7 Hz, 6H, 2-H2), 1.77 – 1.72 (m, 6H, 4-H2) 

ppm. 

IR (neat): 𝜈 = 3200 – 2500 b (O-H) cm-1, 2901 s (Csp3-H), 2846 m (Csp3-H), 1678 vs (C=O), 

1606 m, 1292 s (C–O), 772 m, 706 m, 550 m, 530 m.  

       

General procedure for the synthesis of aroyl chlorides 

 

2 mmol of acid 46 were dissolved/suspended in 20 mL of dry DCM and 0.1 mL of dry 

DMF at 0 °C under an argon atmosphere. 0.25 mL (0.37 g; 2.9 mmol) of oxalyl chloride 

were added and stirring was continued at 0 °C for 2 h. Evaporation of the solvent gave the 

crude acid chlorides 47 as off-white solids that were used immediately without further 

purification or analysis.   

 

General procedure for the synthesis of aroyl azides 

 

2 mmol of crude acid chloride 47 were dissolved in a minimal amount of acetone 

(5 – 20 mL), prior dried over K2CO3 for a few min. This solution was added dropwise under 

stirring within 15 min to a solution of approx. 160 mg (2.5 mmol) NaN3 in 2.5 – 10 mL (i. 

e. half of the volume of the acetone solution) of distilled water at rt upon which formation 

of a white precipitate was observed. After stirring for 30 min at rt, 2.5 – 10 mL of distilled 

water (i. e. the remaining half of the volume of the acetone solution) was added and the 
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suspension was stirred for another 30 min at rt. The white precipitate was collected by 

vacuum filtration and dried in the air current for several h to obtain the crude aroyl azides 

48 as white powders in nearly quantitative yields. Purification was performed via 

crystallization from minimal amounts of DCM layered with several mL of hexanes by slow 

evaporation at - 20 °C.      

 

2-Naphthoyl azide (48a) 

1H NMR (400 MHz, CDCl3): δ = 8.61 (d, J = 0.8 Hz, 1H, 1-H), 8.04 (dd, J = 8.6, 1.8 Hz, 

1H, 5-H), 7.97 (dd, J = 8.1, 0.6 Hz, 1H, 4-H), 7.90 (d, J = 8.7 Hz, 1H, 3-H), 7.89 (dd, 

J = 8.1 Hz, 0.5 Hz, 1H, 8-H), 7.63 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H, 7-H), 7.57 (ddd, J = 8.1, 

6.9, 1.3 Hz, 1H, 6-H) ppm. 

13C NMR (101 MHz, CDCl3): δ = 172.74 (C=O), 136.36 (C2/C4a), 132.54 (C8a), 131.65 

(C1), 129.81 (C8), 129.14 (C4), 128.72 (C6), 128.00 (C5), 127.13 (C7), 124.72 (C3) ppm. 

IR (neat): 𝜈 = 2140 vs (N3), 1686 s (C=O), 1277 m, 1197 vs, 1125 m, 996 m, 938 m, 757 

s, 472 m.  

Melting point: 77 - 78 °C  

 

4-Adamantyl benzoyl azide (48b) 

1H NMR (400 MHz, CDCl3): δ = 8.12 – 8.00 (m, 2H, arom. H), 7.54 – 7.47 (m, 2H, arom. 

H), 2.13 (bs, 3H, 3-H), 1.93 (d, J = 2.5 Hz, 6H, 2-H2), 1.79 (“q”, J = 12.2 Hz, 6H, 4-H2) 

ppm. 

13C NMR (400 MHz, CDCl3): δ = 168.24 (C=O), 159.79 (CAr4), 131.66 (CAr2), 128.21 

(CAr1), 125.78 (CAr3), 42.87 (CAd2), 37.13 (CAd1), 36.69 (CAd4), 28.84 (CAd3) ppm. 

IR (neat): 𝜈 = 2909 s (Csp3-H) cm-1, 2848 m (Csp3-H), 2143 s (N3), 1692 vs (C=O), 1607 w, 

1259 vs, 1199 m, 988 m, 691 m, 532 m.  

Melting point: 109 - 111 °C 

 

4-(9-Phenyl-9H-fluoren-9-yl)benzoyl azide (48c) 

1H NMR (400 MHz, CDCl3): δ = 7.99 – 7.94 (m, 2H), 7.81 – 7.77 (m, 2H, 4/5-H), 

7.42 – 7.27 (m, 8H), 7.25 – 7.14 (m, 5H, Ph) ppm. 

13C NMR (101 MHz, CDCl3): δ = 168.04 (C=O), 154.74, 150.05, 144.72, 140.34, 131.68, 

131.61, 128.79, 128.65, 128.15, 128.12, 127.25, 126.17, 120.59, 65.73 ppm. 
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IR (neat): �̃� = 2136 m (N3), 1771 s (C=O), 1600 s, 1450 s, 1210 s, 1181 s, 876 vs, 752 vs, 

730 vs, 704 vs, 655 m. 

Melting point: 155 – 157 °C 

 

General procedure for the synthesis of aryl isocyanates 

 

100 mg of aroyl azide were dissolved in 20 mL of dry benzene and refluxed for 4 h. 

Evaporation of the solvent gave pure aryl isocyanates in quantitative yields as off-white to 

yellow solids. (Due to the small amount of 48c generated in the course of this project and 

its importance for the LFP studies, its corresponding isocyanate was not yet synthesized.) 

 

2-Naphthyl isocyanate 

1H NMR (400 MHz, CDCl3): δ = 8.61 (d, J = 0.8 Hz, 1H, 1-H), 8.04 (dd, J = 8.6, 1.8 Hz, 

1H, 5-H), 7.97 (dd, J = 8.1, 0.6 Hz, 1H, 4-H), 7.90 (d, J = 8.7 Hz, 1H, 3-H), 7.89 (dd, 

J = 8.1 Hz, 0.5 Hz, 1H, 8-H), 7.63 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H, 7-H), 7.57 (ddd, J = 8.1, 

6.9, 1.3 Hz, 1H, 6-H) ppm. 

13C NMR (101 MHz, CDCl3): δ = 133.8, 131.33, 129.75, 127.91, 127.34, 127.12, 126.07, 

123.87, 122.17 ppm. 

IR (neat): 𝜈 = 2250 vs (NCO), 1753 m (C=O), 1602 m, 1514 m, 1193 m, 856 m, 810 m, 

745 s, 474 m.  

Melting point: 55 - 56 °C (lit: 53 - 57 °C) 

 

2-Adamantyl-4-isocyanato benzene 

1H NMR (400 MHz, CDCl3): δ = 8.01 – 7.93 (m, 2H, arom. H), 7.43 – 7.34 (m, 2H, arom. 

H), 2.03 (bs, 3H, 3-H), 1.82 (d, J = 2.3 Hz, 6H, 2-H2), 1.69 (“q”, J = 12.2 Hz, 6H, 4-H2) 

ppm. 

IR (neat): 𝜈 = 2902 vs (Csp3-H) cm-1, 2849 s (Csp3-H), 2262 s (NCO), 1771 vs (C=O), 1603 

m, 1172 vs, 1199 m, 874 s, 844 s, 708 s, 649 s.  

Melting point: 105 - 107 °C 
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Computational data 

4. Heavy-atom tunneling in the Cope rearrangement of dimethylsemibullvalenes 

 

B3LYP/6-311G(d,p) 

E = -388.30797551 

ZPVE(2a) = 0.188334  

ZPVE(d2-2a) = 0.185034 

 ZPVE(d4-2a) = 0.185161 

  ZPVE(CD3
open-2a) = 0.178694  

 ZPVE(CD3
cyc-2a) = 0.178725  

 

 d2 d4 CD3
open CD3

cyc    

C     -0.38646600 0.79118500 0.00044900 

C     -1.39389600 0.02775800 -0.80902200 

C     -0.68363600 -1.01839100 -1.55419300 

C     0.88361600 -0.14658700 -0.00076000 

C     0.60139800 -1.08838800 -1.17148100 

H     -2.26149100 0.52363300 -1.22987800 

H     -1.16256300 -1.67889200 -2.26708700 

H     1.32453000 -1.82340100 -1.50736500 

C     -1.39257100 0.02732100 0.81097900 

H D    -2.25995400 0.52238900 1.23309000 

C     -0.68155300 -1.01997200 1.55392400 

H     -1.15924700 -1.68132600 2.26690800 

C     0.60312000 -1.08937700 1.16995000 

H  D   1.32700800 -1.82411200 1.50475700 

C     2.25225300 0.52533700 -0.00064700 

H   D  2.38917400 1.14880100 0.88710800 

H   D  3.04560100 -0.22824100 -0.00148300 

H   D  2.38938100 1.15076800 -0.88698700 

 C     -0.27850900 2.29500700 0.00062200 

 H    D 0.25115900 2.66052500 0.88576300 

 H    D 0.24893300 2.66093100 -0.88572700 

 H    D -1.27506800 2.74556900 0.00197600 

 

 

B3LYP/6-311G(d,p) 

E = -388.30130576 

ZPVE(2a) = 0.186701  

ZPVE(d1-2a) = 0.183508  

C 

C 

C 

C 

C 

H 

H 

-0.79605000 

-1.14082100 

-0.00001800 

 0.79606400 

 1.14079900 

-2.16231700 

-0.00003300 

0.38083900 

-0.63706400 

-1.20682500 

 0.38081000 

-0.63709800 

-0.86843400 

-2.03348100 

-0.00000200 

-1.04933300 

-1.59494800 

-0.00000100 

-1.04934100 

-1.31996200 

-2.29466600 
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  ZPVE(CD3-2a) = 0.177059   

   

    

H 

C 

H 

C 

H 

C 

H 

C 

H 

H 

H 

C 

H 

H 

H 

 2.16228800 

-1.14082200 

-2.16231900 

-0.00002100 

-0.00003700 

 1.14079700 

 2.16228600 

 1.53775300 

 1.29714900 

 2.61787800 

 1.29712300 

-1.53769400 

-1.29706800 

-1.29704300 

-2.61782400 

-0.86850200 

-0.63705800 

-0.86842700 

-1.20681600 

-2.03347100 

-0.63709200 

-0.86849500 

 1.70691900 

 2.29822600 

 1.53308700 

 2.29824000 

 1.70697300 

 2.29827100 

 2.29828600 

 1.53317900 

-1.31996700 

 1.04933400 

 1.31996300 

 1.59495300 

 2.29467300 

 1.04934500 

 1.31997400 

-0.00000300 

 0.88793600 

-0.00002000 

-0.88792600 

-0.00000400 

 0.88793500 

-0.88792600 

-0.00002000 

 

  d2 d4 CD3
open CD3

cyc    

 

B3LYP/6-311G(d,p) 

E = -572.84213729 

ZPVE(2b) = 0.186224 

ZPVE(d2-2b) = 0.182898  

 ZPVE(d4-2b) = 0.183022 

  ZPVE(CD3
open-2b) = 0.176539  

 ZPVE(CD3
cyc-2b) = 0.176549  

 

C       0.00000000   1.10984500   0.80547900 

C      -0.79813500  -0.11331600   1.15676600 

C      -1.53760200  -0.53002500  -0.05111700 

C      -0.00000100   1.12441000  -0.77351300 

C      -1.15534700   0.19396200  -1.12539500 

H D    -1.23988200  -0.24691300   2.13642400 

H      -1.50056000   0.03876000  -2.14015800 

C       0.79813800  -0.11331500   1.15676500 

H       1.23988700  -0.24691000   2.13642200 

C       1.53760400  -0.53002300  -0.05111900 

C       1.15534400   0.19396200  -1.12539800 

H   D    1.50055500   0.03876000  -2.14016100 

C      -0.00000200   2.47901800  -1.47102200 

H    D   0.88657600   3.05938500  -1.20504300 

H    D  -0.00000300   2.34932200  -2.55670100 

H    D  -0.88658000   3.05938500  -1.20504100 
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C      -0.00000100   2.37583300   1.62365700 

H     D  0.88615300   2.98357400   1.42062700 

 H     D -0.88615700   2.98357200   1.42062800 

 H     D  0.00000000   2.13547400   2.68978900 

 C      -2.48477900  -1.59052000  -0.06363200 

 N      -3.26457300  -2.44359400  -0.04741500 

 C       2.48478300  -1.59051500  -0.06363400 

 N       3.26457400  -2.44359200  -0.04741600 

 

 

B3LYP/6-311G(d,p) 

E = -572.83245006 

ZPVE(2b) = 0.186224  

ZPVE(d1-2b) = 0.181092  

  ZPVE(CD3-2b) = 0.174644 

 

C   0.00000000  1.11507800  0.79467900 

C  -1.01038300  0.06576800  1.14921800 

C  -1.55131600 -0.51410300  0.00000000 

C   0.00000000  1.11507800 -0.79467900 

C  -1.01038400  0.06576900 -1.14921800 

H  -1.30489800 -0.16110800  2.16356400 

H  -1.30489800 -0.16110800 -2.16356400 

C   1.01038300  0.06576800  1.14921800 

H   1.30489800 -0.16110800  2.16356400 

C   1.55131600 -0.51410400  0.00000000 

C   1.01038400  0.06576800 -1.14921800 

H   1.30489800 -0.16110800 -2.16356400 

C   0.00000000  2.43299300 -1.54613500 

H   0.88776100  3.02370100 -1.30720800 

H   0.00000000  2.25255700 -2.62430300 

H  -0.88776000  3.02370100 -1.30720800 

C   0.00000100  2.43299300  1.54613500 

H   0.88776100  3.02370100  1.30720800 

 H  -0.88776000  3.02370100  1.30720800 

 H   0.00000100  2.25255600  2.62430300 

 C  -2.46685400 -1.60561900  0.00000000 

 N  -3.22556900 -2.47672100  0.00000000 

 C   2.46685300 -1.60562000  0.00000000 

 N   3.22556800 -2.47672200  0.00000000 
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B3LYP/6-311G(d,p) 

E = -309.65191237 

C   0.00105800 -0.64175700  1.04271500 

C  -0.80409800 -1.18149300 -0.10229300 

C  -1.55329000 -0.05337600 -0.68298300 

C  -0.00066700  0.89707700  0.82062900 

C  -1.18164000  1.10984800 -0.12664000 

H  -1.23503500 -2.17497000 -0.07087400 

H  -2.26392900 -0.16131000 -1.49344000 

H  -1.52223100  2.09330100 -0.42820900 

H   0.00178600 -1.08095400  2.03333400 

H  -0.00047100  1.51136500  1.72232200 

C   0.80542000 -1.18095600 -0.10279000 

H   1.23612200 -2.17451100 -0.07230300 

C   1.55272100 -0.05190300 -0.68355300 

H   2.26350300 -0.15788100 -1.49415700 

C   1.18066100  1.11090900 -0.12641300 

H   1.51926100  2.09485700 -0.42871100 

 

