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Abstract

Free radicals, in general, are highly reactive and short-lived chemical entities
(intermediates) containing one or more unpaired electrons. Their importance is felt in many
fields such as organic synthesis, biochemistry, medicinal chemistry, polymer chemistry,
atmospheric chemistry, and interstellar chemistry, etc. Various strategies and methods have
been adapted to tune and control the stability and in turn, reactivity of radicals that include the
introduction of various heteroatoms that can be stabilizing/destabilizing the radicals. Recently,
the studies on nitrogen-based heterocyclic radicals gained importance, as these moieties
constitute the main building block of several biological systems (like nucleobases, amino acids,
etc.), biologically active drug molecules, and are also potential precursors in prebiotic
chemistry. Among the various N-heterocycles, diazines are those containing two nitrogen
atoms that can be classified as pyridazine (1,2-diazine), pyrimidine (1,3-diazine), and pyrazine
(1,4-diazine) depending on the relative position of the two nitrogens. Of all these diazine
derivatives, pyrimidine (1,3-diazine) moiety has a significant role in biological compounds
specifically in nucleobases such as cytosine, thymine, and uracil, which are the key building
blocks of DNA and RNA.
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Six isomeric dehydrodiazine radicals: Dehydro-pyrimidines (1a-c),
pyridazines (2a,b), and pyrazine (3a)

Given their biological implications and their relevance in radical damage, systematic
studies on diazine-based radicals are quite insightful, and equally intriguing from the
fundamental point of view. Since all these radicals have one unpaired electron and two nitrogen
lone pairs, the nature and strength of possible “3-centered — 5 electrons” (3¢-5e) interactions
may play a crucial role in their existence or non-existence, and also their inherent reactivity.
To address these, we investigated the electronic structure and unimolecular reactivity aspects
of these six-isomeric dehydrodiazine radicals using quantum chemical calculations, which
provided the importance of through space (TS) and through bond (TB) interactions between
the unpaired electron and the lone pair(s). Attempts have also been made towards the
experimental characterization of such transient species using the matrix-isolation (MlI)
technique in combination with infrared spectroscopy and computations. Under photochemical

conditions, we have successfully generated dehydro-diazine radicals (2-dehydropyrimidine




and 2-dehydropyrazine radicals from their respective iodo-precursors) in an inert gas matrix at
cryogenic conditions (4 K). Moreover, the photochemistry of these diazine radicals has led to
the ring-opening and ring-fragmented products, which have relevance in astrochemistry.
Interestingly, several nitrogen rich ring-opened products with a molecular formula CsH2N>
have been characterized, which are relevant to aza-enediyne antibiotics. Similarly, 4,6-
diiodopyrimidine and 3,6- diiodopyridazine have been used to generate didehydrodiazines,
which essentially led to ring-opened products. To shed further light on this, electronic structure
of didehydrodiazine biradicals (4c-6e interaction) has also been investigated. Overall, the
theoretical insights on the dehydro- and didehydrodiazine radicals, and the experimental results

including the design of matrix isolation experimental set up will be presented.
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1.1 Free radicals

According to IUPAC, free radicals are molecular entities possessing one or more unpaired
electron(s) in their atomic orbital.l*! In the context of physical organic chemistry, the term ‘free’
refers to those species that are not part of radical pairs. In general, free radical species are
highly reactive and short lived or transient in nature and share common properties and
reactivities. Free radicals can be generated by the homolytic bond dissociation of a covalent
bond, in which both the atoms share at least one electron. Such free radicals are considered as
the reactive intermediates in many chemical and biological processes.[d These radical species
can either accept an electron or donate an electron to other molecules, therefore free radical

species can also behave like reductants and oxidants.®!

Figure 1.1 National Historic Chemical Landmark for the isolation and discovery of the first
‘free radical’ by Moses Gomberg.

http://www.acs.org/content/acs/en/education/whatischemistry/landmarks/freeradicals.html
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In 1900, Professor Moses Gomberg discovered the first organic radical,
triphenylmethyl (TPM) radical while attempting to prepare the hexaphenylethane from
triphenylmethyl chloride via the Wurtz coupling reaction.[! Indeed, Gomberg referred to the
triphenylmethyl radical as ‘PhsC’, not the familiar ‘Ph3C dot’. (Figure 1.1) Remarkably, the
discovery of trivalent carbon radical commenced the fields of electronic structure theory as this
was the first reported molecule in which carbon had three valency. This important milestone

was declared as a historic chemical landmark by American Chemical Society.

1.2 Classification of free radicals

Since the discovery of TPM radical, the chemistry of free radicals has progressed
extensively over the period of time. The generation, understanding, and studies on these
reactive species led to the deeper insights in the field of radical chemistry. There are many
types of classifications that can be considered for describing the free radicals. For instance,
radicals can be classified based on the number of unpaired electrons, unpaired electron orbital
occupancy and, also on their reactivity.[!

If the unpaired electron occupies an in-plane molecular orbital (within the molecular
plane), it is known as c-radical e.g., phenyl radical. (Scheme 1.1a) On the other hand, if the
unpaired electron occupies out-of-plane molecular orbital (perpendicular to the molecular
plane) it is classified as m-radical e.g., benzyl radical. Generally, n-radicals are more stable
compared to o-radical due to extra delocalization of unpaired electrons.©]

Also, the radical intermediate can be classified based on the number of unpaired
electrons. For e.g., radical species with one unpaired electron are known as monoradicals, with
two unpaired electrons as biradicals, with three unpaired electrons as triradicals, and, with more
than three unpaired electrons are classified as polyradicals.[! (Scheme 1.1b) This classification
is quite intriguing particularly as the resulting bi-, tri- and polyradicals can attain high spin or
low spin depending on the spin-spin interactions, coupling units or spacers between the radical
centers, etc.[1 Species with more than one unpaired electrons can have choice of multiplicity
in the ground state such as singlet and triplet in case of biradicals. The low energy or more
stable ground state depends upon various factors which include the interaction between two
unpaired electrons or orbitals. Several methods have been proposed such as spin polarization
to identify or guess the possible ground state in biradical, triradical and polyradicals. (Scheme
1.1d)
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In addition to that, radicals can be classified based on their reactivity as persistent,
stable and unstable radicals.[®! Persistent radicals have a significantly high life-time and
considerable Kinetic stability due to the presence of steric groups present around the radical
centre e.g., TPM radical. (Scheme 1.1c)

° Oy A
L e A D
O © ©© Q. ©

monoradical biradicals triradicals .

E (d) Spin polarization

persistent stable unstable E n-T
radical radical radical

Scheme 1.1 Classification of free radicals based on (a) orbital occupancy, (b) number of

unpaired electrons, (c) radical reactivity, and (d) spin polarization.

Stable radicals have reduced chemical reactivity as they are stabilized due to the
extended delocalization of unpaired electrons within molecules e.g., diphenylpicrylhydrazyl
radical (DPPH). On the other hand, unstable radicals do not have sufficient kinetic and
thermodynamic stability and react very rapidly, and the majority of radicals belong to the class

of unstable radicals. (e.g., phenyl radical)

1.3 Importance of free radicals

Based on the wide range of reactivity, selectivity in reactions and stability, radicals are
very important in many chemical processes that include biochemical reactionsl, atmospheric
chemistryt*t], combustion chemistry[*?l, plasma chemistry[*3l and polymerization reactions!4!
etc., and their importance in few areas have been highlighted separately in the following

sections.
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1.3.1 Importance of free radicals in organic synthesis

Free radicals are one of the important classes of reactive intermediates from the organic
synthesis perspective, which emerged after the first report on “triphenylmethyl (TPM) radical”
in 1900.41 Indeed, TPM radical had been obtained while attempting to prepare
hexaphenylethane from triphenylmethyl chloride via a Wurtz coupling reaction. Since then,
numerous reactions have been reported involving free radicals as reactive intermediates, which
constituted the radical chemistry. The radical as a reactive intermediate provides various
tunable properties and templates desired by synthetic organic chemists. The experimental
reaction conditions in radical chemistry are generally neutral and mild, and the reactions are
compatible with numerous functional groups, especially polar entities such as alcohols,
carboxylic acids, etc., that often require protections under other reaction conditions. Even
though radicals are considered highly reactive species, the reaction rates span several orders of
magnitude, and a remarkable chemoselectivity can be achieved under radical reaction
conditions.[*®] Organic chemists extensively use free radical based reactions in simplifying the
complex natural products synthesis.[*®dl In general, generation of radicals requires various
strategies that include exploiting bond dissociation energies (BDES) or the redox properties of
the precursors and the excited state chemistry under photochemical conditions. 161 The radical
chemistry associated with several functional groups allows a wide range of intermolecular or
intramolecular cross-coupling and cyclization reactions. Particularly, processes such as hydride
reductive methods using BusSnH or (MesSi)sSiH, atom transfer radical cyclization and
addition reactions (ATRA/ATRC), Cu(l) or Ru(Il) mediated reactions, single electron transfer
(SET) mediated radical cyclization processes promoted by Sm, Fe, Mn, Ti, Ni, and Ag, etc. are
quite popular.['”’] Despite their high reactivity and instability, several approaches have been
considered in tuning these properties of radicals by utilizing factors such as incorporation of
heteroatoms, stereo electronic factors, resonance, and their steric environments, etc.[®l In
recent times, radical based reactions have been reported to achieve various complex molecular
architectures with regioselective and stereoselective control under appropriate conditions. 29!
Stabilized radicals can react in predictable manifolds and persistent radicals provide means to
improve selectivity for reactions involving transient radicals that are otherwise difficult to
access. In fact, better understanding of radical chemistry, their stability and reactivity, synthetic
methodology based on radical chemistry continues to expand the toolbox for complex natural

product synthesis.[2°]
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1.3.2 Importance of free radicals in atmospheric chemistry

Our atmosphere (considered as blanket of our earth) has helped in the advancement and
sustainment of life. This atmosphere seems very simple, just like the air we breathe, however
it is unimaginably complex if we consider the chemistry within it. In other words, the
atmosphere can be considered as the biggest natural photochemical reactor where thousands of
chemical transformations take place at every moment and the majority of these chemical
transformations are dependent on free radical reactions. Largely, atmospheric chemistry is
driven by very complex sets of chain reactions which include ozone, NOx radicals, OH radical,
OOH radical, alkoxy and peroxy radicals.l?!! Solar radiation (particularly in the UV region) is
the main driving force behind these reactions involving free radicals. In recent times, various
human activities and global industrialization are responsible for increment in pollutants from
atmospheric chemistry point of view and have changed various chemical compositions in the
atmosphere. The most important atmospheric free radical is the OH (hydroxyl radical) which
acts as an oxidant in the atmosphere and removes the extra pollutants from the atmosphere by
oxidizing them. Therefore, these free radicals play a major role in balancing the oxidizing
power of our atmosphere. Various free radical species (mainly oxidizing agents) have been
known as the “atmospheric detergents” which help in the removal of various hydrocarbons,
NOx and other minor constituents.[?2 The free radicals in atmosphere chemistry are solely
responsible for maintaining the oxidizing strength of the atmosphere to clean itself off the
pollutants with the help of various free radicals such as OH, NOx and other species. In addition,
various radical-catalysed pathways are responsible for the destruction of ozone from the
stratosphere.[2320] Chlorofluorocarbons (CFCs) had long been used as refrigerants, until their
role in ozone layer depletion was suggested in 1974[2% and then a hole in the ozone layer was
first seen in 1985. Chlorofluorocarbons can diffuse up into the upper reaches of the atmosphere
where they are exposed to intense ultraviolet light dissociating the carbon-chlorine bond. The
chlorine free radical generated then starts a radical chain process with the ozone (Os) which is
self-propagating, making CFCs very dangerous leading to ozone depletion. The use of CFCs
in various appliances has since been banned. This makes radical chemistry very interesting to
study and understand various reactions along with the selective product formation. Thus, the
foundation of atmospheric chemistry depends a lot on the detailed study and understanding of
free radicals, their stability, their reactivity, product selectivity and, also the rate kinetics of

various radical initiated reactions.
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1.3.3 Importance of free radicals in biological processes

The study of free radicals has gained enormous importance in the life sciences due to
their major role in the various pathological and physiological processes as well as their
implications in various diseases./?*! The involvement of free radicals in biological systems
requires interdisciplinary skills for the full investigation of various radical processes for the
better understanding in the biological environment along with the knowledge for understanding
the various mechanisms of chemical transformations. The crucial role of free radicals studies
span from the physical, biological, analytical, bioinorganic and bioorganic chemistry to
medicinal chemistry.[?] In this regard, oxygen and nitrogen based free radicals, known as
reactive oxygen species (ROS) and reactive nitrogen species (RNS), have been recognized for
playing a dual role (beneficial as well as toxic) in the biological environment.[?8] These free
radical species (ROS and RNS) are produced from both endogenous sources (in-situ normal
cell metabolisms in mitochondria, endoplasmic reticulum, peroxisomes, phagocytic cells, etc.)
and exogenous sources (cigarette smoking, pollution, radiation, transition metals, alcohol,
pesticides, industrial solvents, etc.).?’] The presence of free radicals in the biological
environment can affect the various biological functions as well as some important biological
molecules such as lipids, proteins, and nucleic acids.[®] The increasing (overload)
concentration of free radicals and their accumulation in the body leads to the phenomena
known as oxidative stress, upon altering the situation of normal redox status. This free radical
induced oxidative stress plays a major role in the development of various diseases such as,
aging, cancer, autoimmune disorder, neurodegenerative and cardiovascular disease. The
human body has several methods for balancing the concentration of free radicals by producing
antioxidants within the body (naturally produced in-situ) or by external supply through food
and supplements.2%al In addition, Tryptophan (Trp) is one of the essential amino acids in
animals and has been recognized as a precursor to many active molecules like serotonin,
melatonin, etc. Trp can act as an effective scavenger to clear free radicals, like reactive oxygen
and active chlorine species, which alleviates cellular damage caused by free radicals.[2®?] Trp
has also been shown to be an important antioxidant in certain foods like eggs and potatoes. (2%
Therefore, understanding free radicals reactivity and mechanism of each chemical step can
provide the various strategies for controlling various diseases originated from free radicals.
The study of free radicals in chemistry is more of fundamental interest but this can help us in

understanding free radical reactions in a biological environment.
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1.3.4 Importance of free radicals in interstellar chemistry

After the discovery of simple diatomic species CH, CH*, CN and OH radicals in the
1930s, the discovery and detection of new molecules in the interstellar medium (ISM) picked
up a steady pace from the start of the 1960s. So far nearly 200 molecules have been detected
in the interstellar medium from diatomic molecules to polyaromatic hydrocarbons, neutral to
radical species along with some charged molecules.*! Molecules with more than 5 atoms have
been defined as the complex organic molecules (COMs) as they bring a lot of complexity in
the chemistry occurring in the ISM. It is believed that most of the COMs have formed with the
help of radical reactions as the radical species can easily react with neutral molecules in the
ISM environment.[** In ISM, radicals can be generated either by the homolytic dissociation of
neutral molecules or by the hydrogenation of unsaturated iced molecules in the presence of
UV-radiation and cosmic rays. Some of the simplest detected radicals in the ISM are CH
(methylidyne radical), CN (cyanogen radical), OH (hydroxyl radical), NH (imidogen radical),
HCC (ethynyl radical), OOH (hydroperoxyl radical), NH2 (amino radical), CHz (methyl
radical), HCO (formy! radical), etc.[3?l Most of these radicals have a lifetime of the order of a
few seconds/microseconds in the laboratory, however in the ISM, these radical species may
have a lifetime of several days/months due to intermittent collisions in the environment of
ISM.[33l Therefore, the study or the detection of radicals in ISM is not only useful for the
interstellar processes, but these radicals also play a major role in the formation of various
interstellar molecules such as COMs with various reactions between radicals or with neutral
species in the ISM.B4As we know the reaction between two identical or different radical
species has to be barrier less, which makes this reaction suitable and feasible in any
environment given that these two species are in close proximity. On the other hand, some recent
reports suggest the possibility of fast and even barrier less reactions between radicals and
neutral molecules in a vast temperature range of 10 — 295 K in laboratory experiments that
mimic ISM conditions. For instance, the reactions of CN radical with CH3OH and CsHs, and
the reaction between OH radical and CH3zOH have been reported to be barrierless.[**! In addition
to that, radical species can also initiate a polymerization reaction with unsaturated molecules
to form a stable product in the ISM environment such as CH3OH from HCO radical.[*¢! One of
the major challenges in the detection of various species (ions and radicals) is to identify the
species using the astrophysical data in ISM without prior laboratory measurements. This makes
the generation and characterization of various radical species necessary in the laboratory and

to identify the various possibilities of product formation in reactions involving free radicals.