 

B3LYP/6-311G(d,p) 

E = -309.64376586 

C   0.00000000  0.78410600  0.90737800 

C   1.05714900  1.14315400 -0.09599200 

C   1.59741100  0.00000000 -0.66806800 

C   0.00000000 -0.78410600  0.90737700 

C   1.05715000 -1.14315400 -0.09599300 

H   1.32629500  2.16316200 -0.33028400 

H   2.29436200  0.00000000 -1.49683500 

H   1.32629500 -2.16316200 -0.33028500 

C  -1.05714900  1.14315400 -0.09599200 

H  -1.32629500  2.16316200 -0.33028400 

C  -1.59741100  0.00000000 -0.66806800 

H  -2.29436200  0.00000000 -1.49683500 

C  -1.05715000 -1.14315400 -0.09599200 

H  -1.32629500 -2.16316200 -0.33028500 

H   0.00000000 -1.28912200  1.87345700 

H   0.00000000  1.28912100  1.87345700 
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B3LYP/6-311G(d,p) 

E = -586.83459191 

C   0.00000000  -0.75282100  0.83242900 

C   0.80310900   0.47853700  1.12329100 

C   1.54149100   0.78903800 -0.10111200 

C   0.00000000  -0.84201700 -0.75722100 

C   1.19103900   0.03460200 -1.14628400 

H   1.24951900   0.66062500  2.09360800 

H   1.53919400   0.16034800 -2.16288400 

C  -0.80310900   0.47853600  1.12329100 

H  -1.24951900   0.66062400  2.09360800 

C  -1.54149100   0.78903700 -0.10111200 

C  -1.19103900   0.03460100 -1.14628400 

H  -1.53919400   0.16034700 -2.16288400 

C   0.00000100  -2.24274000 -1.35924300 

H  -0.88783000  -2.80434900 -1.05771000 

H   0.00000100  -2.18387600 -2.45141800 

H   0.88783100  -2.80434900 -1.05771000 

C   0.00000100  -1.98164100  1.70482000 

H  -0.88562900  -2.59788600  1.52621000 

 H   0.88563100  -2.59788500  1.52621000 

 H   0.00000000  -1.69655000  2.76027200 

 F   2.43541400   1.79623200 -0.11904200 

 F  -2.43541500   1.79623000 -0.11904200 

 

 

B3LYP/6-311G(d,p) 

E = -586.82518852 

C  0.00000000  0.76424500  -0.80316000 

C  1.06306600 -0.23396400  -1.15312900 

C  1.59460800 -0.77546500  -0.00003200 

C  0.00000000  0.76418000   0.80322300 

C  1.06306700 -0.23405800   1.15310900 

H  1.34700900 -0.48690000  -2.16416900 

H  1.34701000 -0.48707800   2.16412900 

C -1.06306600 -0.23396600  -1.15312900 

H -1.34700900 -0.48690300  -2.16416900 

C -1.59460700 -0.77546700  -0.00003200 
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C -1.06306600 -0.23406000   1.15311000 

H -1.34700900 -0.48708100   2.16413000 

C -0.00000200  2.09991600   1.52743900 

H -0.88832600  2.68634700   1.27880500 

H -0.00000200  1.93844200   2.60907100 

H  0.88832100  2.68634900   1.27880600 

C -0.00000200  2.10004100  -1.52726700 

H -0.88832800  2.68645100  -1.27858700 

 H  0.88831900  2.68645600  -1.27858400 

 H  0.00000000  1.93865600  -2.60891200 

 F  2.48815200 -1.78461800  -0.00007300 

 F -2.48814900 -1.78462200  -0.00007300 

 

 

B3LYP/6-311G(d,p) 

E = -540.64397953  

C  0.00000400   1.12610500  0.80768700 

C -0.79754900  -0.09997100  1.14518900 

C -1.54789900  -0.51054400 -0.06344700 

C -0.00000300   1.15325100 -0.76939300 

C -1.16256800   0.23374600 -1.12559800 

H -1.23731200  -0.24047400  2.12542400 

H -1.50332100   0.08809700 -2.14364600 

C  0.79755900  -0.09997200  1.14518300 

H  1.23732900  -0.24047400  2.12541500 

C  1.54789900  -0.51054400 -0.06345900 

C  1.16255900   0.23374500 -1.12560700 

H  1.50330500   0.08809600 -2.14365800 

C -0.00000500   2.51673600 -1.45086900 

H  0.88709100   3.09497000 -1.17998900 

H -0.00000900   2.39850200 -2.53829200 

H -0.88709800   3.09497000 -1.17998200 

C  0.00000700   2.38488300  1.63711300 

H  0.88594600   2.99579500  1.44008100 

 H -0.88593300   2.99579500  1.44008800 

 H  0.00001100   2.13504700  2.70145200 

 C -2.48896200  -1.57134000 -0.07273800 
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 C  2.48896100  -1.57134000 -0.07275800 

 C -3.29512500  -2.46676400 -0.04440800 

 H -4.00266200  -3.25883000 -0.03091500 

 C  3.29512300  -2.46676600 -0.04442500 

 H  4.00264300  -3.25884500 -0.03079900 

 

 

B3LYP/6-311G(d,p) 

E = -540.63352738 

C  0.00000000  1.13257100 -0.79368600 

C  1.01887600  0.09163100 -1.14499500 

C  1.56753000 -0.49478800 -0.00001100 

C  0.00000000  1.13253600  0.79373600 

C  1.01887600  0.09158000  1.14499900 

H  1.30558000 -0.13772100 -2.16138100 

H  1.30557900 -0.13781900  2.16137500 

C -1.01887600  0.09163100 -1.14499500 

H -1.30558000 -0.13772100 -2.16138100 

C -1.56753000 -0.49478800 -0.00001100 

C -1.01887600  0.09158000  1.14499900 

H -1.30557900 -0.13781900  2.16137500 

C  0.00000000  2.45346500  1.54157300 

H -0.88798500  3.04461900  1.30236900 

H  0.00000000  2.27493100  2.62043400 

H  0.88798500  3.04461900  1.30236900 

C  0.00000000  2.45353400 -1.54146300 

H -0.88798500  3.04467700 -1.30223400 

 H  0.88798500  3.04467700 -1.30223400 

 H  0.00000000  2.27504700 -2.62033300 

 C  2.48353500 -1.58256100 -0.00003500 

 C -2.48353500 -1.58256100 -0.00003500 

 C  3.27457300 -2.49066200 -0.00005500 

 H  3.96669300 -3.29626800 -0.00007200 

 C -3.27457300 -2.49066200 -0.00005500 

 H -3.96669300 -3.29626800 -0.00007200 
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B3LYP/6-311G(d,p) 

E = -572.84032988 

C -0.67450200  0.64684100 -0.39191900 

C -0.67395700 -0.61049000 -1.20052600 

C  0.68335200 -1.12941200 -1.27147600 

C  0.72033000  0.63145900  0.34647500 

C  1.50833700 -0.40611900 -0.48141900 

H -1.38663000 -0.77646000 -1.99847000 

C -1.42845500 -0.48701100  0.27453500 

C -0.71521500 -0.85905300  1.50728800 

C  0.44397900 -0.19400000  1.60010300 

H  1.19123800 -0.33067200  2.37233900 

C  1.41322400  1.96950400  0.56566100 

H  0.80695600  2.62130100  1.19862300 

H  2.37519800  1.82007800  1.06204000 

H  1.60351600  2.48130100 -0.38068900 

C -1.33413300  1.92735100 -0.83472100 

H -1.49836200  2.60156800  0.00961100 

H -0.72080100  2.44623200 -1.57572600 

H -2.30593200  1.71835500 -1.28730700 

 H  0.97556100 -1.99695500 -1.84802000 

 H -1.08509700 -1.60442200  2.19842100 

 C -2.85244600 -0.60011200  0.18766600 

 N -4.00145100 -0.68998000  0.10759200 

 C  2.89101500 -0.64821900 -0.27524200 

 N  4.02361900 -0.79927100 -0.09464500 

 

 

B3LYP/6-311G(d,p) 

E = -572.83941854 

C  0.71130800  0.62397100  0.35681400 

C  0.54721200 -0.36245200  1.47769200 

C -0.70500100 -0.93791700  1.47504900 

C -0.71130800  0.62397100 -0.35681400 

C -1.49778600 -0.37761500  0.47004500 

H  1.35091800 -0.59851000  2.16181200 

C  1.49778500 -0.37761600 -0.47004300 

C  0.70500100 -0.93791500 -1.47505000 
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C -0.54721200 -0.36244900 -1.47769400 

H -1.35091700 -0.59850700 -2.16181400 

C -1.37561200  1.95403300 -0.67106400 

H -0.76689000  2.53847400 -1.36478100 

H -2.34973600  1.78664100 -1.13693000 

H -1.53612200  2.54237800  0.23541200 

C  1.37561300  1.95403200  0.67106500 

H  1.53612200  2.54237800 -0.23541000 

H  0.76689100  2.53847300  1.36478300 

H  2.34973600  1.78663900  1.13693100 

 H  1.02867700 -1.73721000 -2.12798500 

 H -1.02867700 -1.73721200  2.12798300 

 C  2.86381200 -0.65844800 -0.24037200 

 N  3.98967300 -0.85445900 -0.05039000 

 C -2.86381200 -0.65844700  0.24037200 

 N -3.98967300 -0.85446000  0.05038900 

 

 

B3LYP/6-311G(d,p) 

E = -572.83869429 

C  0.69727900  0.63802300 -0.37265200 

C  1.46321000 -0.41042900  0.39510000 

C  0.70067800 -0.86995800  1.51357600 

C -0.50616700 -0.25215400  1.54981000 

C -0.72067000  0.63442000  0.34081900 

C -1.50073900 -0.39075200 -0.48647200 

C -0.68097000 -1.04641400 -1.37008000 

C  0.61715300 -0.49592800 -1.33746400 

C  1.35866200  1.94446900 -0.75741400 

C  2.85286200 -0.63435200  0.22237900 

H  1.04117400 -1.63928300  2.19328500 

H -1.29488100 -0.44559600  2.26545900 

C -1.40396900  1.97163200  0.58406100 

C -2.87038500 -0.66830600 -0.25894100 

H -0.97708600 -1.89560800 -1.97099000 

H  1.40498800 -0.72053800 -2.04233800 

N  3.98868700 -0.80098100  0.07500600 
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N -3.99749500 -0.85235500 -0.06911500 

 H  1.51040400  2.58298400  0.11603200 

 H  2.33630100  1.75553600 -1.20676600 

 H  0.75173200  2.48812700 -1.48516400 

 H -0.80409000  2.60004700  1.24621600 

 H -1.57245500  2.50986000 -0.35169400 

 H -2.37609400  1.81630900  1.05838700 

 

 

B3LYP/6-311G(d,p) 

E = -734.99555383 

C  0.06791700 1.61469600 -0.78538600 

C  1.51635400 0.04188700  0.14466200 

C -0.08216600 1.62974300  0.77215000 

C  1.10980900 0.77883700  1.18954600 

H  1.43259400 0.68535100  2.21636300 

C -0.69521200 0.40574400 -1.16725500 

H -1.02116100 0.19618200 -2.17772600 

C -1.49935600 0.03082400  0.02661700 

C -0.25646600 2.97136500  1.46046500 

H -1.15497200 3.47991500  1.10102400 

H -0.36732800 2.82209200  2.53662400 

H  0.60629800 3.61948900  1.28682300 

C  0.24606100 2.84685200 -1.63036500 

H -0.61526600 3.51514400 -1.54427900 

H  1.14003800 3.40021700 -1.32855100 

H  0.36423300 2.56405400 -2.67835600 

N  0.88027000 0.43663200 -1.07943400 

N -1.21557000 0.71310400  1.07700400 

 C -2.57880800 1.04374100  0.00594400 

 C -1.97651700 2.38021900 -0.47665300 

 C -3.18178600 1.22526400  1.40736000 

 C -3.69065100 0.60292300 -0.97564000 

 H -1.52678800 2.29065000 -1.46900800 

 H -1.20670200 2.73585900  0.21211400 

 H -2.75819800 3.14364900 -0.53061100 

 H -3.61515600 0.29292800  1.77328000 
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 H -3.96495900 1.98884400  1.37924000 

 H -2.41937500 1.53266400  2.12538600 

 H -4.48648100 1.35300600 -0.99945400 

 H -4.13092900 0.34842700 -0.66528100 

 H -3.31501300 0.48764500 -1.99610000 

 C  2.57034200 1.04514600  0.06634400 

 C  3.12703000 1.36703700  1.46257200 

 C  1.95702600 2.32047200 -0.54989800 

 C  3.71943800 0.54933500 -0.84297700 

 H  3.58617000 0.48705900  1.92126800 

 H  2.34241800 1.73044800  2.13164300 

 H  3.89452000 2.14278100  1.39031300 

 H  1.53932000 2.11500600 -1.53747300 

 H  2.72449800 3.09284700 -0.65679900 

 H  1.16156400 2.72079400  0.08357200 

 H  4.47982300 1.32865900 -0.95365900 

 H  3.34180300 0.28729600 -1.83271800 

 H  4.19806800 0.33624100 -0.41555600 

 

 

B3LYP/6-311G(d,p) 

E = -734.99053873 

N  1.12734600  0.59595600  1.07130900 

C  1.56668100  0.07068400 -0.07866400 

C  0.97946400  0.64216500 -1.20540900 

C -0.97946400  0.64216500  1.20540900 

C -1.56668100  0.07068400  0.07866400 

N -1.12734700  0.59595700 -1.07130900 

C  2.60901500 -1.04478800 -0.04093500 

C  2.01770300 -2.26552600  0.69473500 

C -2.60901600 -1.04478800  0.04093500 

C -3.84253400 -0.53290400 -0.73494600 

C  3.84253300 -0.53290400  0.73494600 

C  3.03318000 -1.45668500 -1.46045600 

C -2.01770400 -2.26552500 -0.69473600 

C -3.03318000 -1.45668600  1.46045600 

H  1.18259900  0.41104100 -2.23972300 
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H -1.18259900  0.41104100  2.23972300 

H -4.30000800  0.32031500 -0.22525000 

H -3.55845300 -0.21414400 -1.73906600 

 H -4.59510800 -1.32300200 -0.81679400 

 H -2.76985400 -3.05558600 -0.78105900 

 H -1.68795400 -1.98710300 -1.69702400 

 H -1.16061000 -2.67408500 -0.15270300 

 H -3.79517100 -2.23916600  1.40929500 

 H -2.18948900 -1.84970900  2.03438600 

 H  1.16061000 -2.67408500  0.15270200 

 H  1.68795300 -1.98710400  1.69702300 

 H  2.76985400 -3.05558600  0.78105800 

 H  2.18949000 -1.84970900 -2.03438600 

 H  3.46070100 -0.61469100 -2.01290400 

 H  3.79517300 -2.23916500 -1.40929500 

 H  4.59510800 -1.32300200  0.81679400 

 H  4.30000700  0.32031500  0.22525100 

 H  3.55845300 -0.21414500  1.73906700 

 H -3.46070100 -0.61469200  2.01290400 

 C -0.08916200  1.58978400 -0.78177200 

 C -0.27521500  2.89521900 -1.52812100 

 H  0.59133700  3.54920300 -1.40007300 

 H -0.40681200  2.69610200 -2.59391200 

 H -1.16534400  3.42143500 -1.17328500 

 C  0.08916200  1.58978400  0.78177200 

 C  0.27521600  2.89521900  1.52812100 

 H -0.59133600  3.54920400  1.40007200 

 H  0.40681100  2.69610200  2.59391200 

 H  1.16534500  3.42143400  1.17328500 

 

 

N  1.06811800  0.55574300  1.07813200 

C  1.55314300  0.06484600 -0.09769700 

C  1.02472200  0.68749200 -1.20296900 

C -0.90497400  0.59228100  1.20722000 
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B3LYP/6-311G(d,p) 

E = -734.99041985 

C -1.55702800  0.07345600  0.06303000 

N -1.16660300  0.64012600 -1.06171700 

C  2.58919300 -1.05278600 -0.04974200 

C  1.99232700 -2.27385800  0.68069700 

C -2.60010300 -1.04377000  0.03382900 

C -3.84180900 -0.53177000 -0.72732000 

C  3.81826100 -0.54382800  0.73684600 

C  3.02430300 -1.46415600 -1.46576300 

C -2.01318600 -2.26051200 -0.71234300 

C -3.00871600 -1.46193500  1.45652900 

H  1.24853500  0.48193000 -2.23896400 

H -1.10641600  0.35585400  2.23989700 

H -4.29704900  0.31774700 -0.20945600 

H -3.56746600 -0.20694900 -1.73195200 

 H -4.59258100 -1.32388300 -0.80541400 

 H -2.76390200 -3.05249100 -0.79398500 

 H -1.69453200 -1.97609700 -1.71660000 

 H -1.14916400 -2.66912300 -0.18166300 

 H -3.77121500 -2.24413100  1.40994700 

 H -2.15980400 -1.85862100  2.02021100 

 H  1.14153200 -2.68372700  0.13005100 

 H  1.65339700 -1.99781700  1.68059000 

 H  2.74509500 -3.06251200  0.77379200 

 H  2.18271100 -1.84972800 -2.04766900 

 H  3.46125300 -0.62315600 -2.01196800 

 H  3.78147300 -2.25108700 -1.40963800 

 H  4.56926100 -1.33503700  0.82341800 

 H  4.28015200  0.30952700  0.23159900 

 H  3.52780700 -0.22668100  1.73987200 

 H -3.43062500 -0.62261000  2.01756700 

 C -0.08695200  1.60070100 -0.77846600 

 C -0.26916300  2.91689600 -1.50896200 

 H  0.60047900  3.56547200 -1.37493100 

 H -0.40271000  2.73083500 -2.57686200 
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 H -1.15703900  3.44269000 -1.14780800 

 C  0.09225300  1.60078600  0.78351200 

 C  0.28402300  2.89043500  1.55086300 

 H -0.57892400  3.55115100  1.43316400 

 H  0.41523400  2.67361400  2.61317300 

 H  1.17612300  3.41807300  1.20315000 

 

  d2 d4 CD3
open CD3

cyc    

 

B3LYP/6-311G(d,p) 

E = -882.61958114 

ZPVE(60b) = 0.326380 

ZPVE(d2-60b) = 0.323023  

 ZPVE(d4-60b) = 0.323215  

  ZPVE(CD3
open-60b) = 0.316705 

 ZPVE(CD3
cyc-60b) = 0.316750 

ZPVE(d2+CD3
cyc-60b) = 

0.313393 

ZPVE(d4+CD3
open-60b) = 

0.313539 

C     -0.13874900  2.25114100  0.70440300 

C     -1.46284200  0.58054900 -0.05583800 

C      0.06154700  2.21284100 -0.84483100 

C     -0.65338900  0.97475100 -1.23555500 

H D    -0.95995100  0.75371500 -2.24937200 

C      1.05230400  1.42564000  1.17321800 

H  D    1.34939900  1.35667500  2.21005900 

C      1.48442900  0.65820000  0.15292700 

C      0.23598800  3.43282800 -1.70739400 

H    D  1.10554600  4.01374900 -1.38730700 

H    D  0.39613900  3.13355800 -2.74513200 

H    D -0.64456000  4.07942100 -1.66261100 

C     -0.36517000  3.59717600  1.36683600 

H   D   0.48596300  4.26362600  1.20651100 

H   D  -1.26575100  4.07700800  0.97512600 

H   D  -0.50132000  3.46078200  2.44172300 

N     -1.24406200  1.30110600  0.99325000 

N      0.90560800  1.04835300 -1.09660200 

 C      2.43721100 -0.46036600  0.15816900 

 C      2.84030100 -1.06993600  1.35726300 

 C      2.96932600 -0.94041500 -1.04788900 

 C      3.75741300 -2.11350600  1.34984400 

 H      2.41918200 -0.73519800  2.29801700 

 C      3.88228000 -1.99052300 -1.05260500 

 H      2.66005100 -0.47261800 -1.97357300 
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 C      4.28325500 -2.57918100  0.14442400 

 H      4.05532500 -2.57346100  2.28554800 

 H      4.28433600 -2.34772600 -1.99435200 

 H      4.99483600 -3.39720700  0.14008700 

 C     -2.41783500 -0.54390700 -0.05525400 

 C     -3.32953300 -0.68682200  1.00223500 

 C     -2.43548700 -1.48420900 -1.09378600 

 C     -4.23571500 -1.73819700  1.01358800 

 H     -3.30538400  0.03966200  1.80469800 

 C     -3.34267900 -2.54085600 -1.07766300 

 H     -1.72580400 -1.40558000 -1.90888600 

 C     -4.24701500 -2.66902500 -0.02723900 

 H     -4.93706100 -1.83553300  1.83482700 

 H     -3.33974800 -3.26481700 -1.88467900 

 H     -4.95586600 -3.48936800 -0.01633100 

 

 

B3LYP/6-311G(d,p) 

E = -882.61269840 

ZPVE(60b) = 0.324664  

ZPVE(d1-60b) = 0.321464  

  ZPVE(CD3-60b) = 0.315020 

 ZPVE(d1+CD3-60b) = 0.311820  

 

C  0.10611200  2.19613400 -0.77868200 

C  1.52467300  0.63815900  0.10923300 

C -0.10611300  2.19613400  0.77867900 

C  0.93797000  1.23343000  1.22721900 

H  1.14122700  1.02331700  2.26626100 

C -0.93796800  1.23342500 -1.22722100 

H -1.14122400  1.02331000 -2.26626200 

C -1.52467300  0.63815800 -0.10923300 

C -0.31310800  3.49787000  1.52374500 

H -1.19815200  4.01978400  1.15086300 

H -0.46612900  3.29596600  2.58604100 

H  0.55277200  4.15593400  1.41487400 

C  0.31310500  3.49786700 -1.52375000 

H -0.55277600  4.15593000 -1.41488100 

H  1.19814900  4.01978400 -1.15087000 

H  0.46612600  3.29596200 -2.58604600 

N  1.12711800  1.18319400 -1.05148200 

N -1.12712000  1.18319600  1.05148100 
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 C -2.47289100 -0.49679500 -0.11281700 

 C -2.68131000 -1.27263300 -1.26076400 

 C -3.18857900 -0.81136600  1.05091900 

 C -3.58843600 -2.32789600 -1.24890600 

 H -2.11886100 -1.06550400 -2.16358100 

 C -4.09296300 -1.86694300  1.06141800 

 H -3.02016100 -0.21589800  1.93914400 

 C -4.29923300 -2.62782300 -0.08881100 

 H -3.73422900 -2.92126200 -2.14460800 

 H -4.64003700 -2.09679100  1.96907700 

 H -5.00512100 -3.45074100 -0.07964100 

 C  2.47289100 -0.49679300  0.11281800 

 C  3.18857100 -0.81137100 -1.05092000 

 C  2.68131800 -1.27262400  1.26076900 

 C  4.09295600 -1.86694900 -1.06141900 

 H  3.02014800 -0.21591000 -1.93914800 

 C  3.58844500 -2.32788600  1.24891200 

 H  2.11887500 -1.06549000  2.16358800 

 C  4.29923400 -2.62782000  0.08881400 

 H  4.64002400 -2.09680200 -1.96908000 

 H  3.73424400 -2.92124600  2.14461600 

 H  5.00512300 -3.45073800  0.07964500 

 

5. Conformer-specific heavy-atom tunneling in benzazirines  

 

B3LYP/6-311++G(d,p) 

E = -510.49967083 

C  0.82155800   2.11872100 -0.00006300 

C -0.54930300   1.91139200 -0.00002500 

C -1.03491200   0.59773300  0.00009300 

C -0.15768100  -0.48370300 -0.00000500 

C  1.22300000  -0.25591800 -0.00024400 

C  1.72161900   1.04971300 -0.00015300 

H -1.24896500   2.73696100  0.00000200 

H -0.51058700  -1.50825200  0.00012900 

H  2.78486200   1.24421700 -0.00008200 
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N -2.44861500   0.45658200  0.00021900 

N -2.92944800  -0.67718700  0.00021900 

N -3.49797000  -1.65772600 -0.00024500 

H  1.20707200   3.13192300 -0.00002800 

O  1.99562600  -1.37856400 -0.00031600 

C  3.41049800  -1.23326000  0.00034600 

H  3.75676100  -0.70559500  0.89527700 

H  3.81172400  -2.24522400  0.00025300 

H  3.75768300  -0.70526200 -0.89406500 

 

 

B3LYP/6-311++G(d,p) 

E = -510.49956608  

C  0.92702600 -2.31804700  0.00004300 

C -0.44170000 -2.05287200 -0.00002800 

C -0.86966100 -0.72753100 -0.00004500 

C  0.05208300  0.32952400 -0.00005700 

C  1.41811800  0.04102700 -0.00006000 

C  1.85814000 -1.28919000  0.00005200 

H -1.17435700 -2.84923100 -0.00001800 

H -0.29950400  1.35257800 -0.00005500 

H  2.92278900 -1.48547400  0.00014000 

N -2.27619800 -0.52261600 -0.00004600 

N -2.70884800  0.62914000  0.00001000 

N -3.23428900  1.63449200  0.00008200 

H  1.27001000 -3.34633200  0.00009400 

O  2.39604500  0.98934500  0.00000900 

C  2.02273600  2.36160000  0.00000400 

H  1.44584500  2.61850200  0.89490600 

H  2.95569600  2.92238800  0.00008200 

H  1.44605600  2.61863200 -0.89500300 

 

C -0.06555100  2.11575700  0.00011600 

C  1.03230000  1.25336900  0.00001800 

C  0.80195400 -0.12210300 -0.00008800 

C -0.50054700 -0.63604300 -0.00020000 
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B3LYP/6-311++G(d,p) 

E = -510.49995186 

C -1.58223200  0.24336100 -0.00020300 

C -1.36358100  1.62850000  0.00003500 

H  2.04055200  1.64994500  0.00012700 

H -0.62906900 -1.70887500 -0.00025200 

H -2.21897300  2.29207400  0.00013300 

N  1.83706300 -1.09692800 -0.00012500 

N  3.00726200 -0.71362200  0.00025500 

N  4.11987800 -0.49684500 -0.00005800 

H  0.10134200  3.18688200  0.00026200 

O -2.88549600 -0.15176400 -0.00022400 

C -3.17806400 -1.54389800  0.00029000 

H -2.78043400 -2.03449200  0.89500200 

H -4.26406800 -1.61811100  0.00026900 

H -2.78048400 -2.03520300 -0.89405500 

 

 

B3LYP/6-311++G(d,p) 

E = -510.49956758  

C  0.26322200  1.85787200 -0.00001400 

C -0.94920500  1.18166700 -0.00006400 

C -0.93792100 -0.22071300 -0.00005500 

C  0.26381800 -0.92072700 -0.00005900 

C  1.47492400 -0.22346600 -0.00007000 

C  1.48103800  1.17544800 -0.00000600 

H -1.88294000  1.73124500 -0.00003500 

H  0.26750400 -2.00280800 -0.00005900 

H  2.40676100  1.73352700  0.00001300 

N -2.11608600 -1.01512200 -0.00016200 

N -3.20953600 -0.44940800  0.00010800 

N -4.27394200 -0.05919500  0.00012300 

H  0.26640800  2.94201200  0.00004200 

O  2.59464600 -0.99966300  0.00007800 

C  3.86638300 -0.36327300  0.00005700 

H  4.00431600  0.25322100  0.89462300 

H  4.59973900 -1.16774000  0.00016900 

H  4.00443700  0.25307400 -0.89459200 
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UB3LYP/6-311++G(d,p) 

E = -400.93752485  

C -0.68806100 -0.23063100   0.00004000 

C  0.42904000 -1.05766600   0.00006400 

C  1.73842200 -0.49543700  -0.00001200 

C  1.88442800  0.93212600  -0.00001200 

C  0.75700100  1.72341400  -0.00000900 

C -0.53180100  1.16490600   0.00001000 

H  0.30387100 -2.13268300   0.00011800 

H  2.88001000  1.35630500  -0.00003800 

H -1.39173400  1.82006000   0.00003900 

N  2.80964700 -1.27853600  -0.00000800 

H  0.85883500  2.80288500  -0.00002500 

O -1.89428200 -0.86465300  -0.00011700 

C -3.08274400 -0.08239100   0.00003700 

H -3.90473200 -0.79589900  -0.00018300 

H -3.14861200  0.54497300   0.89527500 

H -3.14861800  0.54540800  -0.89490300 

 