Chapter 1: Introduction

1.4 General methods for generating free radicals

Generally free radicals can be generated by the homolytic cleavage of weak bonds in
any given molecule under thermall®”! (higher temperature) or photochemicall®® (using
irradiation of appropriate wavelength of light) conditions. However, the use of radical initiators
drastically reduced the complexity associated with such conditions in the organic synthesis
perspectives. The recent advancements in the redox and photoredox reaction conditions further
ease them out and equally demonstrate the utility of several radicals.[**1 However, the major
challenge in obtaining the structural information on the radical chemistry is not only to generate
them but also to stabilize them until direct characterization by various methods. In general, the
reactive intermediates can be studied or characterized by using techniques that can detect very
fast. (e.g.) time-resolved spectroscopic techniques.“°! Alternatively, the kinetic stability can be
enhanced by preventing the intermolecular interactions and providing cryogenic conditions for
such studies (e.g.) organic glasses and matrix isolation technique.[*sl Since the current
investigation is mainly focused on the matrix isolation technique, the methods relevant to it are
explained. The common ways of generating such transient species are the following: (a)
photolysis,“?! (b) flash vacuum pyrolysis (FVP), 3] (c) microwave discharge, 1“1 and (d) laser
ablation.[*] However, photolysis and pyrolysis are the more generally used techniques for

synthesis/generation of radicals. Here, we have described the photolysis and pyrolysis in detail.

1.4.1 Photolysis:

This is the most frequently used method for obtaining free radicals. A chemical reaction
in which the molecule is broken down by photons (light) under steady state irradiation
condition is known as photolysis. This reaction can be initiated by visible light, ultraviolet
light, X-rays or gamma rays. During photolysis, the molecules absorbing light undergo
electronic excitation to the excited state at which changes in geometrical, physical and chemical
properties may lead to the bond breaking, fragmentation, ring-opening, rearrangement or
transposition of the atoms. (Figure 1.2) Such processes depend on the potential energy surfaces
of the excited states and the possible involvement of conical intersections.[“6! The photolysis
of suitable photolabile precursors under matrix-isolated condition can lead to radical formation
under irradiation of appropriate wavelength of light. Photolysis usually leads to high yields of
the radicals because of minimization of side reactions based on the chosen wavelength. On the
other hand, this technique has some disadvantages too. One of the drawbacks of this method is
that the radicals formed/synthesized are always in close proximity of other products during
photolysis. As a result, molecules in the close proximity can either lead to spectral shifts and

10
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line broadening due to intermolecular interactions or it may lead to the recombination of the

radical products.!”]
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Figure 1.2 Representative description of photolysis method for generating free radicals.
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1.4.2 Flash vacuum pyrolysis (FVP):

In this technique, bond scission or fragmentation of molecules can be initiated by
passing the gaseous sample under vacuum through a hot channel followed by the trapping of
these pyrolysis products in a low temperature inert matrix.[*” Typically, molecules are allowed
to pass through a hot quartz (pyrolysis) tube (600-1000 °C) which results in the collision of the
molecules with hot quartz surface (wall) leading to molecular fragmentation. (Figure 1.3)
These gas phase fragmented pyrolysis products are trapped individually in matrix cages, which
overcomes the drawbacks of photolysis method where recombination can happen. So, the
radical (pyrolysis products) recombination is highly unlikely in the FVP method assuming the
diffusion of matrix is prevented. Due to the collision in hot quartz tubes, molecules can
dissociate in many ways leading to several products from side reactions, which depend on
various parameters such as temperature, vacuum, diameter and length of the hot zone, etc. By
controlling these parameters, the yields of radicals in the pyrolysis method can be varied.

<—— Hot zone

Quartz tube
HC=C-C=CH
» HC=C-C=N
N\ I E j ,.N C-C=N KBr window
I EE—
[N/ > HC Ce of cryostat
A

Precursor

Tantalum coil connected to the external power supply
Figure 1.3 Representative description of flash vacuum pyrolysis (FVP).

1.5 General methods for characterization of free radicals

Mostly free radicals are very short-lived species. These species can react very quickly
with other species or can undergo dimerization. In addition to that, these reactive free radical
species can also react with the molecules present in the atmosphere such as O, H.O, CO, CO>

etc. The characterization of these highly reactive or unstable radicals is only possible with
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techniques which have fast detection such as (a) various time resolve techniques with suitable
spectroscopic methods, 8! (b) laser flash photolysis,*“! (c) laser induced fluorescencel>® (LIF)
or with techniques by which kinetic stability can be increased by (a) cooling, (b) preventing
intermolecular interactions, (c) trapping in condensed phase at low temperature which is
matrix-isolation technique we have used in our studies.>! (Scheme 1.2) Setting up of matrix-
isolation technique and its importance is mentioned in chapter 6.

Also, quantum chemical calculations play a major role in analysing the results obtained
from the above-mentioned technique and methods by simulating various computed spectra.l?
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Scheme 1.2 Representative examples for the characterization of reactive intermediates and

unstable species: (a) photolysist®2l; (b) microwave discharge*¥: (c) flash vacuum
pyrolysist3®l: (d) laser induced fluorescencel™; (e) laser flash photolysists; (f) time-resolved

nanosecond photolysis[“l,
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1.6 Importance of N-heterocyclic radicals

Nitrogen based heterocyclic molecules have emerged as the attractive and effective
scaffolds in the discovery and developments of new pharmaceuticals, natural product synthesis,
biological chemistry, and agrochemicals.*61 Also, N-heterocycles are very important in
astrochemical environments and diazines based nucleobases were detected in carbonaceous
meteorites which suggests the possibility of their formation and survival outside the Earth.[5"]
Over the last few decades, the number of stable N-heterocyclic radicals has dramatically
increased as heteroatoms stabilize the unpaired electron. These N-heterocyclic radicals have
been used for various applications that include reagents in synthesis, polymerization initiators,
redox active ligands, spin active probes analysis, and in material sciences for their potential

use in electronic and data storage devices. !

1.7 Diazines

Six membered aromatic rings with two nitrogen atoms are known as the diazine moiety.
Based on the relative position of two nitrogens, diazines are classified as 1,2-diazine
(pyridazine), 1,3-diazine (pyrimidine) and 1,4-diazine (pyrazine). The diazine moiety and its
derivatives remain central for various chemicals due to their ubiquitous chemical properties,
and applications in pharmaceutical drugs, dyes, pesticides, and semiconductors and biological
investigations.[%°! Pyrimidine (1,2-diazine) is the most important among all diazines as the
naturally occurring deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) bases such as
uracil, thymine, and cytosine contain the pyrimidine moiety as well as several other natural
products and drugs contain this pyrimidine moiety. (Scheme 1.3)

On the other hand, pyrazine moiety (1,4-diazine) is a very useful monodentate bridging
ligand and has been utilized in optoelectronic materials widely. In addition to that, diazine N-
heterocycles are suspected to be present in the ISM and have been searched for a long time as

the detected N-heterocycles molecules increased rapidly.

13



Chapter 1: Introduction
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Scheme 1.3 Diazine based molecules relevant to biological and medicinal chemistry.[0

1.8 Literature reports on diazines
1.8.1 Experimental reports on diazines

Recently, Wilhelm et al. reported the photolysis of pyrazine at 308, 248 and 193 nm,
and examined the product analysis using nanosecond time-resolved Fourier transform infrared
emission spectroscopy. They have demonstrated that no photolysis products were detected at
308 and 248 nm. However, they identified the vibrationally highly excited pyrazine at 308 and
248 nm irradiation using time-resolved IR emission spectra analysis. On the other hand,
HCCH, HCN and HNC photofragmentation products have been observed at 193 nm from the
vibrationally highly excited pyrazine in the ground electronic state. This study provided the
evidence for the wavelength dependence of the pyrazine UV photolysis.[*] Boggs and co-
workers, have studied the structural and vibrational behaviour of 3,6-dichloropyridazine and
3,4,5-trichloropyridazine using computational and infrared and Raman spectroscopy in solid
phase.[%?] Since, diazines have two nitrogen atoms, and both the nitrogen lone pairs can interact
with electron deficient species and can also form the H-bond. In this regard, Favero and co-
workers studied the 1:1 complex between pyridazine and H>O using stark and pulse modulated
free jet absorption millimetre-wave spectrometer and investigated the H-bond complexes
between nitrogen of the aromatic rings and water molecule in which one hydrogen is bound to

a nitrogen atom.[®3l Also, O. Kasende et al. studied the hydrogen-bonded complexes of all
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diazines pyridazine, pyrimidine, and pyrazine with H2O using the infrared spectroscopy and
investigated the strength of interaction based on thermodynamic data (formation constant K,
AH, AS) as follows: pyridazine > pyrimidine > pyrazine.[ Kiefer et al. have investigated the
thermal decompositions of pyrimidine, pyridazine and pyrazine initiated by ring C-H fission
in shock waves using laser-schlieren (LS) densitometry and time-of-flight (TOF) mass
spectrometry (1600-2300 K, 150-350 Torr). They also have estimated the experimental barriers
corresponding to the C-H fission for all the possibilities in diazines and compared them with
ab initio calculation results.%! Livingston and co-workers have studied the solutions of 1,3-
dihydropyrimidine, 1,2-dihydropyridazine, and 1,4-dihydropyrazine cation radicals using
EPR.[%¢! Kinichi Obi and co-workers have studied the hydrogen atom abstraction reactions of
triplet pyrazine at low temperature and estimated the activation energy of hydrogen atom
abstraction reaction by triplet pyrazine around 2.1-2.3 kcal/mol.[1 E. R. Bernstein and co-
workers have performed the pyrazine spectroscopic studies in cryogenic solutions. In their
contribution, they have investigated first excited singlet and triplet states (*Bsy and *Bay), 'Bay
— 1A absorption, fluorescence, lifetime and 3Bsy — 3Aig phosphorescence as a function of
concentration and temperature.[%®Trimble and co-workers have reported the pKa values
corresponding to the acid dissociation of protonated (mono- and di-) pyrazine, 2,6-
dimethylpyrazine, 2,5-dimethylpyrazine and tetramethyl pyrazine using UV- absorption
spectra in sulfuric acid.l® Also, Zeng et al. have explored the effect of solvent on the molecular
and ionic spectrum of pyridazine in water in its }(n, n*) excited state.[’”) Lahmani et al. have
studied the photoisomerization of diazines. They have investigated mercury sensitization
isomerization of pyrimidine into pyrazine and vice-versa. Quantum yields of the sensitized
isomerization are (3.8 £ 0.4) X 102, (5.2 +0.5) X 107, (3.6 £ 0.4) X 1072, (2.08 £ 0.2) X 102,
and (2.1 + 0.2) X 102 for pyrimidine, 5-methylpyrimidine, 4,6-dimethylpyrimidine, pyrazine,
and 2,5-dimethylpyrazine, respectively.[’] Also, Fausto and co-workers reported the matrix
isolated infrared spectra of each diazine (pyrazine, pyrimidine and pyridazine) and investigated
the UV-induced photoisomerization of pyrazine into pyrimidine under matrix-isolation
conditions.’” Dopfer and co-workers have studied the structure and fragmentation of
pyrimidine cation (Pym*, CsHsN2, m/z 80) using infrared photodissociation (IRPD)
spectroscopy in NH and CH stretch ranges and DFT calculations. It has been shown that,
pyrimidine cation fragmentation led to HCN and CzH3sN™ (m/z 53). Also, they have investigated
the percentage contribution of each isomers in C3HsN* fragmentation products as follows: cis-
/trans-HCCHNCH™ ions (~90%) and cis-/trans-HCCHCNH+ isomers (~10%). Further,
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C3HsN* fragmentation formed HCN and HCCH® (acetylene cation, m/z 26).[*1 Corral and co-
workers have explored the photostability of pyrimidine using femtosecond transient absorption
spectroscopy and ab initio calculations, and demonstrated the electronic relaxation mechanism
of pyrimidine from Si(n, n*) state.l’*! Recently, Samir et al. reported the gas phase UV
absorption spectrum of pyridazine, pyrimidine and pyrazine between 200 and 380 nm, and
found out that the absorption of these species is significant above 290 nm. The obtained results
suggested that these diazine species could be removed in the troposphere using photolysis
methods.l”® Ward et al. have reported the EPR investigations on the diazines negative ions
(pyridazine and pyrazine anions).[’8l Knoth et al. have reported the pyrimidine gas phase two-
photon excitation spectrum for So to S; transition.[’”] Navarro et al. have demonstrated the
vibrational analysis of pyrimidine using inelastic neutron scattering spectrum (INS) along with
quantum chemical calculations at various levels of theory.l”®! Bierbaum and co-workers have
investigated the reaction of pyrazine, pyridazine and pyrimidine anions with N and O- atoms
in their ground state using tandem flowing afterglow-selected ion flow tube (FA-SIFT) mass
spectrometry and computational methods.[”®! Choi et al. have characterized the S; *(n, %)
excited state of pyridazine using computation and mass-analysed threshold ionization (MATI)
spectroscopy.® Patwari and co-workers have investigated and characterized the m-complex
between pyrazine and phenylacetylene using IR-UV double resonance spectroscopy and
computation.[®2 Pino et al. have investigated the photofragmentation spectra of protonated 1,2-
, 1,3- and 1,4-diazines (pyridazine, pyrimidine and pyrazine) along with the excited state
lifetimes using a cryogenically cooled quadrupole-ion-trap (QIT) time-of-flight mass
spectrometry. These experimental studies are complemented by ab initio calculations on the
ground and electronically excited states.®2 Kwon and co-workers have studied the
conformational preference of 2-methylpyrazine and its cation using NBO analysis and high-
resolution one-photon vacuum ultraviolet mass-analyzed threshold ionization (VUV-MATI)
spectroscopy.[® Nakamura et al. have studied the emission of pyrazine in gas phase and it has
been shown that pyrazine exhibits both phosphorescence and fluorescence and their estimated
yields are (1.70 + 0.08) x 102 and (1.74 + 0.08) x 102 at 313 nm, respectively.[84 Taft et al.
have investigated the relative solution and gas phase basicities of pyrimidine and pyridazine
experimentally.®> Verevkin et al. have obtained and reported the thermochemical data and
properties of pyridazine, pyrimidine, and pyrazine using combustion calorimetry and vapor
pressure measurements. The enthalpies of formation in the condensed and gas phase of the

diazines have been re-evaluated in this study and the results were compared with currently