 

UB3LYP/6-311G++(d,p) 

E = -400.93943311  

C   0.72323600   0.35724300 -0.00005700 

C   0.03230000  -0.84019600 -0.00002700 

C  -1.40359200  -0.83174500  0.00000200 

C  -2.09630500   0.42127600 -0.00001700 

C  -1.36918000   1.59958700  0.00001900 

C   0.02470700   1.58458200  0.00003200 

H   0.53251900  -1.79799900  0.00001600 

H  -3.17852900   0.41888600 -0.00000500 

H   0.59870000   2.50274000  0.00010200 

N  -2.07842800  -1.96867400  0.00001100 

H  -1.88886400   2.55104400  0.00005800 

O   2.07976700   0.46839900 -0.00007100 

C   2.85884700  -0.72328600  0.00006400 

H   3.89745300  -0.39800400 -0.00062800 

H   2.66513500  -1.32354500  0.89505900 
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H   2.66437000  -1.32437100 -0.89421900 

 

 

B3LYP/6-311G++(d,p) 

E = -400.91427663  

C  0.60002000  -0.18913900 -0.02144500 

C  0.24321700   1.12073000  0.20622300 

C -1.10639000   1.59955400  0.00674700 

C -2.17873700   0.78301500 -0.20848800 

C -1.76877500  -0.58289700 -0.10992000 

C -0.43584900  -1.15040100 -0.39363600 

H  0.99517000   1.85894100  0.45010400 

H -3.19213400   1.12355500 -0.36403400 

H -0.24118200  -1.85354300 -1.19607800 

N -1.53185400  -1.56808000  0.63716700 

H -1.26558700   2.67157900  0.06493800 

O  1.86370000  -0.65912800 -0.09420600 

C  2.94862800   0.25715800  0.04075000 

H  2.96165200   0.70384900  1.03949700 

H  3.85326500  -0.32937000 -0.10699600 

H  2.88951600   1.04645600 -0.71533800 

 

 

B3LYP/6-311G++(d,p) 

E = -400.91229105 

C  0.55550700 -0.43040200  0.00448800 

C -0.37733200 -1.41359300 -0.22399100 

C -1.78633600 -1.21017300 -0.00950900 

C -2.34935600  0.01719000  0.21105700 

C -1.34913400  1.02923800  0.11305300 

C  0.09720800  0.90209200  0.39761200 

H -0.02521400 -2.40759100 -0.47192800 

H -3.40346300  0.19494500  0.36624800 

H  0.56999600  1.41822000  1.22675900 

N -0.67995800  1.81420800 -0.60893400 

H -2.43211000 -2.08041100 -0.06902000 

O  1.86351400 -0.78309300  0.03383900 

C  2.84538000  0.25903300  0.00189800 

H  2.95475000  0.72859200  0.98325400 
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H  3.78239000 -0.22531000 -0.26844500 

H  2.58962600  1.01653400 -0.74268800 

 

 

B3LYP/6-311G++(d,p) 

E =   

C -1.52325900  1.32899100  0.04814600 

C -0.18451000  1.38208300 -0.17918000 

C  0.70624200  0.23465100 -0.01562900 

C  0.23763500 -1.03746100  0.18673700 

C -1.18937000 -1.04005500  0.10920100 

C -2.12874700  0.04786700  0.41416700 

H -2.09636400  2.25131100  0.08608300 

H  0.30623000  2.32222700 -0.40292200 

H  0.84728900 -1.92276800  0.28402200 

H -2.85255200 -0.00389600  1.22017800 

N -2.21390000 -1.14142100 -0.61659300 

O  2.01287600  0.57555400 -0.11584000 

C  2.98889300 -0.44661800  0.06114100 

H  2.88069200 -1.22577100 -0.70059900 

H  3.95546500  0.04085600 -0.04888000 

H  2.91222200 -0.89318800  1.05748500 

 

 

B3LYP/6-311G++(d,p) 

E = -400.90591504   

C  1.01942600  1.48463000 -0.06342500 

C -0.26736200  1.06106600  0.11289900 

C -0.68322600 -0.32338200 -0.07833300 

C  0.22746000 -1.33612200 -0.24341000 

C  1.55109200 -0.84722900 -0.07787800 

C  2.06291400  0.51494100 -0.35855300 

H  1.21825300  2.55129100 -0.12738900 

H -1.03445600  1.80204100  0.29292900 

H -0.05705100 -2.36854700 -0.38783500 

H  2.80687200  0.72517600 -1.11908200 

N  2.50200700 -0.56381500  0.69640200 

O -1.99628800 -0.67833800 -0.09054700 

C -3.01127200  0.29490500  0.14131200 
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H -3.95035100 -0.25419600  0.10145700 

H -2.90769300  0.75748400  1.12756200 

H -3.01351000  1.06730600 -0.63373900 

 

 

B3LYP/6-311G++(d,p) 

E = -400.90029863 

C   0.57158000 -0.31613900  0.16120300 

C   0.20235600  1.01429400  0.50218400 

C  -0.99851100  1.59749900  0.10788300 

C  -2.05872200  0.86426600 -0.46976100 

C  -1.91917500 -0.45609600 -0.17194300 

C  -0.31827900 -1.32763100 -0.18540500 

H   0.96031100  1.66400300  0.92005200 

H  -2.85069200  1.28432600 -1.07137300 

H  -0.02222000 -2.13640100 -0.84309500 

N  -1.63505700 -1.46006400  0.49541400 

H  -1.11274100  2.67190200  0.22008800 

O   1.88249700 -0.66981000 -0.00911500 

C   2.85995600  0.34574700 -0.23350300 

H   3.10069100  0.87912800  0.69098100 

H   3.75074700 -0.17440600 -0.58343500 

H   2.52409100  1.05873800 -0.99214600 

 

 

B3LYP/6-311G++(d,p) 

E = -400.90083757 

C   -0.56598900  0.29265600 -0.10491000 

C    0.36352200  1.32649200 -0.38944400 

C    1.70030300  1.27003300 -0.01118200 

C    2.32177100  0.09083000  0.45272900 

C    1.57312500 -0.99270300  0.09851000 

C   -0.22194400 -1.03484900  0.15307500 

H   -0.05620700  2.27594000 -0.69842800 

H    3.23784800  0.05152500  1.02228900 

H   -0.80210000 -1.67591800  0.80509700 

N    0.86664400 -1.71493800 -0.61836700 

H    2.28647400  2.18379200 -0.04228100 

O   -1.84043400  0.74326300  0.09285500 
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C   -2.90849500 -0.20193300  0.14149400 

H   -2.95970600 -0.69602300  1.11653400 

H   -3.82227100  0.37053800 -0.01355100 

H   -2.80083500 -0.95454900 -0.64556800 

 

 

B3LYP/6-311G++(d,p) 

E = -400.902122   

C  -1.55137900  1.26538900  0.15079600 

C  -0.20450800  1.33931700 -0.20986000 

C   0.69636500  0.26494000 -0.04600300 

C   0.26132900 -1.02990800  0.29686600 

C  -1.07749600 -1.15478500  0.02123700 

C  -2.26983600  0.07802500  0.31588000 

H  -2.03474500  2.18368400  0.47833500 

H   0.24272000  2.30718000 -0.40155800 

H   0.86413800 -1.80456400  0.74459400 

H  -3.09009300 -0.01123700  1.01888900 

N  -2.12810400 -1.08934700 -0.62912000 

O   2.00869800  0.59306500 -0.17976000 

C   2.99107400 -0.40557300  0.07252700 

H   2.83023100 -1.28425800 -0.56060900 

H   3.94854400  0.05081200 -0.17204100 

H   2.99306300 -0.70514100  1.12564600 

 

 

B3LYP/6-311G++(d,p) 

E = -400.902122  

C  -1.55137900  1.26538900  0.15079600 

C  -0.20450800  1.33931700 -0.20986000 

C   0.69636500  0.26494000 -0.04600300 

C   0.26132900 -1.02990800  0.29686600 

C  -1.07749600 -1.15478500  0.02123700 

C  -2.26983600  0.07802500  0.31588000 

H  -2.03474500  2.18368400  0.47833500 

H   0.24272000  2.30718000 -0.40155800 

H   0.86413800 -1.80456400  0.74459400 

H  -3.09009300 -0.01123700  1.01888900 

N  -2.12810400 -1.08934700 -0.62912000 
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O   2.00869800  0.59306500 -0.17976000 

C   2.99107400 -0.40557300  0.07252700 

H   2.83023100 -1.28425800 -0.56060900 

H   3.94854400  0.05081200 -0.17204100 

H   2.99306300 -0.70514100  1.12564600 

 

 

B3LYP/6-311G++(d,p) 

E = -400.91283412  

C  -0.60992100 -0.29383900 -0.24596200 

C  -0.04867600  1.01105900 -0.62053900 

C   1.15617300  1.53046100 -0.27634900 

C   2.06695400  0.77705300  0.60337700 

C   1.97954200 -0.50323700  0.29896800 

C   0.06639300 -1.45583600 -0.03657200 

H  -0.70408500  1.60601700 -1.25109200 

H   2.61630500  1.19963300  1.43215000 

H  -0.46254500 -2.38454300  0.13919400 

N   1.47585000 -1.51016800 -0.22434300 

H   1.44746800  2.50370100 -0.66477200 

O  -1.98535700 -0.39944100 -0.31322400 

C  -2.71170900  0.42659300  0.59976600 

H  -2.47376100  1.48657600  0.46328400 

H  -3.76709700  0.26202200  0.38622500 

H  -2.49691600  0.13977400  1.63506500 

 

 

B3LYP/6-311G++(d,p) 

E = -400.91594259 

C  0.59277300 -0.20311500 -0.08661700 

C -0.38010900 -1.27326900 -0.36194900 

C -1.70783700 -1.28432400 -0.09942600 

C -2.35324300 -0.13141500  0.55271800 

C -1.78652100  0.97705800  0.11809300 

C  0.37008300  1.14358100 -0.10871600 

H  0.07358800 -2.15991400 -0.79383500 

H -3.07277300 -0.20551800  1.35531500 

H  1.15627100  1.87533800  0.01035900 

N -0.91688800  1.64492600 -0.46301600 
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H -2.29339600 -2.15991300 -0.37003500 

O  1.83927500 -0.74624400  0.07266000 

C  2.94896700  0.12390500  0.24847000 

H  2.84029700  0.72863100  1.15530500 

H  3.82067800 -0.52097300  0.34494300 

H  3.07466800  0.78329700 -0.61765800 

 

 

B3LYP/6-311G++(d,p) 

E = -400.92279371  

C  -1.65661400   1.17966400  0.24267200 

C  -0.23560300   1.29925100 -0.01631900 

C   0.70563100   0.30846100  0.04253300 

C   0.32040200  -1.04788300  0.47472500 

C  -0.86487700  -1.32807500 -0.03231400 

C  -2.47310400   0.11119000  0.03835200 

H  -2.15517900   2.09816100  0.53930300 

H   0.12619500   2.28965000 -0.27458700 

H   0.82634700  -1.62642100  1.23478700 

H  -3.54203600   0.15903400  0.20724300 

N  -1.97587600  -1.09488800 -0.53418300 

O   1.97292800   0.61352500 -0.33979300 

C   3.01959100  -0.29436000  0.00269200 

H   3.91786900   0.09735800 -0.47084100 

H   3.17005200  -0.33346100  1.08644500 

H   2.81190100  -1.29778800 -0.37877200 

 

 

B3LYP/6-311G++(d,p) 

E = -400.92470003   

C -1.19930900  1.37352300 -0.30240500 

C  0.19780500  1.00053600 -0.12414400 

C  0.72306400 -0.26320300 -0.18151600 

C -0.14682600 -1.40891300 -0.47629500 

C -1.31024800 -1.23201500  0.11733600 

C -2.31764900  0.67551700  0.02084400 

H -1.36562800  2.38846500 -0.65267800 

H  0.87302400  1.83370200  0.03183400 

H  0.10667900 -2.18622000 -1.18295000 
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H -3.31355500  1.08377200 -0.10125400 

N -2.22080700 -0.59372600  0.66630700 

O  2.02836500 -0.58103000 -0.01711300 

C  2.95460400  0.45206500  0.31163100 

H  3.91995600 -0.03814800  0.42224500 

H  3.01209600  1.19735500 -0.48804000 

H  2.67751300  0.94033900  1.25089100 

 

 

B3LYP/6-311G++(d,p) 

E = -594.47755547  

C  0.89127800  1.34279400 -0.00001300 

C -0.41722000  0.88799900 -0.00006200 

C -0.63140100 -0.49571300 -0.00006500 

C  0.44650800 -1.38621400 -0.00002100 

C  1.72636900 -0.86138000  0.00002800 

C  1.99254700  0.50078700  0.00003500 

H -1.23109200  1.60179700 -0.00010800 

H  0.28376100 -2.45508300 -0.00002800 

H  3.00295800  0.88479900  0.00007300 

F  2.77129300 -1.71619000  0.00006300 

F  1.10410600  2.67633500 -0.00001100 

N -1.91614200 -1.08737600 -0.00011800 

N -2.90476900 -0.34845900 -0.00007000 

N -3.89090400  0.20691200  0.00021300 

 

 

UB3LYP/6-311G++(d,p) 

E = -484.91482049  

C  1.19122900 -0.59619600 -0.00000100 

C  1.23723000  0.77770400  0.00002100 

C -0.00002500  1.49881500  0.00002700 

C -1.23726200  0.77765400 -0.00001200 

C -1.19120400 -0.59623800 -0.00002900 

C  0.00003000 -1.32214800 -0.00002200 

H  2.18015200  1.30689800 -0.00000600 

H -2.18019700  1.30682200 -0.00004200 

H  0.00004000 -2.40347400 -0.00002000 

F -2.34817200 -1.28991000  0.00002600 
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F  2.34823100 -1.28980900  0.00000100 

N -0.00007200  2.82423800 -0.00001200 

 

 

B3LYP/6-311G++(d,p) 

E = -484.88817066  

C  1.04231500 -0.67223200 -0.00456400 

C -0.22986800 -1.11259100 -0.19465700 

C -1.35020200 -0.23003400  0.02191600 

C -1.26276800  1.10894100  0.24214800 

C  0.10375700  1.50213800  0.12200200 

C  1.32407000  0.70023900  0.37205800 

H -0.43068600 -2.15261500 -0.41638100 

H -2.11164300  1.75976000  0.38934800 

H  2.02628200  0.90156000  1.17366700 

N  1.04798800  1.87527900 -0.62031600 

F -2.56052800 -0.81533100 -0.04528400 

F  2.05122900 -1.56405000  0.02774600 

 

 

B3LYP/6-311G++(d,p) 

E = -484.87910862   

C   1.07184400 -0.61664600 -0.05411600 

C  -0.22797000 -1.04728600 -0.33589000 

C  -1.32747100 -0.25385700 -0.00980300 

C  -1.25559700  1.07608300  0.41609100 

C  -0.02343500  1.57563600  0.08728300 

C   1.49223700  0.68582800  0.19546800 

H  -0.39428400 -2.07967000 -0.61355000 

H  -2.03954400  1.59566800  0.94584900 

H   2.31672100  0.89227500  0.86760100 

N   0.96922500  1.83625700 -0.60616300 

F   1.98351500 -1.59033500  0.20061600 

F  -2.54408400 -0.82973400 -0.06183300 

 

 

C  1.16510600 -0.50907700  0.03337000 

C -0.16891100 -1.03134200 -0.19654700 

C -1.31842100 -0.35196900  0.02811900 

C -1.35459200  1.00201500  0.56578400 
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B3LYP/6-311G++(d,p) 

E = -484.89712495  

C -0.32128100  1.65623200  0.06746100 

C  1.64181300  0.75527100 -0.07867000 

H -0.22585400 -2.05014100 -0.56348000 

H -2.00313800  1.32351400  1.36811400 

H  2.69451100  0.97699300  0.03773600 

N  0.77031300  1.79289000 -0.50445800 

F -2.49644800 -0.95086900 -0.24668500 

F  2.08311500 -1.48550600  0.26576700 

 

 

B3LYP/6-311G++(d,p) 

E = -286.35163155  

C -0.02440500  1.46142600   0.05769400 

C  1.20306800  0.92651000  -0.22236000 

C  1.51310000 -0.47660400  -0.03383900 

C  0.55776100 -1.41706600   0.21432800 

C -0.74521300 -0.83428300   0.11652800 

C -1.12084000  0.57602600   0.41309100 

H  2.02596600  1.58702100  -0.47146500 

H  0.75832100 -2.45511800   0.44111300 

H -1.82920700  0.83994500   1.18972000 

N -1.66774200 -0.44997300  -0.64298300 

H -0.13667000  2.53859500   0.14221000 

H  2.55496000 -0.77668800  -0.07335000 

 

 

B3LYP/6-311G++(d,p) 

E = -286.34524832  

C -0.26075800  1.41363300  0.12683800 

C  1.04308500  1.06057900 -0.26076600 

C  1.56293700 -0.22996200 -0.07678100 

C  0.76867600 -1.32248500  0.29711000 

C -0.55401500 -1.05615700  0.04015700 

C -1.29155100  0.49886100  0.32866200 

H  1.74235200  1.85677300 -0.48784900 

H  1.13469000 -2.22861400  0.75715900 

H -2.08765600  0.65485800  1.04778900 

N -1.51540100 -0.64746400 -0.62405600 

H  2.63709400 -0.37111400 -0.14473800 
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H -0.42891200  2.43352400  0.46471500 

 

 

B3LYP/6-311G++(d,p) 

E = -286.36220413   

C -0.78433900  1.20084500  0.23434200 

C  0.61483700  1.31731400 -0.17586000 

C  1.56773600  0.34975000 -0.14921700 

C  1.24207500 -0.99748900  0.34939500 

C  0.01971200 -1.31030400 -0.03496400 

C -1.59118500  0.11541000  0.14665700 

H  0.91674300  2.30813700 -0.50484800 

H  1.86575200 -1.57681500  1.01473900 

H -2.63704600  0.14354200  0.43151400 

N -1.12497600 -1.08953100 -0.46197100 

H  2.57429000  0.57712100 -0.49225800 

H -1.25792400  2.12158100  0.56253800 

 

 

B3LYP/6-311G++(d,p) 

E = -400.785583   

C -0.17743800 -1.00714400 0.25859400 

C -0.66389700  0.25481800 0.04587800 

C  0.17237400  1.45094600 0.09347100 

C  1.52741800  1.39894700 0.12276300 

C  1.98370200  0.04179300  0.01288600 

C  1.26390700 -1.16523000  0.43771600 

H  2.16561200  2.26877600  0.20074600 

H  1.65662600 -1.83074300  1.19804600 

N  2.24502200 -0.90636000 -0.77333600 

H -0.34955100  2.40103500  0.09621000 

H -0.84495300 -1.84499500  0.41769200 

O -1.97813300  0.57455200 -0.13440400 

C -2.93137200 -0.48015100 -0.13751600 

H -2.97942700 -0.97448100  0.83869800 

H -3.89098200 -0.01500800 -0.35600700 

H -2.69558200 -1.22035000 -0.90954900 
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B3LYP/6-311G++(d,p) 

E = -400.780377  

C -0.30786800 -1.29087500 -0.23255300 

C  0.63937600 -0.30363600 -0.13301200 

C  0.31046100  1.10713500 -0.27011100 

C -0.97166800  1.56723200 -0.24765900 

C -1.89139200  0.50636300  0.02684700 

C -1.70730400 -0.92173000 -0.31917100 

H -1.24570500  2.59750700 -0.42932700 

H -2.38845000 -1.44820200 -0.97728100 

N -2.40679300 -0.22268300  0.91201100 

H  1.11674600  1.81330800 -0.42405300 

H  0.02517900 -2.31273100 -0.38171800 

O  1.94919700 -0.70540100 -0.08365000 

C  2.94341200  0.21236200  0.35634100 

H  2.65452100  0.69639000  1.29488500 

H  3.84232900 -0.38091100  0.51820800 

H  3.15926300  0.97552300 -0.39968600 

 

 

B3LYP/6-311G++(d,p) 

E = -400.775326   

C  0.16626400 -0.96344200 -0.37661300 

C  0.62787200  0.32162000 -0.01782000 

C -0.19993900  1.45316200 -0.05960800 

C -1.59358200  1.37082800 -0.21266800 

C -2.04390400  0.12711900  0.12523800 

C -1.17309500 -1.34166900 -0.35099500 

H -2.21526400  2.17012800 -0.58940400 

H -1.58146900 -2.07442300 -1.03875900 

N -2.07798800 -0.93636900  0.76544300 

H  0.28654900  2.42269000 -0.04991700 

H  0.85202800 -1.62922000 -0.89038400 

O  2.89294200 -0.46589400  0.14706000 

C  3.83747600 -0.04286700  0.48677100 

H  2.58162100 -1.26560100  0.82837400 

H  3.03172200 -0.87948200 -0.85847000 

H  1.96173700  0.60537700  0.15326400 
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B3LYP/6-311G++(d,p) 

E =  -400.774852 

C -0.33035900 -1.25425800 -0.30678100 

C  0.62110200 -0.25773100 -0.01297300 

C  0.32329800  1.11174500 -0.12954400 

C -0.99009400  1.58781300 -0.28247900 

C -1.90307600  0.63557900  0.08703700 

C -1.70576800 -1.03990300 -0.29448700 

H -1.24054800  2.55413200 -0.69555700 

H -2.38336200 -1.57547200 -0.95019800 

N -2.36769300 -0.26183200  0.80880500 

H  1.13060100  1.83074200 -0.18755200 

H  0.05270600 -2.17028900 -0.74686000 

O  1.90144200 -0.73267300  0.13961900 

C  2.98071000  0.18821700  0.15705200 

H  3.87946400 -0.41103800  0.29485000 

H  3.05791300  0.73968400 -0.78751700 

H  2.89066300  0.89767500  0.98729400 

 

 

B3LYP/6-311G++(d,p) 

E = -400.791792  

C  0.07476900  0.97186800  0.64970000 

C  0.60361600 -0.34777200  0.27868500 

C -0.11627000 -1.47397400  0.02124800 

C -1.58115600 -1.44010300  0.12240000 

C -2.02741600 -0.29329600 -0.35327200 

C -1.08497200  1.54903400  0.25621400 

H -2.18418400 -2.19441400  0.60803000 

H -1.36441100  2.54920700  0.56932600 

N -1.94773200  0.90478400 -0.67772100 

H  0.41875700 -2.38205900 -0.24106500 

H  0.73791700  1.57296200  1.26417300 

O  1.97660900 -0.47132400   0.30999000 

C  2.71027300  0.38543000  -0.56931900 

H  2.49743900  1.44228500  -0.38013000 

H  3.76395600  0.18881800  -0.37568400 

H  2.47871600  0.15318200  -1.61445100 
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B3LYP/6-311G++(d,p) 

E = -400.795457   

C -0.36666800 -1.24704100 -0.40991700 

C  0.60542600 -0.17725600 -0.13554400 

C  0.35781300  1.16445400 -0.07947000 

C -1.00335200  1.65143900 -0.35360600 

C -1.89143900  0.84537700  0.19428300 

C -1.67717600 -1.29294700 -0.07929900 

H -1.23552700  2.48327500 -1.00420500 

H -2.28023300 -2.17355800 -0.27181100 

N -2.30031500 -0.23970400  0.64429500 

H  1.14598900  1.86387400  0.17462700 

H  0.07326800 -2.14725000 -0.82549700 

O  1.84420800 -0.72873000  0.03851400 

C  2.95653100  0.13385900  0.23740500 

H  2.85494500  0.70502100  1.16616000 

H  3.82805900 -0.51504900  0.30431000 

H  3.07522900  0.82414300 -0.60487900 

 

 

B3LYP/6-311G++(d,p) 

E = -723.88940518   

C -0.16905300 -1.01996800 -0.28824000 

C  0.32515200  0.24199700 -0.08413800 

C -0.52638700  1.43008700 -0.12717800 

C -1.88287400  1.36829500 -0.12786100 

C -2.32778500  0.01215800  0.01155100 

C -1.61002500 -1.19661400 -0.42661800 

H -2.52834800  2.23232000 -0.21029100 

H -2.01847800 -1.87512200 -1.16679000 

N -2.55920700 -0.93216600  0.80914100 

H -0.03848900  2.39890600 -0.15935000 

H  0.49699800 -1.85577500 -0.46745800 

S  2.04873300  0.64556700  0.12045500 

C  2.86698700 -0.97669400  0.07465400 

H  2.77336600 -1.44606000 -0.90537800 

H  3.92043600 -0.77915800  0.27397000 

H  2.47313900 -1.63457500  0.85099800 
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B3LYP/6-311G++(d,p) 

E = -723.88824049   

C  -0.46764400 -1.21787900 -0.28643300 

C   0.33236600 -0.10411100 -0.32660900 

C  -0.21775000  1.24059200 -0.44806200 

C  -1.53977600  1.51914000 -0.27954200 

C  -2.24755900  0.34833600  0.13861300 

C  -1.90966600 -1.05871400 -0.20022600 

H  -1.98537600  2.49087700 -0.44268700 

H  -2.57994700 -1.70286100 -0.75712500 

N  -2.54565300 -0.41615700  1.08767000 

H   0.46890200  2.03745800 -0.71031000 

H  -0.02524200 -2.19584900 -0.44730200 

S   2.10944000 -0.29966800 -0.50611500 

C   2.67630700  0.26591600  1.14441000 

H   2.27574200 -0.37605600  1.92871300 

H   3.76458700  0.19154700  1.13469500 

H   2.39220100  1.30299100  1.32526200 

 

 

B3LYP/6-311G++(d,p) 

E = -723.88761206  

C -0.48702700 -1.18077500 -0.31191800 

C  0.31323900 -0.14884700  0.10484700 

C -0.14854300  1.23197100  0.13772800 

C -1.45387300  1.58193500 -0.02691400 

C -2.27907500  0.41399300 -0.08639000 

C -1.89140600 -0.92604900 -0.59107900 

H -1.81294400  2.60139900 -0.06851000 

H -2.38305500 -1.39581100 -1.43507600 

N -2.86315200 -0.48607700  0.56588300 

H  0.58837000  2.00963300  0.30502600 

H -0.03700000 -2.13936200 -0.55035900 

S  2.00788100 -0.50525100  0.57413500 

C  2.95599700  0.44883200 -0.67187200 

H  2.76026200  1.51878300 -0.59676600 

H  4.00876000  0.27034700 -0.44893600 

H  2.73571800  0.09520700 -1.67914100 
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B3LYP/6-311G++(d,p) 

E = -723.88272386  

C  -0.34983400 -0.93932900 -0.71956000 

C   0.31668300  0.21399200 -0.25617100 

C  -0.38166500  1.39990500  0.04656300 

C  -1.77688700  1.45945800  0.14033800 

C  -2.29527700  0.19907900  0.32167500 

C  -1.70088900 -1.20063300 -0.50967300 

H  -2.36502900  2.36168600  0.05771200 

H  -2.30134900 -1.77124900 -1.20880200 

N  -2.36108600 -0.93155200  0.82058500 

H   0.18944800  2.31829900  0.13363500 

H   0.17817300 -1.56133400 -1.43745500 

S   2.10002200  0.31252700 -0.44938800 

C   2.66175500 -0.67237600  0.99236900 

H   3.75207200 -0.68194200  0.95091000 

H   2.33947400 -0.21008000  1.92536200 

H   2.29115500 -1.69552000  0.93151400 

 

 

B3LYP/6-311G++(d,p) 

E = -723.88053676   

C -0.51050900 -1.14892200 -0.37921300 

C  0.29140600 -0.11935000  0.15530700 

C -0.14004200  1.21940900  0.18607200 

C -1.45256200  1.60478400 -0.11645900 

C -2.30270400  0.53439500  0.01257400 

C -1.89308400 -1.07795100 -0.52049200 

H -1.75324600  2.59696900 -0.42028500 

H -2.42614100 -1.59815400 -1.30824300 

N -2.76750800 -0.47975900  0.54859500 

H  0.59053000  1.99718100  0.38362300 

H  0.00139900 -1.97385700 -0.86713500 

C  2.94173300  0.46860700 -0.65282900 

H  3.99194300  0.22188100 -0.48948900 

H  2.66460200  0.20619400 -1.67399900 

H  2.80469000  1.53747400 -0.48845900 

S  1.99333400 -0.53220000  0.55712900 
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B3LYP/6-311G++(d,p) 