16



Chapter 1: Introduction

available high accurate composite methods in computational chemistry.[%1 Bent et al. have
studied the chemistry of diazines triplet state in organic and aqueous solvent using laser
spectroscopy. Also, the kinetic absorption spectrophotometry was used to investigate and study
the very short-lived transient species and they reported the lifetime of triplet states in water at
25 °C of pyrazine and pyrimidine as 4.5 and 1.4 psec, respectively.[”1 Wren et al. have
investigated the role of nitrogen heteroatom in C-H bond strength and their acidities in aromatic
species. Negative ion photoelectron spectroscopy has been used to obtain electron affinities
(EA) and tandem flowing afterglow-selected ion tube (FA-SIFT) mass spectrometry to obtain
deprotonation enthalpies (AH298). The C—H bond dissociation energy (BDE) has been obtained
for pyridazine, pyrimidine and pyrazine experimentally.[88 Lifshitz et al. have investigated the
decomposition channels of 4-methylpyrimidine and its first order rate constant using
computational chemistry and single-pulse shock tube over the temperature range 1160-1330
K.[9 Ribeiro et al. have studied the fragmentation and ion desorption of pyrimidine in ice phase
using time-of-flight mass spectrometry (TOF-MS) and identified several fragmentation
products such as CoHz*, HCN*, CsHs*, CHN2*, CoHaN2H*, and CaHaNoH* 190

1.8.2 Computational reports on diazines

Maclagan et al. reported the proton affinities, polarizabilities, and ionization energies
of 31 polycyclic aromatic nitrogen heterocycles (1-5 rings) (PANHS) including the diazines
using quantum chemical calculations at M06-2X/6-311+g**//B3LYP/6-31g* level of theory
and investigated that the proton affinities increase with increasing molecular size and show a
linear correlation with polarizabilities in N-heterocycles.?!] Alkorta et al. have explored the
bonding pattern in the complexes of diazines (pyridazine, pyrimidine and pyrazine) with CO>
and also investigated the presence of N-C tetrel-bonds in complexes using second order
perturbation MP2 theory.® Hadad and co-workers estimated the C-H and N-H bond
dissociation energies of small aromatic hydrocarbons including diazines and also explored the
potential surface of reactions between dehydro-diazine radicals and O using density functional
theory.[93:94]

Wang et al. have investigated the t-complex of benzene with pyrimidine using various
computational methods and demonstrated the r-r interaction between them.®1Hahn et al. have
provided the computational scheme for predicting the femtosecond time-resolved
photoelectron spectrum of pyrazine.l%! Werner and co-workers have explored the excited states

of pyrazine using extended multi-state complete active space second-order perturbation theory
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(XMS-CASPT?).[ Gadre and co-workers have developed a molecular electrostatic potential
(MESP) topography for describing the weak interaction between lone pair containing species
and p-deficient molecules such as pyrazine with hexafluorobenzene.[*®! Gatti and co-workers
have investigated the radiationless decay of pyrazine from its photoexcited state to ground
electronic state with the help of multireference electronic structure and quantum dynamic
calculations.[®1 Scheiner and co-workers have explored the o-hole and n-hole complexes of
diazines with AeOF, (Ae = Kr, Xe).[1%1Wang et al. have reported the NICS and RE (resonance
energy) of diazines using computational chemistry approach.['°! Hoffmann demonstrated the
orbital interactions between two nitrogen lone pairs in the pyrazine, pyrimidine and
pyridazine.[292 Wiberg et al. have studied the p-electron delocalization in benzene and diazine
theoretically using the first n—n* transition, hydrogenation energies and an analysis of wave-
function.[1%3] Reimers and co-workers have studied the pyrazine vibrational structure in its
singlet and triplet excited states using DFT, CASSCF, MRCI and CASPT2 methods!%4 along
with few other reports on the geometry and properties of pyrazine lowest triplet states.[1%] The
presence of two nitrogen lone pairs in diazine makes it suitable for the study of various possible
complex formations. In this regard diazine and water complexes with different H-bonding in
the complex have been investigated extensively using experiments and computational methods
in ground state as well as in their excited states.l'95110 Also, few reports are available on the
complex of diazine and CO2 using computations.[''!1 In addition to that, Ming-der Su explored
and investigated the mechanism of photochemical transposition reactions of pyrazines to form
pyrimidine using MP2-CAS methods with the 6-311G(d) basis set. Their study suggests the
role of minimum energy conical intersections in explaining photoisomerizations of pyrazines
(also methyl derivative) which initiates from its first excited state (n-n*) to form pyrimidine
(and methyl derivatives).['?l Recently, Gagliardi and co-workers explored the electronic
structure of pyrazine biradicals (both singlet and triplet states) using multireference ab initio
study and estimated the singlet-triplet energy gaps using vertical excitation and adiabatic
excitation energies. Also, Chattopadhyay et al. reported the electronic structure of singlet and
triplet pyrazine biradicals using improved virtual orbital-based multireference (MR) ab initio

methods.[113: 114]
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1.9 Aim of the thesis
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Scheme 1.4 Three isomeric diazines (1-3) and six-isomeric dehydrodiazine (1a—c, 2a—b, 3a)
radicals.

The main objectives of this thesis are to explore some of the key questions related to the
diazines, dehydro- and didehydrodiazines using low temperature matrix-isolation infrared
spectroscopy in combination with computational methods which include the following:

a. Understanding the thermodynamic stability of six isomeric dehydrodiazine radicals.

b. Deciphering the role of nitrogen atoms in the Kinetic stability of six isomeric

dehydrodiazine radicals.

c. Understanding the nature and mode of interaction between radical centre and nitrogen
lone pairs (3c-5e interaction in dehydrodiazine radicals and 4c-6e interaction in
didehydrodiazine biradicals).

d. Generation and characterization of selected dehydro- and didehydrodiazine radical
isomers using matrix-isolation infrared spectroscopy.

e. Photochemistry of dehydrodiazine radicals using matrix-isolation infrared
spectroscopy.

f. Electronic structure of didehydrodiazine biradicals.

1.10 Structure of the thesis

This thesis work involves both the experimental as well as computational results on the
dehydrodiazine and didehydrodiazine radicals as briefly discussed here.

The first part of the thesis involves exploration on the electronic structure studies of six
isomeric dehydro-diazine radicals, in which 3c-5e interaction between nitrogen lone pairs and
radical centre play a major role in determining the relative thermodynamic stability of these
diazine radicals. Various density functional theory-based quantum chemical calculations have

been used to estimate bond dissociation energy (BDE), radical stabilization energy (RSE),
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localization and delocalization of spin densities, natural bond orbitals (NBO) analysis, proton
affinity (PA) estimations, electrostatic potential mapping (ESP), atoms-in-molecules (AIM)
analysis, and also multireference calculations for molecular orbital analysis. Based on this
analysis, the significant role of 3c-5e interaction in dictating the thermodynamic stability of
dehydrodiazine radicals, and also the mode of orbital interaction such as through bond and
through space interaction have been demonstrated.

In addition to that, the work has been extended to obtain the information on kinetic
stability of dehydrodiazines radical isomers using various reaction channels such as
isomerization via 1,2-H shift and thermal unimolecular decomposition channels. We obtained
the Kinetic stability order of six isomeric dehydrodiazine radical isomers based on unimolecular
decomposition channels and observed various ring-opening products (diazine analogue of
enediyne with a molecular formula C4H2N2) and ring-fragmented products of astrochemical
interest.

On the experimental side, setting up of our cryogenic matrix-isolation infrared
spectroscopy facility from scratch has been partly occupied in the initial part, and the technique
has been utilized for the generation and characterization of diazine radicals. In this regard, the
matrix-isolation infrared spectroscopic experiments on 2-iodopyrazine, 2-iodopyrimidine, 3,6-
diiodopyridazine, and 4,6-diiodopyrimidine in Ar and N2 gases are discussed in the next part
of the thesis. Particularly, photolysis method has been used for generating the selected radical
species from their corresponding iodo-precursors. Through these investigations, 2-
dehydropyrazine and 2-dehydropyrimidine radicals have been successfully characterized using
infrared spectroscopy along with the help of computations. Various ring-opened and
fragmented products have also been characterized.

In a similar way, 3,6-diiodopyridazine and 4,6-diiodopyrimidine have been used as the
precursors to target (expected) 3,6-didehydropyridazine and 4,6-didehydropyrimidine
biradicals, instead both of them led to ring-opened products. Based on the product analysis,
various ring-opened products (diazine analogue of enediyne with a molecular formula C4sH2N2)
have been observed and characterized for the first time under matrix isolation conditions, which
includes maleonitrile and fumaronitrile. Furthermore, the isomerization mechanism associated
with the conversion of maleonitrile to fumaronitrile under photochemical condition (from 3,6-
diiodopyridazine as the precursor) has also been investigated using multireference methods by
obtaining the minimum energy conical intersection.

In the last part, we explored the electronic structure of didehydrodiazine biradicals
using multireference methods to obtain some insights on the stability of singlet and triplet states
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as well as their singlet-triplet energy gaps. Didehydrodiazine biradicals form a very interesting
4c-6e interaction system in which two nitrogen lone pairs interact with two radical centres
(unpaired electrons). We found out the nature of singlet biradicals as open-shell singlet and
estimated the singlet-triplet energy gaps in didehydrodiazine biradical isomers. Also, the role
of various possible interactions (radical-radical, lone pair-radical and lone pair-lone pair) in
determining the S-T energy gaps.

The entire results and discussion on the diazine radicals and biradicals have been
summarised in the conclusion part along with the perspectives. This is followed by a chapter
on the materials and methods used for this thesis work, in which a brief discussion on the matrix

isolation set up and the computational methods used are described.

21



Chapter 1: Introduction

Chapter 1. Introduction

Free radicals

Importance of free radicals
Literature survey on diazines
Aim of the thesis

'

Chapter 2. Electronic structure and reactivity

* Relative stability and reactivity of six diazine radicals
* Role of nitrogen lone pair in stability and reactivity

'

Chapter 3. Matrix-isolation studies of radicals

® Characterization of pyrazine and pyrimidine radicals
* Photochemistry of diazine radicals

'

Chapter 4. Matrix-isolation studies of radicals

*Photochemistry of didehydrodiazine biradicals
¢ Cis-trans isomerization of maleonitrile to fumaronitrile

l

Chapter 5. Didehydrodiazine biradicals

* Electronic structure of didehydrodiazine biradicals
e Singlet-triplet energy gap and their stability

'

Chapter 6. Conclusion and perspectives

¢ Computational and Matrix-isolation FTIR studies ™
on diazine radicals and associated challenges

'

Chapter 7. Materials and methods

¢ Setting up of Matrix-isolation Infrared Spectroscopy
setup and computational details

Scheme 1.5 Organization of the thesis.
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Chapter 2. Electronic Structure and Reactivity Studies of

Dehydrodiazine Radicals

As previously discussed, the importance of dehydrodiazine radicals in various aspects,
we explored the electronic structure of six isomeric diazine radicals. Introduction of radical
centres in those diazines gains additional importance because they can provide three-centred-
five-electrons (3c-5e) interactions that include the radical electron and the two nitrogen lone
pairs. (Scheme 2.1) The involvement of five electrons and their multi-centric interactions are
largely responsible for the electronic structural and stability aspects of these isomers; hence,

studies on them gain value from the fundamental point of view.

~ R
o oQ E] (.
g Uk kg/

Pyrimidine (1) 1a 1b 1c :Pyridazine(2) 2a 2b :Pyrazme(3) 3a

Scheme 2.1 Three parent diazines (1-3) and their respective six dehydrodiazine radical isomers
(la—c, 2a—b, 3a).

Recently, we investigated the interaction between the nitrogen lone pair and the radical
electron (2c-3e) in pyridyl radical isomers, where in spite of the presence of through bond
interactions in all the three isomers, through space interactions are decisive in the relative
stability order.l Similarly, the interactions of the nitrogen lone pair in pyridine biradicals (3c-
4e) have also been reported by various groups.[? In all those cases, the nitrogen lone pair is
weakly interacting with a system that has already been stabilized through radical-radical (spin
coupling) interactions. However, the relative position of the nitrogen is very important in
influencing the singlet-triplet energy gap. Hoffmann has reported the presence of through bond
coupling between the two nitrogen lone pairs (2c-4e) in pyrazine, where the symmetric
combination of two lone pairs was well above their antisymmetric combination.®! If we extend
such interactions to dehydrodiazine radicals, which possess two lone pairs and one radical
electron (3c-5e), a few fundamental questions such as the following arise: (a) Among the lone
pair—lone pair or radical-lone pair interactions, which one dominates in diazine radicals? (b)
Does the interaction of two lone pairs with the radical centre happen cooperatively or through
domination of one of them? (c) Is the through space interaction still decisive in diazine radicals
too? (d) Finally, can such interactions be quantified? In this context, we have investigated six
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isomeric dehydrodiazine radicals (la—c, 2a-b and 3a), their relative stability and various
possible factors influencing their stability such as role of heteroatom, nitrogen lone pairs,
possibility of lone pair-radical interaction, mode of interaction, strength of various interaction

using various quantum chemical methods and calculations.™!

2.1 First C-H bond dissociation energies of isomeric dehydrodiazines radicals

We estimated the first C-H bond dissociation energy from the respective diazines
namely pyrimidine 1, pyridazine 2 and pyrazine 3 which led to the corresponding radical
isomers as shown in the figure 2.1. In diazines, six possible radical isomers exists in which
three of them are dehydropyrimidines (1a,1b and 1c), two dehydropyridazines (2a and 2b) and
one dehydro-pyrazine (3a). Bond dissociation energy (BDE) has been classified as the change
in enthalpy/energy of a particular reaction. BDEs can be estimated by taking the difference of
enthalpy/energy of product and reactants. Here we have estimated the BDEs the first C-H bond
cleavage reactions in diazines (Figure 2.1). BDE values provide an insight about the
thermodynamic stability of products, in this case radicals. A low BDE value implies a more
stable product or in other words that the reaction is feasible in forward direction (or the ease of
formation of radical species). We have estimated the BDEs (at 0 K) on different levels of
theories like (U)B3LYP/cc-pVTZ, (UYM062X/cc-pVTZ and CBS-QB3. Indeed, all the levels
of theory predict the same trend. Among these CBS-QB3 level of theory is known to be very
accurate for the estimation of thermochemical data/values.[!

We have compared the relative stability of three dehydropyrimidines (1a,1b and 1c)
based on respective BDEs. Among dehydropyrimidines, we found the increasing order of
BDEs as follows 1b < l1la < 1c. Based on this trend we can conclude that 1b is
thermodynamically more stable followed by 1a and 1c among dehydropyrimidines. On the
other hand, among dehydropyridazines, we found out that 2a has less BDE value compared to
2b which means 2a is more thermodynamically stable compared to 2b.

Based on the BDEs, we can also estimate the relative thermodynamic stability of all six
dehydrodiazine radical isomers. In order to compare the relative stability, we found out the
increasing order of BDE value trend as following 1b < 3a < la < 2a < 2b < 1c. Based on this
trend we found out the relative thermodynamic stability order as the following 1b > 3a > 1a >
2a>2b >1c. (Figure 2.1) Based on this we found out that, 2-dehydropyrimidine 1b is the most
thermodynamically stable and 5-dehydropyrimidine 1c is the least stable among all six
dehydrodiazine radical isomers. At this point of discussion, we observed significant changes
in bond dissociation energy of each C—H bond depending on the relative position with respect
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to the two nitrogens. This clearly indicates the existence of interactions between the radical
center and nitrogen lone pairs. However, the nature of interaction cannot be decided based on
the BDE data alone.

| N AH =105.0 / 103.3 / 110.9
J

AH =102.6/101.7/ 107.9
(A (A

L . v AH=110.5/109.5/ 116.5

| N AH=104.9/106.5/ 111.3
N

N
I | 4 AH =107.1/109.6 / 114.4

AN _H. | N
| _ AH=103.5/1055/ 110.3

Figure 2.1 Bond dissociation energies (in kcal/mol at 0 K) corresponding to the first C—H bond
of the isomeric diazine molecules (1, 2 and 3) leading to the dehydrodiazine radicals (la—c,
2a-b and 3a) at different levels of theory. Bold: (U)B3LYP/cc-pVTZ, Normal: (U)M06-2X/cc-
pVTZ and ltalics: CBS-QBS3.

2.2 Relative thermodynamic stability of diazines and their isomeric radicals

In the previous section, BDE values help us in understanding the relative stability of all
the six dehydrodiazine radical isomers. In this section, we have estimated the relative
thermodynamic stability of all the diazines as well as their radical isomers based on comparison

of their absolute zero-point corrected electronic energies. In this regard, we have estimated the
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relative stability of diazines, pyrimidine 1, pyridazine 2 and pyrazine 3 respectively at different

levels of theory as well as different basis sets as mentioned in table 2.1.

Upon comparison of electronic energies, pyridazine was found to be the least stable and

pyrimidine to be the most stable among these diazine molecules. Relative stability of these

diazine molecules (pyrimidine, pyridazine and pyrazine) can be explained by the various

possible interactions between nitrogen lone pairs. After getting the relative thermodynamic

stability of pyrimidine, pyridazine and pyrazine, we estimated the relative thermodynamic

stability of all the six dehydrodiazine radical isomers using electronic energies at various levels

of theory.

Table 2.1 Relative electronic energies (zero point corrected) of all the diazines (1, 2 and 3) at

different levels of theory.

Level of theory

Relative energy (in kcal/mol at 0 K)

NN
(A

NN
|
~-N

()

Pyrimidine  Pyridazine Pyrazine
1 2 3
(U)B3LYP/6-311++G(d,p) 0.0 22.4 4.0
(U)B3LYP/cc-pvVDZ 0.0 21.5 3.9
(U)B3LYP/aug-cc-pVDZ 0.0 21.6 3.8
(U)B3LYP/cc-pVTZ 0.0 21.9 4.0
(U)B3LYP/aug-cc-pVTZ 0.0 22.0 4.0
(U)B3LYP/cc-pVQZ 0.0 22.0 4.0
(U)B3LYP/aug-cc-pVQZ 0.0 21.9 4.0
(U)BLYP/cc-pVTZ 0.0 20.3 35
(U)MO06-2X/cc-pVTZ 0.0 23.3 4.5
CBS-QB3 0.0 28.5 4.0
(U)CCSD(T)/cc-pVTZ/I(U)B3LYP/cc-pVTZ 0.0 22.4 4.9
(U)CCSD(T)/cc-pVTZ/I(U)M06-2X/cc-pVTZ 0.0 29.4 7.6

On closer inspection of absolute electronic energies of all the radical isomers, we found

out that 1b has the lowest absolute energy among all dehydrodiazine radicals. So, we estimated

the relative energies of remaining isomers 1a, 1c, 2a, 2b and 3a with respect to 1b as mentioned

in table 2.2.
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The stability order of diazine radicals was obtained by comparison of the respective
absolute energies of the individual isomers. The relative energies of radical isomers at different
levels of theory and basis sets are also listed in table 2.2. In case of dehydropyrimidines, 1b is
found to be the most stable isomer followed by 1a and 1c. In a conventional point of view,
nitrogen lone pairs interact with the electron deficient radical centre analogous to mesomeric
effect that renders the stability. In this regard, the isomer 1a is expected to be the most stable
isomer, where the radical centre resides in between two nitrogen atoms. However, it turned out
to be 1.7 to 3.1 kcal/mol higher than 1b. At this point of discussion, this can be attributed to
unequal contributions from the two competitive lone pair-lone pair (destabilizing) and lone
pair-radical electron (stabilizing) interactions.

Table 2.2 Relative energies (zero point corrected) of dehydrodiazine radical isomers (la—c,
2a-b and 3a) at different levels of theory.

Relative energy (in kcal/mol at 0 K)

Level of theory Dehydropyrimidine Dehydropyridazine  Dehydropyrazine
radicals radicals radical

la 1b 1c 2a 2b 3a
(U)B3LYP/6-311++G(d,p) 25 00 7.8 24.7 26.8 49
(U)B3LYP/cc-pvDZ 22 00 7.8 23.9 25.8 4.8
(U)B3LYP/aug-cc-pVDZ 25 0.0 7.6 23.9 25.8 4.7
(U)B3LYP/cc-pVTZ 24 0.0 7.9 24.2 26.5 49
(U)B3LYP/aug-cc-pVTZ 25 00 7.9 24.3 26.5 49
(U)B3LYP/cc-pvVQz 24 0.0 8.0 24.3 26.6 49
(U)B3LYP/aug-cc-pVQZ 25 0.0 8.0 24.3 26.5 49
(U)BLYP/cc-pVTZ 3.1 0.0 7.6 22.7 23.2 4.0
(U)MO06-2X/cc-pVTZ 1.7 0.0 8.0 25.6 28.7 59
CBS-0QB3 30 00 8.6 25.4 28.5 6.0
(UW)CCSD(T)/cc-pVTZ//

1.9 0.0 7.4 26.3 29.4 6.5
(U)B3LYP/cc-pVTZ
(U)CCSD(T)/cc-pVvTZ//

20 0.0 6.6 26.4 29.4 7.6

(UYM06-2X/cc-pVTZ

Among the dehydropyrimidine radicals, 1c is the least stable in which both nitrogen
atoms are meta to the radical centre, where both the interactions are relatively destabilizing. In

the case of dehydropyridazine radicals, 2a is found to be the most stable isomer. Here again
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the stabilizing lone pair-radical electron interaction is more favourable only in the case 2a, and
so it is found to be more stable. Thus, the relative energy order in the above cases follows the
1b < la < 1cand 2a < 2b trends. Based on the trend, it is evident that the stabilizing interaction
between the radical electron and the lone pair is the decisive factor in determining the stability
of various isomers. Hence, the relative position of nitrogen lone pairs and radical centre are
vital in deciding the overall stability trend among the six isomeric dehydrodiazine radicals. The
relative stability order among the six radicals at different levels of theory are consistent with
(U)B3LYP/cc-pVTZ. This includes the single point energies at (U)YCCSD(T)/cc-pVTZ level of
theory either using the (U)B3LYP/cc-pVTZ or (U)MO06-2X/cc-pVTZ optimized geometries as

well.

2.3 Radical stabilization energy of isomeric dehydrodiazines radicals through isodesmic

reaction

In the previous section, we compared the absolute energies of radical isomers relative
to the most stable isomer. Generally radical stabilization energy (RSE) is an alternative way of
measuring the stability of the radicals, in which a hypothetical isodesmic reaction between the
radical and another reactant is considered in such a way that the bond breaking and bond-
forming are of similar type.[) We have utilized benzene as the second reactant so that products
comprise of the diazine and the phenyl radical. The enthalpy change (AH298) accompanying
such reactions will provide the RSEs. Since all the six radical isomers of dehydro-diazines are
isoelectronic, the radical stabilization energy provides further clues on the interactions between
the radical centre and the nitrogen atoms. The data for RSEs is listed in table 2.3 at
(U)B3LYP/cc-pVTZ, (U)M06-2X/cc-pVTZ and CBS-QB3 levels of theory. More negative or
less positive values of AH2gg indicate a less stable radical isomer, whereas more positive or less
negative values indicate a more stable radical isomer. Out of all six radical isomers, radical 1b
is found to be the most stable, in which the radical centre is at ortho- position to one nitrogen
atom and para- to other nitrogen atom. Isomer 1c is found to be the least stable among all six
isomers, where the radical centre is at meta- position to both nitrogen atoms. All these
evidences clearly indicated that the interaction between radical centre and lone pairs of electron
plays a major role in determining the relative stability. Based on these radical stabilization
energy values from isodesmic reactions at different levels of theory, we found out that order of
stability for all the six radical isomers is in good agreement with the relative stability order

obtained by comparing the absolute energies of the radicals in the previous section.
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Table 2.3 Radical stabilization energies (RSEs in kcal/mol) of the isomeric dehydrodiazines
radicals (la—c, 2a—b and 3a) through isodesmic reactions at different levels of theory. Bold:
(U)B3LYP/cc-pVTZ, Normal: (U)M06-2X/cc-pVTZ and Italics: CBS-QB3

Radicals Reactant and products in the isodesmic reactions AHagg
A P 2 4.2
N“SN N“SN
la + - - + 3.8
SRS IR G
1a 1
P P 2 6.6
N“SN N“SN
1b + —_— + 55
Clr O o0
1b 1
P P 2
NN NN -1.3
1 J 7 O J 7 © —2.5
* -1.1
1c 1
2 2 4.2
2a | \E + © — | \E + © 3.1
Z Z 4.1
2a 2
[ d
* SN SN 2.0
2b oy © o 7 © 0.04
Z Z .
b 2 1.0
Ny N 3 5.7
W IO — O i
N7 N 5.1
3a 3

2.4 Geometrical parameters of diazines and their isomeric dehydrodiazines radicals

All the six dehydrodiazine radical isomers and their respective parent molecules
(pyrimidine, pyrazine and pyridazine) have been optimized at (U)B3LYP/cc-pVTZ and
(U)MO06-2X/cc-pVTZ levels of theory and are shown in figure 2.2. Majority of the radical

isomers are found to have a Cs structure, whereas 1a and 1c are optimized at Cyy structure.
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Figure 2.2 Optimized geometries of three parent diazines (1-3) and their respective six
dehydrodiazine radical isomers (1a—c, 2a—b, 3a). The most important bond distances (in A
units) and the bond angles (in degrees) at the radical centres are mentioned. The indicated
geometrical parameters in bold font correspond to (U)B3LYP/cc-pVTZ and those in normal
font are estimated at the (U)M06-2X/cc-pVTZ levels of theory.

Based on the comparison of geometrical parameters, we found out that the internuclear
distances between the radical centres and the adjacent atoms on either side have a contraction
relative to the parent compound. Similarly, alternate bonds relative to the radical centres
showed a marginal increase with respect to the parent compound. This general behaviour is
consistent with our previous studies on the heterocyclic radicals. Apart from that, we also
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observed a common trend in the bond angles at the radical centres, the value of which increased
upon creation of radical centre in any one of the parent compounds. The extent of increase or
decrease in the bond lengths and change in bond angles relative to their parent compound
certainly depend on the relative position of the radical centre with respect to the nitrogen atoms.

2.5 Spin densities of isomeric dehydrodiazines radicals

Spin density is the difference of electron density of opposite spins in that particular
molecule. The estimation of spin densities is found to be very useful in case of radicals
particularly with heteroatom substitutions. As the spin density measures the extent of
localization of unpaired electron (spin), it enables the understanding of interaction between the
radical centre and the lone pair.[") Ideally open shell radical species should possess a total spin
density value of one. If the spin density values are close to one means that radical is localized
over that particular centre, whereas, deviation from one is considered as a parameter of

delocalization of radical over the molecule that usually enhances the stability of the radical.

0.08 _ 008

Figure 2.3 Mulliken spin densities of dehydropyrimidine (l1a—c), pyridazine (2a—b) and
pyrazine (3a) radicals. (Bold: (U)B3LYP/cc-pVTZ; Normal: (U)MO06-2X/cc-pVTZ) Each
radical isomer is rendered at an isovalue of 0.002.

Mulliken spin densities of all the six radical isomers have been calculated at the
(U)B3LYP/cc-pVTZ and (U)MO0O6-2X/cc-pVTZ levels of theory. The spin density values are
listed in the figure 2.3. All the radicals are carbon-centred and have spin density values ranging
between 0.75 to 0.89 at (U)B3LYP/cc-pVTZ level of theory. Besides in all the case, nitrogen
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atoms also possess non-zero spin densities depending on proximity to the radical centre, which
clearly indicates the presence of a stabilizing interaction between the radical centre and the
lone pair of electrons. In general, larger values of spin densities indicate the more localization
of radical at the particular centre, which is responsible for the high reactivity compared to other

radical isomers.