E = -723.89960384  

C  -0.28267000  0.91277200  0.76431600 

C   0.27157000 -0.35435400  0.26699900 

C  -0.44305200 -1.45087300 -0.11788800 

C  -1.91223100 -1.44183100 -0.03655500 

C  -2.35127400 -0.25215100 -0.39906700 

C  -1.43348500  1.52366900  0.39371700 

H  -2.51583300 -2.25335100  0.34375600 

H  -1.72881100  2.48835300  0.79135800 

N  -2.26362900  0.96531600 -0.62526900 

H   0.08275200 -2.32896100 -0.48121300 

H   0.35258700  1.45711800  1.45537100 

C   2.57652800  0.84560100 -0.81166300 

H   2.21504900  1.81120300 -0.45788300 

H   3.66722600  0.84817800 -0.80274500 

H   2.22287400  0.66056800 -1.82584700 

S   2.06232800 -0.50858200  0.31218300 

 

 

B3LYP/6-311G++(d,p) 

E = -723.89975725  

C  -0.67864700 -1.20148400 -0.43786600 

C   0.27557600 -0.11287000 -0.16195700 

C  -0.01602000  1.21857900 -0.10157000 

C  -1.39270000  1.67537200 -0.35276600 

C  -2.24311900  0.83928900  0.20982700 

C  -1.98074900 -1.28326900 -0.07681000 

H  -1.65718100  2.51375500 -0.98185000 

H  -2.57196800 -2.17031700 -0.27670000 

N  -2.60737400 -0.25285300  0.67825900 

H   0.75210500  1.94485900  0.14018900 

H  -0.25434700 -2.08780800 -0.89953800 

C   2.97781900  0.70155000  0.17135900 

H   2.75807400  1.29654600  1.05869600 

H   3.99761400  0.32240700  0.24390900 

H   2.88619900  1.31038500 -0.72923100 

S   1.91801000 -0.77392800  0.07471300 
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B3LYP/6-311G++(d,p) 

E = -723.89748484   

C   0.31197600 -1.12744500  0.25278400 

C  -0.27432300  0.18250100 -0.06882700 

C   0.34415400  1.39305100  0.02317400 

C   1.73795600  1.48512100  0.48168800 

C   2.42253900  0.45723600  0.01628400 

C   1.59381900 -1.53482000  0.10078300 

H   2.10358500  2.22699500  1.17697900 

H   1.90740100 -2.55092600  0.31214400 

N   2.56920200 -0.66759500 -0.48111000 

H  -0.20822000  2.29098200 -0.23900600 

H  -0.39230400 -1.89791500  0.55022400 

C  -2.90633800 -0.31325400  0.79517000 

H  -2.78258500  0.43209700  1.58084800 

H  -3.95370200 -0.34877200  0.49227200 

H  -2.61591700 -1.29844900  1.16147900 

S  -1.96383600  0.16030100 -0.70459400 

 

 

B3LYP/6-311G++(d,p) 

E = -399.71218200   

C  -1.75383100  -0.85836600 -0.62914000 

C  -0.50058400  -1.13968000  0.00256100 

C   0.60348700  -0.15244900  0.23940100 

C   0.03877400   1.15656700  0.54464300 

C  -1.27540800   1.39232100  0.26904900 

C  -2.12368300   0.43404600 -0.41375300 

H  -2.33781900  -1.58707800 -1.17372900 

H   0.69663200   1.96335900  0.84828500 

H  -1.69045900   2.37522500  0.46020000 

H  -3.09126600   0.77211900 -0.76873300 

C   1.95859100  -0.31142100 -0.31901400 

N   0.11535100  -1.45354900  1.04247200 

O   2.70940600   0.61135700 -0.54167500 

H   2.25612700  -1.36574700 -0.49240600 

 

C   1.81317200  -0.83331700 -0.66836200 
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B3LYP/6-311G++(d,p) 

E = -399.70469617  

C   0.69362300  -1.23012600  0.02137100 

C  -0.68703700  -0.13084300  0.29971200 

C  -0.08969200   1.13244500  0.41559300 

C   1.28063700   1.37550000  0.29757100 

C   2.16615400   0.47405000 -0.32280700 

N  -0.06148500  -1.33926500  0.98817700 

C  -2.04263500  -0.34726500 -0.23064300 

O  -2.79630300   0.54827300 -0.54692000 

H   2.32928500  -1.44655400 -1.39208400 

H   3.14041600   0.84029300 -0.63079400 

H   1.63618500   2.38348200  0.47449100 

H  -0.76749500   1.98104300  0.42547900 

H  -2.34290100  -1.41226000 -0.29357500 

 

 

B3LYP/6-311G++(d,p) 

E = -399.71873028   

C  -2.13227000 -0.74371700  0.53402800 

C  -1.05749300 -1.29312000  0.00154800 

C   0.79126800 -0.18105700 -0.14636400 

C   0.20391400  1.04303700 -0.03098900 

C  -1.19279500  1.39788100 -0.23166300 

C  -2.28436100  0.61916500  0.00353400 

H  -2.73867700 -1.16882800  1.32038300 

H   0.89042600  1.86256500  0.16120800 

H  -1.36634600  2.41969200 -0.55616100 

H  -3.27699700  1.02415800 -0.17706300 

C   2.25114000 -0.39173600  0.01323000 

N   0.02437200 -1.30849000 -0.60297200 

O   3.03264400  0.46757800  0.35413000 

H   2.58342100 -1.42149800 -0.22054300 

 

6. Heavy-atom tunneling in the ring opening of cyclopropylcarbinyl radical 

 

C 

C 

C 

-3.23201600 

-1.81996300 

-2.49575700 

0.30903300 

 0.15858400 

-0.99102700 

-0.04422800 

 0.48293300 

-0.20575200 
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B3LYP/def2-TZVP 

E = -454.47472431  

H 

H 

H 

H 

H 

C 

H 

H 

I 

-4.03464100 

-3.38073200 

-1.72048400 

-2.14642800 

-2.80170600 

-0.72601500 

-0.56362900 

-0.87538700 

 1.22953800 

 0.36641800 

 0.92102900 

 0.08275100 

-1.25442500 

-1.83485800 

 0.91177400 

 1.89828700 

 0.99165300 

-0.06605700 

 0.67881800 

-0.92448200 

 1.55886500 

-1.19604100 

 0.39740100 

-0.19377700 

 0.23021500 

-1.26690400 

 0.00541600 

 

 

B3LYP/def2-TZVP  

E = -454.47566372  

C 

C 

C 

C 

H 

H 

H 

H 

H 

H 

H 

I 

-2.97790300 

-1.86881200 

-0.95030200 

-1.86881500 

-3.61256900 

-3.60823700 

-1.55451800 

-2.03913700 

-0.93916300 

-1.55452200 

-2.03914000 

 1.15740200 

-0.00000100 

-1.08618700 

 0.00000100 

 1.08618800 

-0.00000200 

-0.00000200 

-1.39633600 

-1.97052200 

 0.00000200 

 1.39633800 

 1.97052100 

 0.00000000 

-0.14179300 

-0.07142600 

 0.50881600 

-0.07142600 

-1.02701400 

 0.74732800 

-1.06731800 

 0.54106700 

 1.59524700 

-1.06731900 

 0.54106800 

-0.03034100 

 

 

B3LYP/def2-TZVP  

E = -454.47291687   

C 

C 

C 

C 

H 

H 

H 

H 

H 

H 

-2.52361600 

-1.85712000 

-0.93482000 

-1.85712000 

-3.61170100 

-2.13155600 

-2.53192200 

-1.38905500 

-2.53192200 

-1.38905500 

0.00000000 

 1.08545900 

 0.00000000 

-1.08545900 

 0.00000000 

 0.00000000 

 1.46943600 

 1.93039100 

-1.46943600 

-1.93039100 

-0.70507900 

 0.17820700 

 0.77326900 

 0.17820700 

-0.74971700 

-1.72145600 

 0.94731500 

-0.32178800 

 0.94731500 

-0.32178800 
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H 

I 

-0.76302000 

 1.08272200 

 0.00000000 

 0.00000000 

 1.84435100 

-0.05984600 

 

 

UB3LYP/def2-TZVP 

E = -156.60778979   

C 

C 

C 

H 

H 

H 

H 

H 

C 

H 

H 

0.90961300 

-0.27532900 

 0.90952200 

 1.57428300 

 0.72723400 

-0.29516200 

 0.72684900 

 1.57413400 

-1.57246200 

-2.48421500 

-1.65118500 

-0.74518200 

 0.00003200 

 0.74521900 

-1.26514200 

-1.25836100 

 0.00036100 

 1.25788100 

 1.26570900 

-0.00017000 

 0.00103200 

-0.00087700 

-0.13370300 

 0.48347300 

-0.13404700 

 0.54371200 

-1.06849800 

 1.56634100 

-1.06906700 

 0.54301500 

-0.16362500 

 0.41476800 

-1.24286200 

 

 

UB3LYP/def2-TZVP  

E = -156.61342381   

C 

C 

H 

H 

H 

H 

C 

H 

C 

H 

H 

-1.75574800 

-0.61689700 

-1.58888400 

-2.77630000 

-0.43538500 

-0.88862600 

 0.66256600 

 0.62251300 

 1.79475400 

 1.87496800 

 2.68366400 

-0.34408300 

 0.54250700 

-1.23265700 

-0.05519900 

 1.28490600 

 1.12600600 

-0.20262000 

-0.93400200 

-0.03842400 

 0.67601600 

-0.60935200 

-0.22720400 

 0.14351900 

-0.82100800 

-0.01623200 

-0.65008700 

 1.03165300 

 0.40725800 

 1.21040300 

-0.26508800 

-1.07727400 

-0.02836900 

 

 

UB3LYP/def2-TZVP 

E = -156.61253009  

C 

C 

H 

H 

H 

H 

-1.47473300 

-0.71340700 

-1.17244800 

-2.42881400 

-1.02765000 

-0.99011600 

-0.61841800 

 0.65454300 

-1.42177700 

-0.70718900 

 1.30122000 

 1.22911500 

-0.02241800 

 0.01970900 

-0.68039100 

 0.47741500 

-0.81939700 

 0.91246100 
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C 

H 

C 

H 

H 

 0.78892800 

 1.30344400 

 1.51066000 

 1.05530900 

 2.59158900 

 0.55019100 

 1.49954800 

-0.55953300 

-1.53278600 

-0.52882400 

-0.03838200 

-0.16273200 

 0.05415200 

 0.18961400 

 0.00466200 

 

 

UB3LYP/6-311G(d,p) 

E = -156.57736879  

C 

H 

H 

C 

C 

H 

H 

C 

H 

H 

H 

-0.80480400 

-0.64621600 

-1.38637200 

-1.18058800 

 0.41956000 

-1.73746600 

-0.98895900 

 1.60309700 

 0.38935500 

 1.70785000 

 2.43821800 

0.73101000 

 1.15742500 

 1.39881100 

-0.70142500 

 0.14615300 

-1.11272500 

-1.33364100 

-0.11490800 

 0.02500900 

 0.07842800 

-0.57829700 

-0.14508600 

-1.13404200 

 0.48760600 

-0.11261000 

 0.48266600 

 0.71752200 

-0.96662300 

-0.18263000 

 1.55958600 

-1.24390300 

 0.32580400 

 

 

UB3LYP/6-311G(d,p) 

E = -235.23331912  

C 

H 

H 

C 

C 

H 

H 

C 

H 

C 

H 

H 

H 

C 

H 

1.74351500 

 1.65013600 

 2.43175600 

 1.90341200 

 0.46499900 

 2.42712000 

 1.59333800 

-0.79951400 

 0.52795500 

-1.95657000 

-1.69811100 

-2.82167500 

-2.30040800 

-1.07446200 

-1.31277300 

0.22450200 

 1.30040900 

-0.19374900 

-0.25105600 

-0.53133600 

-1.17032200 

 0.37392000 

-0.02091300 

-1.58928900 

-0.95431500 

-1.98818100 

-0.67058600 

-0.93263200 

 1.43327400 

 1.61869700 

-0.58699000 

-0.71563200 

-1.31931500 

 0.80852300 

-0.42082700 

 1.02848300 

 1.63291300 

-0.14173700 

-0.65122800 

 0.07575000 

-0.16437300 

-0.53707300 

 1.12082400 

 0.10849000 

 1.16649800 
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H 

H 

-0.23751400 

-1.94810400 

 2.08098200 

 1.76981400 

-0.15711700 

-0.46323300 

 

 

UB3LYP/6-311G(d,p) 

E = -234.00687975  

C 

H 

H 

C 

C 

H 

H 

H 

C 

H 

C 

H 

H 

C 

H 

1.68070600 

 1.12691600 

 2.50529700 

 2.02856300 

 0.84372400 

 2.87962500 

 1.41108600 

 1.37228800 

-1.41739700 

-1.00463900 

-2.74057300 

-3.21347100 

-3.37668300 

-0.51982300 

-0.95161700 

-0.35895200 

-1.19168700 

-0.07657900 

-0.50051200 

 0.78892700 

 0.01560300 

-1.09958000 

 1.72666500 

-0.31377500 

-1.23759500 

-0.28204500 

 0.60827700 

-1.14066900 

 0.78262700 

 1.69794500 

0.66775400 

 1.09704700 

 1.32100500 

-0.76667200 

 0.20304000 

-1.18820600 

-1.41942000 

 0.07868600 

 0.14843800 

 0.54775200 

-0.12529300 

-0.52722900 

 0.04995400 

-0.04661800 

-0.44348200 

 

 

UB3LYP/6-311G(d,p) 

E = -234.00894471  

C 

H 

H 

C 

C 

H 

H 

H 

C 

H 

C 

H 

H 

C 

-2.04374000 

-1.97553400 

-2.73285700 

-2.21930700 

-0.71997400 

-2.64582600 

-1.88550600 

-0.71580700 

 1.73148000 

 1.70510000 

 2.92351400 

 3.00692700 

 3.83754300 

 0.48164000 

-0.61365600 

-1.47341200 

-0.81543800 

 0.69234700 

-0.05947200 

 1.53820100 

 0.82751400 

 0.56873800 

 0.25287900 

 0.94928200 

-0.00863100 

-0.69498900 

 0.45537300 

-0.32176700 

-0.13777600 

 0.52818500 

-0.95700200 

 0.54092100 

-0.55046100 

 0.02040900 

 1.55906100 

-1.43527400 

-0.30359700 

-1.14052800 

 0.27734900 

 1.11380900 

-0.07139500 

 0.08241200 
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H  0.48427800 -1.00546800  0.92965100 