2.6 Electrostatic potential and Mulliken charges of isomeric dehydrodiazines radicals

Similarly, the electrostatic potentials have also been derived for all the radicals.[®! The
electrostatic potential mapping of all the radicals showed an appearance of a weak negative
potential close to the radical centres due to the involvement of interactions between nitrogen

lone pairs and radical centres, and are mentioned in figure 2.4.

&

w
9 |
y S

9

2a 2b 3a
Figure 2.4 Electrostatic potential mapping of three parent diazines (1-3) and their respective

six dehydrodiazine radical isomers (1a—c, 2a—b, 3a) at (U)B3LYP/cc-pVTZ level of theory.

Furthermore, we have considered the possibility of zwitterionic character in all the
diazine radical isomers. In this regard, we have chosen the natural and Mulliken charges.
(Figure 2.5) On comparison of the charges at the nitrogen centres with that of their respective
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parent molecules, all the isomers except 1a and 1c showed a significant polarization of charges.

This can be attributed to the unequal interactions of nitrogens with the radical centres.
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Figure 2.5 Natural and Mulliken charges of three parent diazines (1-3) and their respective six
dehydrodiazine radical isomers (1a—c, 2a—b, 3a) at (U)B3LYP/cc-pVTZ level of theory. (Bold

— Mulliken charges; Normal — Natural charges)

2.7 Natural bond orbital (NBO) analysis of isomeric dehydrodiazines radicals

In order to support the results so far, and also to obtain the quantitative terms in the

interaction between the two lone pairs and radical centre, we have performed NBO analysis.

The involvement of unrestricted formalism in such an analysis separates the interacting orbitals

based on the spatial form as well as spin. On the basis of the Lewis structures, an independent
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analysis of a- and B-spin is carried out and the resulting orbital interaction energies are based
on second order perturbation approximation.l®! We have performed the NBO calculations on
all six radical isomers at (U)B3LYP/cc-pVTZ and (U)MO06-2X/cc-pVTZ levels of theory as
indicated in table 2.4. For dehydropyrimidine molecules the radical isomer 1a is having Coy
structure and the radical centre is flanked between two nitrogen lone pairs. From the NBO data,
we inferred the presence of a strong through space interaction between both the lone pairs and
the radical centre in 1a with an interaction energy of 10.1 kcal/mol. For all other radicals, we
observed only one mode of through space interaction component between the radical centre
and lone pair, when they are spatially at ortho- or meta- position to each other. However, there
are several possibilities of through bond interactions. We have mentioned all possible through
bond interaction components, which have significant interaction energies (>4.0 kcal/mol)
between the lone pairs and the radical electron in table 2.4. Based on the results from NBO
calculations, we found out that through space interaction between lone pair and radical centre
was possible only when they are either ortho or meta to each other. The extent of TS interaction
energy is maximal when the radical centre and lone pairs are ortho to each other. The strength
of such interactions decreases upon moving to meta and the interaction was completely absent
when they are para to each other. Similarly, we have also observed through bond interactions
of lone pairs with radical centre. Through bond interaction component exists in almost all
radicals and generally provides a stabilizing effect. The extent of the TB interaction energy
between the nitrogen lone pair and the radical electron increases from ortho to meta to para in
all the radical isomers. In case of Cs symmetric radical 1b, the radical centre is ortho to one of
the nitrogen atoms and para to the other nitrogen. Nitrogen lone pair which is ortho to radical
has a TS interaction with the radical centre and exhibits an interaction energy of 17.2 kcal/mol.
On the other hand, the nitrogen lone pair para to radical centre does not exert any TS interaction
with the radical centre. Through bond interactions is the only mode of stabilizing interaction
between the lone pair and the radical centre at para position. Similarly, dehydropyrimidine
isomer 1c possesses a Coy Symmetric structure, in which both the lone pairs reside at meta
position with respect to the radical centre. In this case, the extent of TS interaction is observed
to be 0.8 kcal/mol and such low values are attributed to the geometrical constraints. However,
a significant amount of TB interactions stabilizes the radical centre. Based on BDE, RSE and
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Table 2.4 The second order perturbation energies (in kcal/mol) from the natural bond orbital
(NBO) analysis of dehydrodiazine radical isomers (1la—c, 2a—b and 3a). (Bold - (U)B3LYP/cc-
pVTZ and normal-(U)MO06-2X/cc-pVVTZ) (atom numbering as per the gaussian output file)

[ & 1 1
1 NN 1b NN 1 NN
a 3 C |
5\ 3 5N~ 3
(J (k [
Donor  Acceptor E Donor  Acceptor E Donor  Acceptor E
* 10.1 * 17.2 * 0.8
N(N2) N*(c) 125 N(N2) n=(cs) 93.2 N(N2) n™(ca 11
% 0.7 x 5.6 * 5.6
NN2) TT™(C1-N2) 0.4 NN2) TT™(C1-N6) 6.5 nN2) TU” (C1-N6) 6.7
4.1 3.1 55
N(N2) T*(C1-N6) 49 N(N2) T*(C3-C4) 38 N(N2) T*(c3-ca) 6.2
* 10.1 * 04 * 0.8
N(Ne) N*cy) 125 NN2) T~ (N2-C3) . N(Ne) N™(c4) 11
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relative energy data, we found out that radical 1b is more stable than 1a followed by 1c among
the three isomeric dehydro-pyrimidine radicals. The reason behind such trend is clarified
quantitatively using the NBO analysis. In 1b the radical centre is stabilized by TS and TB
interactions from ortho and para lone pairs, respectively. Both contribute significantly to
stabilize 1b than 1a and 1c. In case of 1a, both lone pairs are stabilizing the radical by TS
interactions, however, with a lesser interaction energy. In case of 1c, there is no significant TS
interaction to stabilize the radical centre. Similar trends are also observed in the case of 2a, 2b
and 3a towards stability.

2.8 Molecular orbitals analysis of isomeric dehydrodiazines radicals

The geometrical parameters, NBO analysis and electrostatic potentials showed the
presence of weak to strong interactions between the radical centre and the nitrogen lone pairs
via through space and through bond in all the dehydrodiazine radical isomers. In order to
understand further or confirm the nature of interaction between orbitals, we performed
multireference calculations using complete active space self-consistent field (CASSCF)
method. In these calculations, 9 orbitals have been chosen in the active space that include the
six m-orbitals of the aromatic ring, two c-orbitals corresponding to the lone pairs of nitrogen
atoms and one oc-orbital corresponding to the radical centre. Correspondingly, we have
included 11 electrons (6-aromatic, 2-lonepairs and one radical electron) in the active space for
all the six radical isomers. The molecular orbitals corresponding to the complete active space
are mentioned in figure 2.6 including the singly occupied molecular orbital, SOMO. In all the
radical isomers, within the active space the low-lying orbitals are corresponding to the nitrogen
lone pairs. Besides, the ground electronic states of the isomeric radicals have been derived from
the SOMO, which was found to be either 2A’ or 2A; depending on their symmetry (Cs and Ca).
On comparison of the energetic ordering of the three molecular orbitals corresponding to
nitrogen lone pairs and the radical electron, the interaction between them can be qualitatively
identified. Particularly when the interacting orbitals are ortho (1,2-relation) to each other, TS
interaction will be more dominant, whereas the para (1,4-relation) TB interactions will be
preferred more. On the other hand, positioning of orbitals at meta (1,3-relation) leads to
significant contributions of both the TS and TB interactions in a different proportion.
According to Hoffmann’s analysis on the consequences of TS and TB interactions on
molecular orbitals, the former (TS) case can be understood when symmetric combination of
the two interacting orbitals is low-lying compared to the antisymmetric combination. B! For the
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latter case (TB), the energetic ordering will be reversed in the two interacting orbitals, i.e., the
antisymmetric combination will be well below the symmetric combination. In all the six radical

isomers, the interaction of radical centre with each nitrogen lone pair is either by through space

or through bond depending on the relative positions.
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Figure 2.6 Molecular orbitals of six dehydrodiazine radical isomers (la—c, 2a—b, 3a) using

multiconfigurational CASSCF method at /cc-pVTZ level of theory.
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Upon closer inspection, we observed that the molecular orbitals of all the isomeric
radicals have TS interaction when one of the lone pairs and radical orbitals are ortho to each
other. In such cases, the symmetric combination of lone pair is low lying relative to the anti-
symmetric combination. Similarly, we have verified the existence of through bond interaction
in all the radical isomers based on the ordering of molecular orbitals, where the antisymmetric
combination is low lying compared to the symmetric combination. Thus, the multicentric
interactions between the nitrogen lone pairs and the radical electrons are clearly understood
from the results obtained from CASSCF calculations. Indeed, these results are in good
agreement with the NBO results and afford evidences of through space and through bond

interaction between lone pairs and radical centre.

2.9 Proton affinities of isomeric dehydrodiazines radicals

Through NBO analysis and MCSCF calculations, we have already confirmed that both
nitrogens are interacting with the radical centre via through space and through bond interaction.
At this juncture, evidences are required for understanding the relation between the relative
position of nitrogen lone pairs and radical electron that can potentially lead to stronger or
weaker interactions between them. In order to quantify the interaction between two lone pairs
and radical centre, we have estimated the proton affinities (PA) at each nitrogen centre of all
the six isomeric radical species.['% (Figure 2.7) For comparison, the PA’s of nitrogen atoms
of the parent diazines have also been estimated. The PA values calculated at CBS-QB3 level
of theory are quite similar to the experimentally reported the values for the corresponding
parent molecules. Hence, the PA values at CBS-QB3 level of theory has been compared with
(U)B3LYP/cc-pVTZ level of theory. Upon creating a radical centre, all the radical isomers
showed a lower PA values relative to the nitrogens of the parent. Except 1a and 1c, which are
having Coy symmetry, due to lower symmetry all other isomers showed different PA values at
both the nitrogen atoms. These once again clearly indicate the existence of interactions between
the two lone pairs and the radical electron as well as their strength of it. Particularly, when the
position of the nitrogen is adjacent to the radical centre (ortho) the drop in PA value relative to
parent was maximum. This can be attributed to the unavailability of lone pair that is interacting
through space with the radical electron. Upon changing the position either from ortho to meta,
or meta to para, the values were found to change moderately. These changes in the PA values
are consistent with the presence of through bond interactions between the radical centre and
the nitrogen when they are meta or para to each other. Based on the estimation of proton
affinities, it is apparent that the interaction between the lone pair and radical is strongest when
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they are proximal and as the distance increases, it decreases. The only exception is in the case
of 1a, where the two nitrogen atoms sit adjacent to the radical centre on either side, in which
the nitrogen has a drop of PA value of 4.7 kcal/mol relative to the parent. Interestingly, 2a
showed a higher PA value compared to 1a at both nitrogen centres. Presumably, a negative
intramolecular a-effect of adjacent nitrogen in 2a (and also in 2b) might be responsible for the
increase in the proton affinity of 2a relative to 1a. In 2a and 2b, the lone pair-lone pair repulsive

interaction is expected to dominate due to the syn-periplanar orientation.
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Figure 2.7 Proton affinities (in kcal/mol) of three parent diazines (1-3) and their respective six
dehydrodiazine radical isomers (la—c, 2a—b, 3a). The indicated PA values in bold font
correspond to (U)B3LYP/cc-pVTZ, normal font correspond to CBS-QB3 levels of theory and

those in italics (1-3) are the experimental values reported in literature.[00!

2.10 AIM analysis of isomeric dehydrodiazines radicals

Furthermore, the Bader's topological electron density mapping through AIM analysis
was also performed to understand the interaction between the radical centres and the lone pair
of nitrogens.* We have obtained the bond critical and ring critical points through this analysis.
Apart from that, we have estimated the charge density at the bond critical points that are
mentioned in figure 2.8. Interestingly, the nitrogen atom(s) next to the radical centres show a

substantial increase in electron density compared to their respective parent compounds, which
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proves once again the existence of interaction between the radical electron and the nitrogen
lone pairs. When there is no adjacent nitrogen on either side of the radical centre, there is a
significant preference for interaction with carbon centres; however, those values are lower than
that of interaction with nitrogen. The relative increase in the electron density along the bond

critical points can be accounted for interactions between nitrogen lone pairs and radical centre.
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Figure 2.8 AIM analysis at (U)B3LYP/cc-pVTZ level of the three parent diazines (1-3) and
their respective six dehydrodiazine radical isomers (1la—c, 2a—b, 3a) showing bond critical and

ring critical points. The corresponding charge densities at each bond critical point are indicated.
2.11 Isotropic hyperfine coupling constants of isomeric dehydrodiazines radicals

Similarly, we have estimated the isotropic hyperfine coupling constant at the nitrogen
atoms and radical centres in all the six isomeric diazine radical isomers.['2l (Table 2.5) The
results revealed a difference in the Fermi contact terms of both the nitrogen atoms in the case

of non-Coy symmetric isomers. On the other hand, 1a and 1c showed identical values of
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hyperfine coupling constants. Furthermore, the nitrogen close to the radical centre showed a
higher value. All these results clearly indicate the existence of disparity between the two

nitrogens in interaction with the radical centre except in the case of 1a and 1c.

Table 2.5 Isotropic hyperfine coupling constant (in Gauss) of two N atoms and *3C radical
centres for all the six isomeric dehydrodiazine radicals (1la—c, 2a—b, 3a) at (U)B3LYP/EPR-

[11 level of theory.

]
GNQ\‘lNZ 6N/1§N2 6N|/§N2
5V3 5 I PN 5%3
2 4
1a 1b 1c
Atoms Isptroplc _Ferml Atorms Isptroplc _Ferml Atorms Isqtroplc _Ferml
interactions interactions interactions
1 (3C) 238.135 3 (BC) 179.725 4 (BC) 129.820
2 (*N) 35.296 2 (*N) 32.703 2 (4N) —-0.389
6 (**N) 35.296 6 (**N) 0.230 6 (**N) —-0.389
2 1
3 2 NN 2 N1 6 N\
Bk 1 s
4 =2Ns AN 5K s
Z N
5 4
2a 2b 3a
2 (BC) 193.960 3 (3C) 119.912 2 (B°C) 174.936
1 (**N) 42.660 1 (*N) 0.394 1 (*N) 33.928
6 (**N) 7.942 6 (**N) 9.009 4 (Y*N) -0.394

2.12 Summary of electronic structure of dehydro-diazines radicals

Through various quantum chemical computations, we have carried out detailed studies
on the electronic structures of all the isomeric dehydrodiazines in order to understand the
multicentric interactions between the two nitrogen lone pairs and radical electrons. Based on
the relative stabilities of all isomeric dehydro-diazines, the dominating interactions among the
3c-5e configurations have been predicted. The electronic structure calculations revealed that
the radical isomer 1b was found to be the most stable followed by 1a and 1c among the three
dehydropyrimidines. Using bond dissociation energies (BDEs) and radical stabilization
energies (RSEs) through isodesmic reactions, we have obtained the stability order among the

six diazine radicals: 1b > 3a > 1a > 2a > 2b > 1c. Spin densities of all these radicals showed
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non-zero values at each nitrogen atom, clearly indicating the spin delocalization, possibly
through the interaction between the radical centre and the nitrogen lone pair.

To envisage the reasons behind this stability order and to understand the mode of
interactions, we have carried out natural bond orbital analysis. NBO analysis suggested that
the stability of radical species is mainly determined by through bond and through space
interactions. Among these two, through space interaction is the major factor that provides
maximum stabilizing effect and is effective when the nitrogen lone pairs are at the ortho
position to the radical centre. TS interaction completely vanishes when the lone pair and radical
centre are para to each other. On the other hand, through bond interaction is more dominant
when moving from ortho to para position. Based on that, the stability of isomer 1b, in which
one nitrogen lone pair is at the ortho position and the second one is at the para position with
respect to the radical centre, can be attributed to the stabilizing influence of lone pairs on the
radical centre by TS and TB interaction, respectively. On the other hand, radical isomer 1c is
the least stable among all the six isomers. In 1c, both lone pairs are present at the meta position
with respect to the radical and both TS and TB interactions are present but do not contribute
significantly towards the stability of the radical. To gain further insights, multiconfigurational
CASSCEF calculations have been carried out that predicted that the singly occupied molecular
orbitals in all the isomeric radicals are localized c-orbitals. Qualitatively, MCSCF calculations
also revealed the competitive nature of the TS and TB interactions. However, the dominant
mode of interaction was clearly predicted in each individual isomer based on the energetic
ordering of symmetric and antisymmetric combinations of the interacting orbitals
corresponding to the radical electron and the nitrogen lone pair. This has also been illustrated
through the estimation of proton affinity values of both nitrogens. The relative lowering of the
values compared to their respective parent molecules provides information about the strength
of the interaction between nitrogen and radical electron. Again, the AIM analysis and
estimation of hyperfine coupling constants afforded conclusive evidence for the interactions
between the nitrogen and radical centres. Thus, the relative position of the radical centre with
respect to both the nitrogen lone pairs strongly influences the structural and stability aspects
within the six dehydrodiazine radical isomers.

We have used B3LYP and M06-2X functional extensively in this work while exploring
electronic structure and reactivity studies in chapter 2. Also, at every step we have compared
the results obtained from these two functionals and they provided consistent results without a
single exception when comparing energy ordering of diazines and their radical isomers. We
have optimized these diazines using various DFT based functionals as well as perturbation
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methods (MP2 and MP4) along with composite methods (CBS-QB3 and G4). We have
extensively used B3LYP and MO06-2X functionals throughout the thesis as these two
functionals provide the spin contamination of 0.75 (that is standard value for molecules with
one unpaired electron). On the other hand, other functionals lead to very high spin
contamination (more than 1) for the optimization of these diazine molecules. Also, the
computed vibrational spectra using these B3LYP and M06-2X functionals match very well
with matrix-isolated spectrum within the range of few wavenumbers. In addition to that, plenty
of literature reports including the large number of recent reports of using these functionals

(B3LYP and M06-2X) in radical chemistry allows us to use them in our study.
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2.13 Reactivity studies of isomeric dehydrodiazines radicals

After exploring the thermodynamic stability of dehydrodiazine radicals which are
influenced by not only the stabilizing through space and through bond interactions between the
individual lone pairs and the radical electron but also by the destabilizing and repulsive
interaction between the two lone pairs of electrons. Although thermodynamic stability can be
understood based on the qualitative and quantitative estimation of such interactions through
electronic structure calculations, kinetic stability is equally important and a limiting factor
towards applications. Furthermore, ring-opening of diazine radicals through unimolecular
reactions can lead to several intermediates, ring-opened products, and fragmentation products
that are quite valuable from astrochemical point of view considering the detection of several
nitrogen-containing species in recent times.['31 Understanding the kinetic stability of the diazine
radicals will provide the nature and influence of 3c—5e interactions concerning reactivity. In
this regard, we investigated the unimolecular reactivity pattern along with isomerization via

1,2-H shift in all the six isomeric radicals of diazines. (Scheme 2.2)
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Scheme 2.2 Illustration of possible reaction channels in isomeric dehydrodiazine radicals

(1a—c, 2a—b, 3a).
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2.14 Isomerization through 1,2-H shift in isomeric dehydrodiazines radicals

A few of the dehydrodiazine radicals have hydrogens at vicinal position to the radical
centres. As a result, the 1,2-H shifts can convert them into their corresponding radical isomers.
Although a maximum of two adjacent hydrogen shifts are possible in each case, the presence
and position of two nitrogen atoms restrict such possibilities. Due to this, all the diazine radicals
can interconvert to one isomer only. For instance, the isomerization between 1b and 1c (in
pyrimidine) or 2a and 2b (in pyridazine) is the only channel (Figures 2.9). In the case of
pyrazine, the 1,2-H shift will be an isothermal process that can lead to the same isomer 3a.
Such a double-well symmetrical potential in the 1,2-H shift is also possible in the case of 2b in
the pyridazine radical isomer. In each case, the transition state is found to have the hydrogen
atom occupying a position, which is symmetric relative to the origin (reactant radical) and the
end position (product radical).
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Figure 2.9 Isomerization through 1,2-H shift in isomeric (a) dehydropyrimidine (1b and 1c),
(b) dehydropyrazine (3a), and (c) dehydropyridazine (2a and 2b) radicals at different levels of
theory. Bold: (U)B3LYP/cc-pVTZ, normal: (U)M06-2X/cc-pVTZ, and italics:
(UW)CCSD(T)/cc-pVTZ//(U)B3LYP/cc-pVTZ

Besides that, the inspection of the barriers among all such isomerization reactions indicates a

high barrier in the range between 64.4 and 78.4 kcal/mol. However, the barrier gets lowered in
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1c and 1b because the resulting radical product is stabilized by a through-space coupling
between adjacent nitrogen and radical centre. This indicates that the thermodynamic stability
of the radical is driving the isomerization reactions through 1,2-H shifts except in the

isoenergetic transformations in 2b and 3a.

2.15 Unimolecular decomposition channels

All the six diazine radicals can in principle undergo reactions through ring-opening
channels. These are important modes of reactivity that determine the kinetic stability order
under unimolecular conditions due to involvement of relatively lower energy barriers. Based
on our earlier work on the electronic structure studies including the first C—H bond dissociation
energies (BDEs) of the diazines (pyrimidine 1, pyridazine 2, and pyrazine 3), relative energies,
and isodesmic reactions, we found out the role of through-space and through-bond interactions
in determining the thermodynamic stability order. The analysis of geometrical parameters
indeed revealed that the alternate bonds relative to the radical centres were found to be
weakened (from the elongation of the bonds) in all the radicals. Such bonds are significant
because these sites are prone to undergo ring-opening. Apart from that, the first C—H BDESs of
dehydrodiazine radical isomers demand higher energy (>85 kcal/mol) to form
didehydrodiazines (biradicals). The other possible mode of unimolecular reactivity,
isomerization channel is restricted only to a limited number of diazine radicals, which makes
the ring decomposition channel quite important. Remarkably, such ring-opening channels
exhibited barriers in the range of 10-78 kcal/mol for all the six dehydro-diazines radical
isomers. The complete unimolecular decomposition analysis at (U)B3LYP/cc-pVTZ and
(U)MO06-2X/cc-pVTZ levels of theory and single point energy at (U)CCSD(T)/cc-pVTZ level
of theory are given in the respective figures. Intrinsic reaction coordinate (IRC) analysis has
also been performed at the (U)B3LYP/cc-pVTZ level to verify the true transition states are part
of the potential energy surfaces connecting the reactant and the product for the first ring-

opening transition state.['4]

2.15.1 Unimolecular decomposition channels of 2-dehydropyrimidine radical (1a)

In radical 1a, the radical electron is located between the two nitrogen atoms. Due to the
highly symmetric structure (Coy point group), 1a has only one possible channel for ring-
opening. The foremost ring-opening happens through the cleavage of the N3—C4 bond via a
transition state TSi1a-4 with an estimated barrier of 44.3 kcal/mol at (U)B3LYP/cc-pVTZ level
of theory (Figure 2.10, 2.11 and table 2.6). Such a highly endothermic step leads to the
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formation of the product 4, which can dissociate further either by a C—H bond cleavage or by

a C—C bond cleavage. The expulsion of hydrogen leads to the ring-opened product, (Z)-2-

propynylidene cyanamide 10 as the end product. On the other hand, the C—C bond cleavage

leads to the fragmentation products acetylene 6 and a carbon-centered radical 5, which is

favored by 7.5 kcal/mol. Moreover, this channel is not only favored by a lower enthalpy factor

(35.0 kcal/mol) but also has an entropic allowance (8.3 cal/K-mol) which is twice of the former

step (4.2 cal/K-mol). The resulting radical 5 further isomerizes through a 1,2-H shift followed

by C—N bond cleavage to yield HNC 8 and CN radical 9 as the end products.
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2.15.2 Unimolecular decomposition channels of 4-dehydropyrimidine radical (1b)

Radical isomer 1b with a Cs symmetric structure can undergo ring-opening through two
different channels, namely, C2-N3 and C5-C6 bond cleavages (Figures 2.12, 2.13 and table
2.6). A comparison of the relative barriers revealed the favourability of the bond cleavage
through C2-N3 by a difference of 22.9 kcal/mol. Such a preference could be due to the
stabilizing through-space interaction that exists between the radical centre and the nitrogen
atom. Such ring-opening leads to an intermediate 14. This species can exhibit another channel
at a relatively high barrier (39.3 kcal/mol) through which it loses a hydrogen atom from the
terminal carbon leading to the ring-opened species (Z)-3-isocyano-2-propenenitrile 17.
Alternatively, 14 can also undergo fragmentation with the loss of HCN involving a transition
state TSi4-15,12 with a barrier of 29.6 kcal/mol. The resulting B-cyanovinyl radical 15 loses a

proton to form cyanoacetylene 16 as the end product with an estimated barrier of 40.4 kcal/mol.
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Figure 2.13 IRC analysis for 4-dehydropyrimidine (1b) radical unimolecular dissociation
channels at (U)B3LYP/cc-pVTZ level of theory.

Alternatively, the ring-opening through the C5-C6 bond cleavage leads to product 18
through a late transition state TSip-1s with an energy barrier of 58.1 kcal/mol. The resulting
endothermic product 18 further undergoes fragmentation through a subsequent C—N bond
cleavage to form HCN 12 and a radical 19 with a relatively low barrier of 23.7 kcal/mol.
Indeed, the radical 19 behaves very similarly to the radical 5 in the case of 1a and exhibits a
1,2-H shift followed by C—N bond cleavage to form HNC 8 and acetylenic radical HCC. 21.
The 1,2-H shift demands a huge barrier (62.9 kcal/mol), whereas the consecutive fragmentation
step is essentially a low energy process with an estimated barrier of 26.4 kcal/mol. Based on
ring-opening channels, the end decomposition products of 4-dehydropyrimidne 1b were found
to be cyanoacetylene 16, HCN 12, HNC 8, and HCC. 21.

2.15.3 Unimolecular decomposition channels of 5-dehydropyrimidine radical (1c)

Due to higher symmetry (Cav point group), the radical isomer 1c also undergoes ring-
opening through the N3-C4 bond cleavage only (Figures 2.14, 2.15 and table 2.6). This leads
to the preliminary intermediate 23 via a transition state T S1c-23 with an estimated barrier of 47.6
kcal/mol. The endothermic product 23 in the first step can further dissociate through a C-N
bond cleavage resulting in the formation of HCN 12 and an imine radical 24 through a lower
barrier of 16.0 kcal/mol. Else, 23 can lose a hydrogen atom to form a stable ring-opening
product 10. However, the ring-opening step requires 16.3 kcal/mol more energy than the

fragmentation step. On the other hand, the fragmented intermediate 24 further leads to
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cyanoacetylene 16 as the end product through the expulsion of a hydrogen atom, however with

a larger barrier (30.6 kcal/mol).
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channels at (U)B3LYP/cc-pVTZ level of theory.
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2.15.4 Unimolecular decomposition channels of 3-dehydropyridazine radical (2a)

The radical isomer 2a has been optimized to a Cs symmetric structure as the energy
minima on the potential energy surface. As a result, there are two possible ring-opening
channels. These ring-opening channels happen through scission at either N1-N2 or C4-C5
bond (Figures 2.16, 2.17 and table 2.6). Indeed, the N1-N2 bond cleavage has been estimated
to be the low energy channel with a preference of 66.4 kcal/mol over the C4—C5 bond breaking.
Surprisingly, the possibility of loss of molecular nitrogen either in a concerted or step-wise
channel did not happen. Once again, the through space interaction between the radical centre
and the nitrogen at 2-position could be the driving force in this regard. Such an N-N bond
cleavage in radical isomer 2a leads to the intermediate 25 via TSza-2s with an estimated barrier
of 11.7 kcal/mol. Moreover, the reaction is exergonic, and so, this step is both
thermodynamically as well as kinetically driven. The ring-opened intermediate 25 in principle
can undergo two reaction channels, namely, a deprotonation pathway leading to the stable ring-
opened maleonitrile 26. Alternatively, the product 25 further dissociates to HCN 12 and an
unstable vinylnitrile radical 15; both the channels were found to have nearly same barrier,
which makes both the channels equally probable. The vinyl radical then undergoes a C—H bond
breaking that leads to cyanoacetylene 16 and a hydrogen atom. Indeed, this step is very similar
to the fragmentation of 14 in the case of 1b. In an alternative channel for 2a, the C4-C5 bond
scission leads to a ring-contracted five-membered pyrazole radical 27 via a transition state

T Sz2a-27 with an energy barrier of 78.1 kcal/mol.
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Figure 2.17 IRC analysis for 3-dehydropyridazine (2a) radical unimolecular dissociation
channels at (U)B3LYP/cc-pVTZ level of theory.

Despite a very high barrier in the first step, this radical 27 further dissociates through a
C—N bond scission to a ring-opened analogue 28 with an energy barrier of 3.5 kcal/mol. The
loss of strain in the ring lowers the high positive enthalpy contribution and possibly drives the
reaction forward. This is followed by the loss of molecular nitrogen, and so an increase in the
entropy factor as well as a lower barrier of 9.3 kcal/mol makes this step more favourable (Table
2.6). The resulting radical 29 undergoes the loss of hydrogen to form butadiene 31 as the end

product, however with a relatively higher barrier (36.9 kcal/mol).