 

 

UB3LYP/6-311G(d,p) 

E = -387.69064825 

C 

H 

H 

C 

C 

H 

H 

C 

H 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

H 

H 

2.68109300 

 1.90113800 

 3.52856700 

 3.01670200 

 2.24135100 

 3.99104600 

 2.28095600 

 0.97638300 

 3.04805300 

-0.32395400 

-1.36459700 

-0.63926700 

-2.63258000 

-1.15726900 

-1.91046000 

 0.10277500 

-2.91381000 

-3.40638800 

-2.12423100 

-3.90369200 

 0.95388300 

  0.89483600 

  1.63360800 

  1.32837600 

  0.10181900 

 -0.43778100 

 -0.34974400 

 -0.03303700 

 -1.00532500 

 -1.04590900 

 -0.43163700 

 -1.29792300 

  0.93909800 

 -0.82088200 

 -2.35995900 

  1.41368100 

  1.63050700 

  0.54189700 

 -1.51330400 

  2.47150100 

  0.91691400 

 -2.06564900 

-0.05450800 

 0.09493800 

-0.58383200 

 1.15237900 

-0.57783900 

 1.27409600 

 1.93124800 

-0.61923500 

-0.97168600 

-0.31282800 

 0.08881700 

-0.43233100 

 0.39109100 

 0.17086800 

-0.13193600 

-0.80834200 

 0.29034400 

 0.70440600 

-0.24131700 

 0.52355800 

-0.85766500 

 

 

UB3LYP/6-311G(d,p) 

E = -387.69673308 

C 

H 

H 

C 

C 

H 

H 

C 

H 

-3.45574700 

-3.59427000 

-4.08160000 

-3.47583100 

-2.02441900 

-3.71564600 

-3.23211400 

-0.96253900 

-1.84016400 

-0.21994300 

-1.29953700 

 0.28421400 

 0.35515100 

 0.20932700 

 1.39640400 

-0.25877800 

-0.63396400 

 1.24257500 

-0.45574700 

-0.50522300 

-1.19094500 

 0.90955100 

-0.44321400 

 1.07307400 

 1.76378500 

-0.17838400 

-0.71166600 
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C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

H 

H 

 0.43421700 

 1.40461900 

 0.89526800 

 2.75816600 

 1.07792600 

 2.24877000 

 0.18431400 

 3.19203200 

 3.47892000 

 2.57435300 

 4.24811600 

-1.18705300 

-0.26881100 

-1.28472500 

 1.06580800 

-0.98754400 

-2.31910800 

 1.35885600 

 1.87932300 

 0.33720500 

-1.79118900 

 2.39314900 

 0.57188600 

-1.68710000 

-0.08032500 

 0.05948800 

-0.12002000 

 0.14357500 

 0.09716600 

-0.03616000 

-0.20382400 

 0.09413500 

 0.24889500 

-0.06705000 

 0.16047000 

-0.02207000 

 

 

 

UB3LYP/6-311G(d,p) 

E = -195.89266182  

C 

C 

C 

H 

H 

H 

H 

H 

C 

H 

H 

C 

H 

H 

1.52997600 

 0.29108200 

-0.74964100 

 1.99629400 

 2.30515400 

 0.33899700 

 0.06745400 

-0.66262000 

-1.97808600 

-2.19082800 

-2.73217700 

 0.80013700 

 0.53854500 

 0.97837200 

-0.16487200 

-1.07222100 

-0.08192200 

-0.24548400 

-0.35247900 

-2.00942300 

-1.32047300 

 0.14556700 

 0.13028400 

-0.22325100 

 0.74524200 

 1.15772800 

 1.47687900 

 1.96944000 

0.00274400 

-0.09046800 

 0.43241000 

 0.98862300 

-0.74711700 

 0.47407300 

-1.13241500 

 1.49362300 

-0.15233200 

-1.15596200 

 0.32477400 

-0.13678000 

-1.14087600 

 0.56183400 

 

7. Tunneling control of the reactivity of noradamantylmethylcarbene 

     



 

198 

 

B3LYP-D3/def2-TZVP 

E = -538.47490467 

ZPE(41a) = 0.255345 

ZPE(CD3-41a) = 0.245771 

  

C 

C 

H 

C 

H 

H 

C 

H 

H 

C 

H 

C 

H 

H 

C 

H 

H 

C 

H 

H 

C 

H 

C 

H 

H 

H 

C 

N 

N 

-0.29412800 

 0.60201400 

 0.01699500 

 1.31859600 

 0.69777200 

 2.25796700 

 0.04287700 

-0.09051100 

-0.58027200 

 1.49413800 

 1.88830100 

 2.39276400 

 3.40891000 

 2.45430800 

 0.38892100 

 0.01304300 

 0.22418500 

 1.66282300 

 1.29419200 

 2.57644400 

 1.85018800 

 2.49326400 

-2.27248100 

-2.15714400 

-3.32888000 

-1.72508700 

-1.76002200 

-2.62158200 

-3.37808000 

0.07594600 

 0.43738900 

 0.83566800 

-0.88288000 

-1.53628500 

-0.71797500 

-1.41040500 

-1.67877300 

-2.08223300 

-1.48436500 

-2.50236600 

-0.56358300 

-0.56253100 

-0.96048300 

 0.87961900 

 1.90328800 

 0.41279900 

 1.41642000 

 2.44529100 

 1.40597600 

 0.88511600 

 1.51687500 

 1.77171500 

 2.42164000 

 1.75825600 

 2.23537100 

 0.38117000 

-0.57089600 

-1.41929900 

-0.13655300 

 1.14814700 

 1.97520200 

 1.48841100 

 2.10606600 

 2.01991800 

-0.40160000 

-1.45074200 

 0.19297900 

 0.08702900 

 0.09707500 

-0.77347100 

-0.36858100 

-1.79099000 

-1.27865400 

-1.33492700 

-2.25101900 

 0.61253700 

 0.58768700 

 1.21007900 

-0.81686000 

-1.43289600 

 0.28276800 

-0.59036700 

 0.55030000 

 1.10802700 

 0.02285400 

-0.09503300 

-0.19574800 

 

 

C 

C 

H 

0.27945700 

-0.36928500 

 0.36010100 

0.27625300 

-1.03554300 

-1.72389100 

0.06272400 

-0.57737600 

-0.99869700 
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B3LYP-D3/def2-TZVP 

E = -538.47392864 

ZPE(41b) = 0.255357 

ZPE(CD3-41b) = 0.245781  

C 

H 

H 

C 

H 

H 

C 

H 

C 

H 

H 

C 

H 

H 

C 

H 

H 

C 

H 

C 

H 

H 

H 

C 

N 

N 

-1.19549200 

-0.58314800 

-2.02060500 

-0.28232500 

-0.34031700 

 0.34329100 

-1.64472500 

-2.16448600 

-2.52715200 

-3.46845000 

-2.78092100 

-0.44404300 

 0.05472300 

-0.48441200 

-1.36318200 

-0.87379900 

-2.17453300 

-1.81568500 

-2.45292600 

 2.49099200 

 2.25765400 

 3.57200400 

 2.18903400 

 1.78139600 

 2.48690700 

 3.09981600 

-1.65164700 

-2.27948900 

-2.26261800 

 0.28462000 

 1.29311200 

-0.31515000 

-0.38743200 

-0.59697500 

 0.48516200 

-0.03335800 

 1.41845300 

 1.43474400 

 1.67734900 

 2.34486500 

-0.49599200 

-0.27953000 

-1.19930500 

 0.80560600 

 1.42655300 

 1.67994700 

 2.04347300 

 1.56262100 

 2.45808300 

 0.38569700 

-0.68265900 

-1.63486800 

 0.56842000 

 1.22032600 

 0.19786500 

 1.51552700 

 1.92880600 

 2.18098800 

 1.31361600 

 2.25084600 

 0.38822800 

 0.18444900 

 0.89952300 

-0.67631900 

-1.61799200 

-0.07570000 

-1.62418900 

-2.57691000 

-1.82016100 

-0.94920400 

-1.58221500 

 0.28567600 

 1.29226500 

 0.21378800 

-0.42009500 

-0.00535300 

-0.14750700 

-0.29357600 

 

 

B3LYP-D3/def2-TZVP 

E = -428.85659381 

ZPE(S-112a) = 0.242768 

C 

C 

H 

C 

H 

H 

-0.67252700 

-0.14480700 

-0.88607500 

 1.09589700 

 0.82893900 

 1.79134900 

-0.37424000 

-0.16105400 

-0.39590900 

-1.05981800 

-2.09117500 

-0.70655100 

-0.42695900 

 1.14151700 

 1.90387400 

 1.21062600 

 1.44640500 

 1.97553600 



 

200 

ZPE(CD3-S-112a) = 0.233487   C 

H 

H 

C 

H 

C 

H 

H 

C 

H 

H 

C 

H 

H 

C 

H 

C 

C 

H 

H 

H 

 0.37863700 

 0.48115200 

 0.09148500 

 1.64052500 

 2.49062200 

 2.01638600 

 2.86741000 

 2.33652100 

-0.40018100 

-1.22286200 

-0.22140100 

 0.29771700 

-0.53985500 

 1.04230600 

 0.83089800 

 1.12530700 

-1.97617700 

-3.06610400 

-2.80944000 

-3.54355200 

-3.83348400 

-1.35055100 

-1.23924700 

-2.38130400 

-0.95553500 

-1.61502900 

 0.51407200 

 0.81593100 

 0.59350200 

 1.01107800 

 1.71497300 

 0.90963300 

 1.30983200 

 1.98789900 

 1.49145200 

 1.48059600 

 2.50755900 

-0.90789600 

 0.07613700 

 1.12859600 

 0.04014300 

-0.25619900 

-0.99836400 

-2.07943700 

-0.78724100 

-0.21912500 

-0.40531700 

-0.53239400 

 0.08546400 

-1.57533800 

-1.07446500 

-0.94201700 

-2.14566700 

 1.14004400 

 1.31930200 

 1.91822900 

-0.28671200 

-0.51655200 

-0.08411900 

 0.07644600 

 0.26513700 

-0.91861300 

 0.77725000 

 

 

B3LYP-D3/def2-TZVP 

E = -428.85633747 

ZPE(S-112b) = 0.242871  

ZPE(CD3-S-112b) = 0.233619    

C 

C 

H 

C 

H 

H 

C 

H 

H 

C 

H 

-0.74544400 

 0.42466100 

 0.03594000 

 1.28611500 

 0.88505800 

 2.32110900 

-0.40097100 

-0.78705000 

-0.81389600 

 1.12856400 

 1.57460800 

-0.01939400 

-0.08833400 

-0.17457600 

-1.28942400 

-2.23161200 

-1.20621400 

-1.21522700 

-1.00562800 

-2.16671400 

-1.21811100 

-2.06522800 

0.23744400 

 1.31072300 

 2.32252300 

 0.87811600 

 1.25846300 

 1.21577600 

-0.75908400 

-1.75584500 

-0.41959800 

-0.64472300 

-1.17131800 



 

201 

C 

H 

H 

C 

H 

H 

C 

H 

H 

C 

H 

C 

C 

H 

H 

H 

 1.70194200 

 2.78651800 

 1.51923400 

-0.45036000 

-0.90519300 

-0.81401400 

 1.24130200 

 0.81481700 

 2.27982000 

 1.07735300 

 1.49942200 

-2.07528300 

-3.17681300 

-2.96017800 

-4.07842700 

-3.42416700 

 0.11738800 

 0.12610100 

 0.18943200 

 1.27894100 

 2.15183500 

 1.23341400 

 1.19186400 

 2.05730100 

 1.09467000 

 1.34154500 

 2.26802000 

-0.40876800 

 0.10758700 

 0.41294800 

-0.50492800 

 1.03277700 

-1.17878200 

-1.03786000 

-2.25523900 

-0.57323500 

-0.09723300 

-1.59951300 

 1.05590200 

 1.56957400 

 1.37802800 

-0.46377700 

-0.85891400 

 0.67963400 

-0.15169100 

-1.18528500 

-0.10969600 

 0.40298200 

 

 

UB3LYP-D3/def2-TZVP 

E = -428.85542075 

  

C 

C 

H 

C 

H 

H 

C 

H 

H 

C 

H 

C 

H 

H 

C 

H 

-0.68969500 

-0.04242100 

-0.76691000 

 1.12968200 

 0.80287100 

 1.90861300 

 0.23573700 

 0.25516300 

-0.10175200 

 1.57576200 

 2.34871500 

 2.05257700 

 2.96968900 

 2.29994800 

-0.34341800 

-1.10211300 

-0.30427400 

-0.04288100 

-0.16281700 

-1.03685200 

-2.02921900 

-0.70495800 

-1.39961300 

-1.35584500 

-2.39723700 

-1.07070000 

-1.81546000 

 0.33528800 

 0.59513400 

 0.32072300 

 1.01292000 

 1.78167700 

-0.28686500 

 1.17765300 

 1.98118000 

 1.24972300 

 1.56932900 

 1.93995100 

-0.88606100 

-1.97587200 

-0.59778900 

-0.21903700 

-0.41998400 

-0.65748600 

-0.12041700 

-1.72312200 

-1.05833200 

-0.89404600 



 

202 

H 

C 

H 

H 

C 

H 

C 

C 

H 

H 

H 

-0.27178000 

 0.54757400 

-0.20240300 

 1.37172800 

 0.97587400 

 1.33402600 

-2.10350100 

-3.31747200 

-3.48234500 

-4.20640700 

-3.28123500 

 0.83678800 

 1.37423100 

 2.14424000 

 1.52593500 

 1.41572500 

 2.39749400 

-0.64753200 

 0.05144600 

 0.98357700 

-0.56847100 

 0.32187300 

-2.13219600 

 1.08119800 

 1.27967100 

 1.78176500 

-0.39264500 

-0.71087000 

-0.28321100 

 0.14564000 

-0.41671600 

 0.00285000 

 1.21281000 

 

 