2.15.5 Unimolecular decomposition channels of 4-dehydropyridazine radical (2b)

The other radical isomer of pyridazine 2b also has a Cs symmetric structure on the
ground state potential energy surface. Once again, the unsymmetrical environment on either
side of the radical leads to two different ring-opening channels via, N2—C3 and C5-C6 bond
cleavages (Figures 2.18, 2.19 and table 2.6). Similar to the previous cases, C—N bond scission
channel is found to be more favourable compared with C-C bond scission by a difference of
27.3 kcal/mol. Ring-opening through the C—N bond scission leads to a radical intermediate 28
via TSap-28 With an energy barrier of 28.4 kcal/mol. This radical intermediate further undergoes
fragmentation with the loss of molecular nitrogen to another radical intermediate 29, which
leads to diacetylene as the end product through a C—H bond breaking. Except for the final step
with a barrier of 36.8 kcal/mol, other steps were found to be lower than 30 kcal/mol that makes

this channel more facile.
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Figure 2.19 IRC analysis for 4-dehydropyridazine (2b) radical unimolecular dissociation
channels at (U)B3LYP/cc-pVTZ level of theory.

On the other hand, the second ring-opening through C5-C6 bond cleavage leads to a
radical intermediate 32 via TSzp-32 with an energy barrier of 55.7 kcal/mol. This radical
intermediate 32 further dissociates to HCN and yet another imine radical intermediate 24,
which finally leads to cyanoacetylene 16 with the loss of hydrogen through a C—H bond
scission from the molecule 24. The direct formation of a ring-opening product 33 is also
possible from 32 with the loss of a hydrogen atom, which demands 26.4 kcal/mol at (U)MO06-
2X/cc-pVTZ level of theory than that of the fragmentation channel.
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2.15.6 Unimolecular decomposition channels of 2-dehydropyrazine radical (3a)

This radical isomer 3a exists in Cs symmetry on the ground state potential energy
surface, and due to the unsymmetrical nature on either side of the radical center, two different
decomposition channels are possible (Figures 2.20, 2.21 and table 2.6). Interestingly, both the
ring-opening channels involve C—N bond cleavage as the preliminary step. However, the ring-
opening involving the nitrogen adjacent to the radical center (N1-C6) is found to be the lower
energy channel relative to the other pathway (involving C3-N4 bond breaking) by 7.7
kcal/mol. Ring-opening through the N1-C6 bond cleavage involves the transition state TS3a-34
that leads to a radical intermediate 34 with an energy barrier of 44.6 kcal/mol. This radical
intermediate 34 dissociates further through the loss of acetylene 6 with a late transition state
TSaa-356. This endothermic step is followed by a C—H bond breaking leading to cyanogen
NCCN 36. In an alternate pathway, the ring-opening channel occurs through the C3—N4 bond
cleavage leading to a radical intermediate 38 via TSsa3s with an energy barrier of 52.3
kcal/mol. Interestingly, both the channels also involve the ring-opening products formation
through the first ring-opened intermediates 34 and 38 through the loss of a hydrogen atom and
lead to the same product 37. Although the formation of 34 is more facile compared with the
formation of 38, the above-mentioned ring-opening step requires a higher barrier for the former
than the latter. The corresponding barriers for 34 and 38 to lose hydrogen forming 37 are 40.0

and 33.5 kcal/mol, respectively.
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Figure 2.20 Unimolecular decomposition channels of 2-dehydropyrazine (3a) radical. Bold:
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Figure 2.21 IRC analysis for 2-dehydropyrazine (3a) radical unimolecular dissociation
channels at (U)B3LYP/cc-pVTZ level of theory.

Similar to the previous channel, this radical intermediate 38 also undergoes
fragmentation with the loss of HCN to form a radical imine 19, which further undergoes a 1,2-
H shift to form 20 before dissociating into HNC and HCC. radical 21. Except in the
isomerization between 19 and 20 through a 1,2-H shift, the rest of the steps were found to be
endothermic. Also, barriers were lower than the first step indicating initial ring-opening as the

rate-determining step.

2.16 Overall reactivity patterns in diazine radicals

Through our previous investigations on electronic structure studies, the six dehydro-
diazines exhibited a thermodynamic stability order as follows: 1c < 2b < 2a < la < 3a < 1b.
Primarily, the 3c-5e interactions (the combined effect of interaction between nitrogen lone
pairs in stabilizing the radical centers and the destabilizing interactions between the nitrogen
lone pairs) played a significant role in this regard. However, by considering the lowest energy
barriers for each one of the radical isomers under unimolecular reactivity conditions, the order
completely changed. The resulting Kinetic stability order of the diazine radicals is 2a < 2b <
1b < l1a < 3a < 1c. Dehydro-pyridazines (2a and 2b) are kinetically the least stable, whereas
dehydro-pyrimidine and dehydro-pyrazine isomers are more stable among these dehydro-
diazines. The dominating lone pair—lone pair (repulsive) interaction over the lone pair-radical
interaction (stabilizing) is responsible for lower Kinetic stability in the former. On the other
hand, dehydro-pyrimidine and dehydro-pyrazine have a stabilizing lone pair-radical

interaction.
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Table 2.6: Free energy, enthalpy and entropy of activation (AG:, AH: and AS:) at 298 K for all the reaction steps in the unimolecular dissociation
channels. (Bold: (U)B3LYP/cc-pVTZ; normal: (U)MO06-2X/cc-pVTZ)

. AHE ASH AGH AHE ASH
Reactant TS AG? (kcal/mol) (kcallmol) (cal/K-mol) Reactant TS (kcallmol) (kcal/mol) (cal/K-mol)

435 44.8 45 115 11.8 13

la TSt 474 48.7 45 » TSees 15.7 16.2 1.6
s 325 35.0 8.3 s 715 78.7 43

4 56 35.7 37.2 5.1 227 80.9 82.0 3.8
s 40.9 42.1 42 s 30.0 31.5 5.1

101 423 43.5 3.9 ’s 1812 29.9 30.9 3.5
s 64.0 64.5 1.9 s 31.0 31.6 2.0

> 61.6 62.4 2.5 201 30.6 311 1.9

28.9 30.9 6.6 8.5 9.6 3.7

S TSs-120 28.7 30.5 6.2 28 TSz 7.6 8.4 2.6
39.3 40.8 52 36.8 37.2 1.2

TSss3u 37.1 38.2 3.5 29 T2 38.9 39.2 1.0

18.6 20.3 5.8 275 29.1 52

! TSr-80 20.5 22.0 5.1 ob TS-28 30.6 31.7 3.7
s 34.9 35.6 25 s 55.0 56.4 4.8

1b 1014 38.2 39.0 2.5 2052 58.6 59.8 3.8
s 57.6 58.6 3.5 s 11.1 12.0 2.8

1018 61.6 62.6 34 - 22412 11.2 12.1 3.0

s 29.0 29.9 33 s - - -

1 141512 28.0 28.7 24 -3 37.1 38.8 5.7
s 37.6 40.1 8.4 s 44.0 452 3.8

Ll 34.7 36.2 5.0 3a 2a-34 46.5 47.6 3.6

40.4 40.8 14 51.9 52.9 3.1

15 TSiss1 425 42.9 1.1 TSseas 56.1 57.0 2.9
232 24.0 2.7 20.7 22.5 6.1

18 TSis1020 24.1 24.5 13 » TSssse 25.2 26.5 4.6
s 38.1 40.7 8.8 s 39.8 40.3 1.7

18-2211 35.4 36.8 46 3711 42.0 424 12

62.6 63.1 15 34.9 35.2 0.9

19 TSis-20 60.0 60.5 1.7 3 TSss-3601 35.3 35.5 0.7
s 35.6 37.0 43 s 213 23.2 6.5

1e-sa 32.9 33.8 3.1 38 s8-19.12 223 24.0 5.7

25.1 27.0 6.5 32.9 33.8 2.8

20 TSz-218 26.7 28.4 5.7 TSsa 31.4 31.8 15
46.7 48.1 438 15.3 16.3 3.6

le TSt 51.4 52.8 46 ’3 TS2s2402 17.4 18.1 2.4
3.3 3.6 1.1 322 32.6 1.1

21 TSor-2s 7.9 8.3 1.3 TSz-100 31.7 31.8 0.2
24 TSauist 30.6 30.8 0.6 24 TSouisnt 30.8 31.0 0.5
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Figure 2.22 (a) Summary of the unimolecular ring decomposition and fragmentation channels
of six isomeric dehydro-diazine radicals (the free energy changes corresponding to the first
ring-opening steps are given in kcal/mol); the stable ring-opening products having a molecular
formula C4N2Ha, the products after the loss of one hydrogen atom from those radicals are
indicated in the second circle; the end products through fragmentation step are depicted in the
third circle). (b) Linear correlation depicting the relation between free energy barrier for the
first ring-opening step and the corresponding free energy of the ring-opening product relative
to each radical.

Also, we observed a concerted transition state for N2 loss from dehydropyridazine
radicals (2a and 2b). However, these transition states were only located at HF/STO-3G level
of theory. Every attempt for optimizing these transition states at (U)B3LYP and (U)M06-2X
levels was unsuccessful.

Interestingly, the ring-opening step leading to the cyano products exhibits lower
barriers than acetylenic products. In other words, all the diazine radicals prefer ring
decomposition step through a C—N bond breaking rather than a C—C bond breaking. To gain
additional insights, we compared the free energy changes accompanying the ring-opening step
with the free energy of activation, which showed an excellent linear correlation, except for the
C4-C5 bond cleavage step in 2a (Figure 2.22B). This confirms that the ring-opening step has
a strong thermodynamic driving force.

Although energetically expensive in all the diazine radicals, a subsequent C—H bond
breaking from the first ring decomposition step leads to six ring-opening products 10, 17, 22,
26, 33, and 37. Such products are stable isomers of a molecular formula C4sN2H> and are diaza-

analogs of enediyne, and so aza-Bergman cyclization of such molecules is very interesting.
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Furthermore, the end products in the unimolecular dissociation channels of dehydro-diazine
radical isomers are small molecular fragments, such as, CN radical, HCN, HCCH, HNC, HCC
radical, HCCCN, HCCCCH, N2, and NCCN, which are part of the interstellar medium
(ISM).[13]

2.17 Summary of reactivity studies of isomeric dehydrodiazines radicals

Through this investigation, we have explored the reactivity of dehydro-diazine radical
isomers through isomerization (1,2-H shift), ring-opening, and fragmentation channels under
unimolecular reactivity conditions. Because the isomerization channels have high barriers
(64.4—-78.4 kcal/mol) and only a restricted number of isomers can undergo such reactions, their
kinetic stability is mainly controlled by the unimolecular decomposition channels (11.7-78.1
kcal/mol). The ring-opening can happen either by a C—C, C-N, or N-N bond cleavage,
particularly at those bonds residing alternately to the radical center. Indeed, the ring-opening
through the C—C bond cleavages was found to be energetically expensive compared with the
C—N bond breaking. Primarily, the interaction between the radical center and the nitrogen lone
pair adjacent to it dictates this selectivity. On the basis of the unimolecular dissociation
channels, we obtained the kinetic stability order of the six dehydro-diazines radicals as 2a <
2b < 1b < 1a < 3a < 1c, which has a strong thermodynamic driving force.[**! Overall, the 3c—
Se interaction imparts the selectivity in the ring-opening, whereas the ring-opened radical

intermediate influences the kinetic stability in diazine radicals.
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Chapter 3. Matrix-lIsolation FTIR Spectroscopic Studies of
2-iodopyrazine and 2-iodopyrimidine
3.1 Introduction:

After the computational exploration of the electronic structure, thermodynamic
stability, and thermal reactivity aspects of all isomeric dehydrodiazine radicals, we shifted our
attention towards experimental characterization and studies of these radicals. In this regard, we
attempted the matrix isolation infrared spectroscopic investigations under cryogenic conditions
to characterize a few selected radicals among them. The aim of such experiments is to generate
and characterize dehydrodiazine radicals, and also to explore the photochemistry of
dehydrodiazine radicals under the matrix-isolation condition. Also, our earlier reactivity
studies of dehydrodiazine radicals provided insights on the possible ring-opened and
fragmentation products under thermal conditions.[!] Under matrix isolation experimental
conditions, the photochemistry of dehydrodiazine radicals can possibly lead to some or all ring-
opening and fragmentation products, however, through the excited states. In recent times, N-
heterocycles have gained a lot of importance in the spectroscopic characterization due to their
relevance in prebiotic chemistry.[2l Also, N-containing species play a crucial role as potential
precursors of amino acids and nucleobases of DNA and RNA.E! As discussed in the reactivity
studies, some of the ring-fragmented products obtained from the dehydrodiazine radicals have
relevance in astrochemical perspectives and interstellar medium as they have been detected in
various regions of the space.!! Furthermore, the mode of ring-opening and ring-fragmented
products provide preliminary clues in the photochemistry of dehydrodiazine radicals, however,
mechanistic aspects are quite interesting and equally challenging to investigate. So far, only
prototypical heterocyclic radicals such as pyridyl and didehydropyridine biradicals have been
investigated through matrix isolation technique.® To the best of our knowledge, there is no
literature available on the generation and direct characterization of dehydrodiazine radicals
using the available spectroscopic methods. Addition of one more nitrogen atom into the six
membered aromatic ring such as pyridine, makes it more nitrogen rich, which makes it
fascinating to study using the matrix isolation technique. Of all the possible isomers of diazine
radicals, pyrimidine-based 2-dehydropyrimidine 1a, and pyrazine-based 2-dehydropyrazine 3a
radicals have been considered in this investigation. Generally, iodo precursors are known for
their well-documented photochemistry, and so the matrix isolation experiments including their
generation, characterization and their photochemistry using relevant iodo precursors have been

carried out.[52¢!
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3.2 Matrix isolation FTIR spectroscopic study of 2-dehydropyrazine radical (3a)

We attempted to generate and characterize 2-dehydropyrazine radical 3a under matrix
isolation condition using 2-iodopyrazine molecule (46) as a precursor. The experiments, results
based on the photochemistry of the 2-iodopyrazine have been described as follows:

3.3 Deposition of 2-iodopyrazine (46)

2-lodopyrazine (46) precursor has been purchased from Sigma Aldrich and used for all
the matrix experiments without any further purification. 2-lodopyrazine (46) exists in liquid
form at room temperature and has a significantly high vapor pressure. An aliquot of sample
has been deposited under high vacuum at —10 °C to —5 °C. The precursor has been deposited
for 45 min along with Ar gas at a flow rate of 5 sccm using a digital mass flow controller,
following which, an IR spectrum has been recorded at 4 K. (Figure A5 in appendix) The matrix
isolated IR spectral features indicate prominent features at 1106.5, 1450.0, 1510.0, 1004.5,
1037.5 and 1371.5 cm~L. Upon comparison of the matrix isolated spectrum with the computed
spectrum at BBLYP/DGTZVP level of theory, we observed that the precursor 2-iodopyrazine
(46) has indeed been deposited over the cold KBr window without any signs of decomposition

during deposition process.