UB3LYP-D3/def2-TZVP 

E = -428.85462905  

C 

C 

H 

C 

H 

H 

C 

H 

H 

C 

H 

C 

H 

H 

C 

H 

H 

C 

H 

H 

C 

-0.73501100 

 0.36122900 

-0.08792400 

 1.22516000 

 0.78356200 

 2.23357100 

-0.33800900 

-0.64420200 

-0.80055800 

 1.17912700 

 1.64938600 

 1.82535700 

 2.89681500 

 1.72343500 

-0.33798500 

-0.80051400 

-0.64416800 

 1.22521200 

 0.78364200 

 2.23361600 

 1.17916200 

0.00002600 

 0.00002400 

 0.00005000 

-1.24243700 

-2.15112100 

-1.14618500 

-1.24521200 

-1.12891600 

-2.15518000 

-1.28222500 

-2.17200900 

-0.00003000 

-0.00005200 

-0.00003800 

 1.24520800 

 2.15520400 

 1.12889000 

 1.24244600 

 2.15115300 

 1.14616300 

 1.28219000 

0.13260500 

 1.30201100 

 2.29294400 

 1.01480600 

 1.43125400 

 1.42232400 

-0.72999300 

-1.77089100 

-0.34163700 

-0.51948400 

-0.94436200 

-1.09886700 

-0.87833000 

-2.18831500 

-0.73001900 

-0.34170200 

-1.77091900 

 1.01477800 

 1.43120400 

 1.42230400 

-0.51950700 



 

203 

H 

C 

C 

H 

H 

H 

 1.64942900 

-2.11938200 

-3.40968400 

-3.53100800 

-4.24516600 

-3.53097500 

 2.17195400 

 0.00001900 

 0.00000400 

-0.88524400 

 0.00005000 

 0.88521300 

-0.94441400 

 0.58805600 

-0.10700500 

-0.75084800 

 0.59800700 

-0.75091100 

 

 

B3LYP-D3/def2-TZVP 

E = -428.96372355 

ZPE(113) = 0.246177 

ZPE(d3-113) = 0.236654 

C 

C 

H 

C 

H 

H 

C 

H 

H 

C 

H 

C 

H 

H 

C 

H 

H 

C 

H 

H 

C 

H 

C 

H 

H 

C 

-0.75256300 

 0.18655300 

-0.36434200 

 1.27023100 

 0.94025400 

 2.19616200 

-0.07041100 

-0.27813600 

-0.41914300 

 1.40247500 

 2.05257600 

 1.89131300 

 2.91730600 

 1.91224300 

-0.47850300 

-1.11240600 

-0.64446700 

 0.86268800 

 0.23348200 

 1.82022600 

 0.98185700 

 1.34247800 

-3.25536800 

-4.25026600 

-3.18906900 

-2.17824500 

-0.18255800 

-0.17514800 

-0.36478600 

-1.22913800 

-2.23921800 

-1.03573000 

-1.23934500 

-1.05121100 

-2.24969600 

-1.08332600 

-1.83412900 

 0.34299000 

 0.47681200 

 0.46325600 

 1.19060700 

 1.97324000 

 1.17392000 

 1.20826600 

 1.98126800 

 1.21446300 

 1.43089500 

 2.42675000 

 0.18359900 

-0.16246800 

 1.12335200 

-0.51924700 

-0.04996300 

 1.25150400 

 2.17168200 

 0.95339200 

 1.20929200 

 1.49880600 

-0.96403500 

-2.01847900 

-0.73360200 

-0.56858600 

-1.02273900 

-0.92033800 

-0.56479500 

-2.00761500 

-0.70324500 

-0.28029900 

-1.78161200 

 1.21581800 

 1.66366900 

 1.74057400 

-0.29831600 

-0.56418400 

-0.09170200 

 0.15842400 

-0.62586300 

 0.24024300 



 

204 

H -2.31706200 -1.46139000  0.76810500 

 

 

B3LYP-D3/def2-TZVP 

E = -428.89846727 

ZPE(114) = 0.245385 

ZPE(CD3-114) = 0.235842 

C 

H 

H 

C 

C 

H 

C 

H 

H 

C 

H 

H 

C 

H 

C 

H 

H 

C 

C 

H 

H 

C 

H 

C 

H 

H 

H 

-0.89251100 

-1.40289600 

-0.76983000 

 0.46568200 

-1.70218000 

-2.70177700 

-1.81037600 

-2.37864400 

-2.35909100 

 0.37523900 

 1.33617400 

-0.20038200 

-0.40453200 

-0.48209000 

 0.33549500 

-0.24857000 

 1.30294900 

 1.27434000 

-0.90989200 

-0.86429300 

-1.41388800 

 0.50386200 

 1.06066200 

 2.72459200 

 3.00142200 

 3.03450400 

 3.32743500 

-0.14633000 

-1.01887700 

 0.57175400 

-0.55841400 

 0.46063500 

 0.76619000 

-0.61524600 

-1.46924500 

-0.22705000 

-1.75178800 

-2.11952500 

-2.59879200 

-1.06316500 

-1.79895300 

 0.19061100 

 0.63794000 

-0.07983600 

 0.40583000 

 1.69110500 

 2.43541700 

 2.16334800 

 1.28119400 

 2.14436900 

 0.15214600 

 0.30540500 

-0.84863100 

 0.85701000 

-1.62546000 

-2.04330300 

-2.43782600 

-1.08233600 

-0.47779900 

-0.80177700 

 0.61776400 

 0.23635200 

 1.48114000 

-0.15891100 

 0.19869300 

-0.54363600 

 1.05690100 

 1.86307300 

 1.58273800 

 2.39190400 

 2.00444300 

-0.54527400 

 0.00317200 

-0.79566300 

 0.85191900 

 0.42846800 

 0.80302900 

-0.23979200 

 0.80721800 

-0.54885100 

-0.82354300 

 

 

C 

C 

C 

-0.59924600 

-1.14159800 

 1.31033700 

0.27930000 

-1.04174800 

 1.40186400 

1.51334000 

 0.83489500 

 0.11720100 



 

205 

B3LYP-D3/def2-TZVP 

E = -428.91867575 

ZPE(115) = 0.245447 

ZPE(CD3-115) = 0.235861 

C 

C 

C 

H 

H 

H 

H 

H 

H 

H 

C 

H 

H 

C 

H 

C 

H 

H 

C 

H 

H 

H 

C 

H 

-0.06090700 

 1.45563200 

 0.32397500 

 0.22532100 

 0.75377400 

 2.00969200 

-1.41226600 

-1.62423700 

 1.54860900 

-0.53491000 

-2.04493500 

-2.88011200 

-2.45266500 

-0.15014800 

-0.27501700 

-0.96983600 

-0.50511600 

-1.99325500 

 2.71751700 

 2.73835500 

 3.58317500 

 2.86479900 

-0.98595600 

-1.17515100 

-1.83662300 

 0.00416200 

-0.63150400 

 0.02217300 

-2.21214100 

 1.47881600 

 0.63795500 

-1.66074300 

 2.23415100 

-2.68174100 

-0.64107300 

 0.00249000 

-1.52129400 

 1.50513200 

 2.42003300 

 1.55597100 

 2.24235500 

 1.90325400 

-0.72856300 

-1.74054700 

-0.19321100 

-0.78071500 

 0.10105900 

 0.04131000 

 0.02733300 

-0.44883200 

-0.80655000 

 2.18502800 

 0.64280000 

 0.95597500 

 2.15131500 

 1.59573800 

-0.55386800 

-0.48032000 

-0.33071900 

-0.05130500 

-0.83135300 

 0.60670300 

 1.19216200 

-0.68308700 

-1.39419700 

-0.52636400 

-0.08800400 

-0.49087100 

-0.49109600 

 0.99787000 

-1.18316000 

-2.25623400 

 

 

B3LYP-D3/def2-TZVP 

E = -428.85340836   

C 

C 

H 

C 

H 

H 

C 

H 

-0.75518200 

 0.20980300 

-0.32668100 

 1.30213000 

 0.98461200 

 2.22683100 

-0.04715500 

-0.26155900 

-0.20637300 

-0.12577900 

-0.28923000 

-1.17503700 

-2.17470000 

-0.94081800 

-1.29912300 

-1.15075600 

-0.03052800 

 1.27176000 

 2.20356700 

 1.00253300 

 1.30532900 

 1.53427400 

-0.90248500 

-1.96204300 



 

206 

H 

C 

H 

C 

H 

H 

C 

H 

H 

C 

H 

H 

C 

H 

C 

C 

H 

H 

H 

-0.38443900 

 1.42347000 

 2.08094700 

 1.88210900 

 2.90842300 

 1.89159000 

-0.50039800 

-1.13975600 

-0.66733700 

 0.84898900 

 0.20800700 

 1.80900500 

 0.95782500 

 1.30525200 

-2.08238400 

-3.23438900 

-3.09442600 

-3.43739300 

-4.13199000 

-2.29675800 

-1.08967900 

-1.85009200 

 0.32651900 

 0.49559200 

 0.39536600 

 1.14717800 

 1.94751800 

 1.07645300 

 1.26867800 

 2.04857600 

 1.31569700 

 1.42576800 

 2.41431600 

-0.68502900 

 0.11816500 

 1.18998000 

-0.35563600 

-0.05723000 

-0.62086000 

-0.52210200 

-0.94974500 

-0.94499300 

-0.60625700 

-2.03695500 

-0.75491500 

-0.37489300 

-1.83133000 

 1.15480000 

 1.57315800 

 1.67253600 

-0.36801300 

-0.67678100 

 0.38268100 

-0.04192600 

-0.24036400 

-1.02335100 

 0.55283700 

 

 

B3LYP-D3/def2-TZVP 

E = -428.84956118  

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

H 

H 

1.70068400 

 2.90670100 

 0.58909300 

 0.34321500 

 0.03302300 

-0.92479800 

-2.58201000 

-2.68768300 

-2.48730600 

-0.95916600 

 0.30657900 

-0.57543700 

 0.94563200 

-0.88616500 

-0.03119100 

-0.30011200 

-0.39845700 

 1.09069600 

-1.22902400 

-1.42516900 

 0.89830700 

 0.93519300 

 2.57855000 

 1.16762000 

 1.23884900 

 1.67428300 

-0.24186200 

 0.03706200 

-0.84318600 

 1.12583800 

 1.27047300 

 1.11827700 

-0.30509000 

 0.64271800 

-1.10239900 

 0.00022100 

-1.12264400 

 2.16785800 

 1.39886300 



 

207 

H 

C 

H 

H 

C 

H 

C 

H 

H 

H 

C 

H 

H 

H 

 1.09470400 

-1.66829500 

-0.68787200 

-1.51035200 

-0.60989400 

-0.34172700 

-0.70818400 

-0.95451100 

 1.19215800 

-0.12873200 

-1.98890600 

 2.78368700 

 3.60592800 

 3.41737600 

-0.75505600 

-0.84299000 

-2.29300300 

-1.00498800 

-1.14513800 

-2.20063100 

 1.51484800 

-0.86884000 

 1.79592900 

 1.31092700 

 0.66721100 

 1.06228100 

-0.23082000 

-0.35959500 

 1.82021700 

-0.16545600 

 1.12535100 

 2.01545900 

-1.24102000 

-1.24283700 

-0.00080000 

-2.23984600 

-1.04655800 

-2.11297900 

-0.16652900 

 0.09442600 

-0.78203900 

 0.94573200 

 

 

B3LYP-D3/def2-TZVP 

E = -428.84119085  

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

H 

H 

H 

C 

H 

H 

C 

2.14501000 

 3.18646600 

 0.75760400 

-0.31921700 

-1.06205600 

-1.30630200 

-1.82200800 

-2.85475800 

-1.69216400 

-1.40163400 

 0.48610700 

-2.07336300 

-0.53360100 

 0.14307100 

-1.26999300 

-0.95267700 

-2.29906500 

 0.24299500 

-0.48703600 

 0.07101300 

-0.12101400 

-0.10620200 

 1.23134400 

-1.23327100 

-1.97105800 

 0.30261100 

 0.28462000 

 2.34130900 

 1.20818500 

 1.20409900 

 2.06142500 

-0.22917800 

-1.16376200 

-2.20795500 

-1.06956900 

-1.25844900 

0.52962900 

-0.20245800 

 0.11684900 

 1.29215700 

 1.11259800 

 0.93122300 

-1.08825200 

-0.84867900 

-2.16785000 

-0.77004500 

-0.64754600 

 1.52302200 

 1.58932800 

 2.26897000 

-0.60178100 

 1.27538400 

 1.35555100 

-0.82522700 



 

208 

H 

C 

H 

H 

H 

C 

H 

H 

H 

 0.61591700 

-1.01846400 

 0.55991400 

 1.03436000 

 0.76339100 

-1.78933900 

 4.21220500 

 2.91154000 

 3.07200500 

-2.23457700 

 1.38172600 

-1.09588400 

 2.04530200 

 1.15311400 

 0.21420100 

-0.22278200 

 0.51779100 

 0.70032300 

-0.50828600 

-0.41558800 

-1.85688800 

-0.20448300 

-1.70147600 

-1.08012100 

 0.01452300 

 0.95734400 

-1.09656500 

 

 

B3LYP-D3/def2-TZVP 

E = -428.83896146   

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

H 

H 

H 

C 

H 

H 

C 

H 

C 

H 

H 

C 

H 

-1.40361300 

-1.28234500 

 0.87057300 

 0.19676500 

 1.85123000 

 0.63500900 

-1.03863000 

 0.78794800 

 1.24942500 

-2.46190200 

-1.84896200 

 1.39428800 

 0.28455400 

-1.71070900 

-2.71856100 

-1.66728200 

-0.64269400 

-0.86767800 

-0.99705900 

-0.38781100 

-2.04786500 

 3.03882800 

 3.55387400 

0.26924000 

-1.11980800 

 1.18753300 

-1.50559900 

 0.20071200 

-0.42217900 

 0.21434400 

-1.50255500 

 0.79673200 

 0.54021200 

-1.86094200 

 2.09184900 

-2.50021700 

-0.99465500 

-0.59744700 

-1.96595000 

 1.39561700 

 2.35459400 

 1.40032900 

 2.13408600 

 1.62285500 

-0.33768600 

-1.02245800 

1.33756000 

 0.66355300 

 0.60166000 

 0.47939000 

-0.68303100 

-0.50240500 

 2.36729400 

 1.39476700 

 1.54324200 

 1.39081900 

 1.22931500 

 0.31656000 

 0.03256600 

-0.80415200 

-0.93415800 

-1.30281200 

 0.58817500 

 1.06501100 

-0.90163500 

-1.43081700 

-1.09768300 

 0.06467800 

-0.61700900 



 

209 

H 

H 

C 

H 

 3.75526000 

 2.83931100 

-0.62387800 

-0.41861700 

 0.45436000 

-0.89500300 

-0.03221500 

-0.11220200 

 0.29511300 

 0.99721900 

-1.32093500 

-2.38657500 
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