3.4 Photochemistry of 2-iodopyrazine (46)

After the successful deposition of 2-iodopyrazine (46), the matrix isolated precursor in
solid argon at 4 K has been subjected to irradiation at 284 nm UV-light for inducing
photochemistry. The choice of wavelength has been decided based on the solution phase UV-
Vis spectrum of 2-iodopyrazine (46) in acetonitrile, which exhibited an absorbance feature at
284 nm. The photochemistry has been followed by using the infrared spectroscopy. After 15
min of irradiation, the resulting IR spectrum has shown a decrease in signal intensities due to
the precursor 2-iodopyrazine with the appearance of new features at 933.0, 1483.5, and 1347.5
cm-t. Whereas prolonged irradiation (120 min) led to maximum changes in the spectral
features. The inspection of difference spectrum between irradiated (at 284 nm) and the
deposited spectrum noticeably provide all the spectral changes due to photochemistry. (Figure
3.1a) Obviously, the irradiation at 284 nm led to the consumption of precursor 2-iodopyrazine
(46) along with the formation of new photoproduct(s). In order to identify the newly formed
species, we further irradiated the matrix containing the photoproducts at different wavelengths
of light.
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Upon irradiation at longer wavelength at 350 nm, we observed that the intensity of the
peaks corresponding to the precursor 2-iodopyrazine (46) increased (Figure 3.1b) with the
simultaneous decrease of majority of the new signals that were observed after irradiation at
284 nm. Indeed, a few of the newly formed signals started growing at 350 nm irradiation, which
indicated the presence of more than one photoproduct. In an independent control experiment,
irradiation was started at 350 nm after deposition, which did not lead to any changes in the
spectral features indicating no photochemistry. Based on this data, in particular, the wavelength
selective bleaching (at 284 nm) and the formation (at 350 nm) of precursor we inferred the
involvement of a radical species. Since light induced homolytic cleavage of C-1 bond is well-
documented®®6l the irradiation at 284 nm presumably led to the formation of 2-
dehydropyrazine radical (3a), whereas upon irradiation at 350 nm, the recombination of the
radical with iodine atom is plausible, which can lead to the re-formation of the precursor.
(Figure 3.1a and 3.1b)
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Figure 3.1. IR spectrum of 2-dehydropyrazine radical (3a) (Ar, 4K). (a) Difference spectrum
after 284 nm irradiation and the deposition spectrum of 46; the bands pointing upward are
forming upon irradiation at 284 nm and those pointing downward are due to the precursor 46
(green dots = unassigned) (b) difference spectrum: the bands pointing upward formed upon
irradiation at 350 nm and those pointing downward decreased upon irradiation at 350 nm on a
matrix containing photoproducts of 46 due to284 nm irradiation; (c) computed harmonic
vibrational spectrum of 2-dehydropyrazine radical (3a) ((U)B3LYP/cc-pVTZ level of theory,

unscaled).
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Table 3.1 Computed harmonic vibrational frequencies ((U)B3LYP/cc-pVTZ) and
experimental IR spectroscopic data (Ar and N2 matrices, 4 K) of 2-dehydropyrazine radical
(3a).

Experimental Experimental
Computed (pAr, 4 K) (pNz, 4 K)
Mode Symmetry

vealed. |re| v |re| v |re|

(cm™) (cm™) (cm™) '

1 A" 365.6 16 (8.4) - — - -

2 A" 436.3 17 (9.0) - - - -
3 A 577.4 18 (9.6) 613.5 20 612.0 23
4 A 707.6 5(2.8) 691.5 <1 691.5 <1
5 A" 743.6 10 (5.2) 700.5 11 700.5 13
6 A" 840.8 37 (19.7) 814.0 23 816.0 21
7 A" 951.6 0(0.0) - — - -
8 A 960.6 100 (52.7) 9335 100 935.0 100
9 A" 988.0 0(0.0) - — - -
10 A 1045.7 12 (6.1) 1010.5 14 1012.5 13
11 A 1084.0 30 (15.7) 1037.5 26 1037.5 31
12 A 1177.8 11 (5.6) 1188.0 11 1190.0 10
13 A 1236.7 7 (3.9) 1224.5 14 12215 17
14 A 1293.4 13 (7.0) 1266.5 13 1268.5 11
15 A’ 1396.5 26 (13.6) 1347.5 25 1349.5 24
16 A 1486.4 0(0.1) - - - -
17 A 1524.9 27 (14.3) 1483.5 41 1480.0 50
18 A 1653.2 13 (6.9) 1589.0 <5 1591.0 <5
19 A 3161.5 6 (3.0) 3044 <3 3062 <5
20 A 3183.9 53 (28.0) 3074 32 3096 47
21 A 3192.4 7 (3.5) 3085 <5 3100 <5

In this regard, the experiments have been repeated for consistency as well as to
understand the wavelength dependent interconversion between the potential 2-
dehydropyrazine radical (3a) and the precursor 2-iodopyrazine (46) at 284 and 350 nm,
respectively. In order to confirm the spectral assignment for 3a, the IR signals have been
compared with the vibrational data computed at (U)B3LYP/cc-pVTZ level of theory. The
unscaled computed spectral signature showed excellent agreement with the observed spectral
data within the spectral shifts under matrix-isolation conditions, which unambiguously
confirmed the 2-dehydropyrazine radical 3a (Table 3.1). Indeed, the same behaviour has also

been observed in the case of photochemistry in nitrogen matrix at identical conditions. Only a
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slight variation in the spectral shifts due to the change in the host has been observed, which is
well-known in literature.[”)

Apart from 2-dehydropyrazine radical (3a), we have also observed a few additional
signals upon irradiation at 284 nm. These signals include 1639.5, 1575.5, 945.5 and 659.0 cm2.
We found out that these unassigned signals were also underwent bleaching upon irradiation at
350 nm, with the simultaneous formation of a few new signals that were growing along with
the precursor 2-iodopyrazine (46) signals. Along with the precursor, a few ring-opening
products started to appear that have been understood based on the signals in the region
corresponding to N=C/C=N/C=C stretching (2200 to 2050 cm). Since the source for
formation of the precursor has been ascertained to the radical (3a), the other set of signals
behaving similar to the radical signals could be responsible for the ring-opening products. In
order to understand these species, we have performed additional matrix photochemistry
experiments at different wavelengths, which have been discussed in the next section along with
the photochemistry of 2-dehydropyrazine radical (3a).

Also, the presence of additional signals along with radicals could be due to the possible
isomerization products along with few ring-opening and fragmented products as mentioned
previously. Rui Fausto and co-workers studied the matrix isolated IR spectrum of pyrimidine,
pyrazine and pyridazine and observed a photochemical conversion of pyrazine into pyrimidine
upon irradiation through a nitrogen transposition.t®! (Scheme 3.1a) An involvement of conical
intersection (CI) has been proposed in such conversion under photochemical conditions.
Subsequently, Ming-der Su explored the photochemical mechanistic aspects of transposition
reaction in the isomerization of pyrazine to pyrimidine computationally, and compared it with
a similar reaction in methyl pyrazine and established the Cls and also their possible access
through 254 nm irradiation conditions.[®! (Scheme 3.1b) Assuming similar channels involving
conical intersections, we considered the possibilities of transposition or isomerization products
of both precursor 3 and radical 3a in our experiments as mentioned in scheme 3.1c,d. In this
regard, we compared our experimental data corresponding unassigned signals with the
computed vibrational spectra of all possible isomerization products based on which, we ruled
out the isomerization products of precursor 3 such as 2-, 4- and 5-iodopyrimidines and
dehydropyrimidines. (Figure A6 in appendix) Along a similar line, it is quite unlikely to obtain
the corresponding radical isomers 1a-c as indicated in the scheme 3.1. On the other hand, the
further photochemistry of the 3 and 3a led to a lot of ring-opening products. In order to
understand the common products including the fragmentation products (vide infra), to analyse
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the ring-opening pathways, and also to obtain deeper insights, we have chosen the precursor 2-
iodopyrimidine (Section 3.6). More importantly, the purpose of this precursor was to generate

and characterize the 2-dehydropyrazine radical (3a).
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Scheme 3.1 Isomerization under photochemical condition: (a) transposition of pyrazine into
pyrimidine reported by Rui Fausto and co-workers (ref 8); (b) isomerization of methyl pyrazine
to methyl pyrimidines explored by Ming-der Su (ref 9); possible photoisomerization of (c) 2-
iodopyrazine into  iodopyrimidines; and (d) 2-dehydropyrazine radical into

dehydropyrimidines radicals.

3.5 Photochemistry of 2-dehydropyrazine radical (3a), ring-opening and fragmentation

After confirming the generation and characterization of the target 2-dehydropyrazine
radical (3a) at 284 nm, we further irradiated the matrix containing the photoproducts with
shorter wavelength of light at 254 nm. Upon irradiation at 254 nm, we observed that the
intensity of peaks corresponding to the precursor 2-iodopyrazine (46) and 2-dehydropyrazine
radical (3a) decreased and several new sets of signals started appearing. Upon prolonged
irradiation at 254 nm, the signals corresponding to the precursor 2-iodopyrazine (46) and

pyrazine radical (3a) disappeared completely. The simultaneous formation of new
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photoproduct(s) with prominent signatures in the region of C=C-H, C=N, C=C stretchings, and
H-C=C-H (Z and E-isomeric) torsional bending modes indicated the ring-opening and
fragmentation type products under such irradiation conditions. Various pathways for the ring
scission and the possible ring-opening and photo-fragmented products originating from 2-

dehydropyrazine radical (3a) have been depicted in the scheme 3.2.
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Scheme 3.2 Possible ring-opening channels in 2-dehydropyrazine radical (3a).
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Considering the challenges involved in the identification of such ring-opening and
fragmentation species, the experiments have been repeated by varying the duration of
irradiation and sequence of the wavelengths of irradiation. As a preliminary step, we have
identified and assigned a few signals corresponding to the ring-fragmented products in Ar and
N2 matrix under prolonged irradiation conditions at 254 nm based on the available literature.
The major photo-fragmentation products include HCCCN (16)[1% (3315, 2267, 667, 504 cm™2),
HCCNC (39)1291 (3328, 2033 cm™), CN radical (9)[** (2044 cm~t) and HCN (12)[101 (3297, 727
cm™1) in Ar matrix, which have been readily identified based on the literature data.

In addition, we also observed a set of very intense signals in the region 2050-2200 cm™
upon irradiation at 254 nm, which may belong to the ring-opening products containing
isonitrile and nitrile groups that may have formed from 2-dehydropyrazine radical (3a). Indeed,
some of them appeared at lower intensities at 284 nm under prolonged irradiation conditions.
As mentioned in scheme 1, the photochemistry of 2-dehydropyrazine radical (3a) may lead to
various ring-opened radical species of formula CsH3N2. They may further undergo a loss of
hydrogen (as H radical/atom) to form isomeric ring-opening products (CsH2N2) or
fragmentation step under photochemical conditions. In order to analyse the spectral data and
identify various photoproducts, we have closely inspected the computed vibrational spectra of
several possible isonitrile (-N=C) containing molecules (listed in scheme 1) due to their strong
signature. In this regard, a comparison of the growth rates of various experimental signals, their
frequencies, intensities and also the splitting pattern of the signals, if any, have been carefully
compared. In addition, the signals appeared around 1000 to 600 cm~ have also been considered
towards the assignment of such isonitriles. This region was particularly chosen because the (Z)-
and (E)- isomeric H-C=C-H moieties can be differentiated based on their characteristic signals.
Due to the fact that identification of several new photoproducts is difficult with a single
precursor, the photochemistry of other lodo-diazine precursors has been considered as an
alternative strategy, which in principle, can lead to some of common photoproducts. In this
regard, we have also performed matrix isolation spectroscopic experiments under
photochemical conditions using 2-iodopyrimidine (48) as a precursor, which is described in
preceding section before the analysis of the ring-opening products. The possible transposition
of nitrogen under photochemical conditions is one of the reasons for the choice of 2-

iodopyrimidine (48) as a precursor.
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3.6 Matrix isolation FTIR spectroscopic study of 2-dehydropyrimidine radical (1a)

We attempted to generate and characterize 2-dehydropyrimidine radical la under
matrix isolation condition using 2-iodopyrimidine molecule (48) as a precursor. The
experimental results based on the photochemistry of the 2-iodopyrimidine are described as

follows:

3.7 Deposition of 2-iodopyrimidine (48)

2-lodopyrimidine (48) has been synthesized from the commercially available 2-
chloropyrimidine (49) using the standard literature procedure.[*? 2-lodopyrimidine (48) sample
has been deposited at —10 to 0 °C under the high vacuum for 120 min with Ar gas at a flow rate
of 5 sccm. Matrix-isolated infrared spectrum of 2-iodopyrimidine (48) at 4 K exhibited
prominent features at 1142.0, 1552.5, 1548.5, 1380.5, and 1374.0 cm™. (Figure A7 in
appendix) The comparison of the IR spectrum of 2-iodopyrimidine (48) with the computed
vibrational spectrum at B3ALYP/DGTZVP level of theory showed excellent agreement with
majority of the signals within the usual shifts due to matrix. Due to the presence of a small
amount of the 2-chloropyrimidine (49) as an impurity, the deposition spectrum exhibited
additional signals at 1390.0, 1557.0, 1565.0, and 1174.5 cm. These signals have been
confirmed by a separate matrix isolation experiment using 2-chloropyrimindine (49) and

computed infrared spectrum of it at B3LYP/DGTZVP level of theory. (Figure A8 in appendix)

3.8 Photochemistry of 2-iodopyrimidine (48)

After the successful deposition of 2-iodopyrimidine (48), the matrix isolated precursor
has been subjected to irradiation at 254nm UV-light towards generating the target 2-
dehydropyrimidine radical (1a). After 4 min of irradiation, the recorded IR spectra revealed
the decrease in the signal intensities due to the precursor 2-iodopyrimidine (48) with the
appearance of new signals. The prolonged irradiation conditions at the same wavelength led to
many new signals that were similar to the ones that we observed in the case of photochemistry
of 2-iodopyrazine (46). Now the question is whether the 2-dehydropyrimidine (1a) radical has
been formed under this condition or not. In order to answer this, and also to characterize the
signals due to the radical la, if at all formed, further experiments under matrix isolation
condition have been carried out using different wavelengths of light like in the case of 2-
iodopyrazine (46). (Figure 3.2)
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In this regard, the matrix containing the preliminary photoproducts (occurred at shorter
irradiation times) obtained at 254 nm has been subjected to irradiation at 365 nm wavelength
for 45 min. Under these conditions, we observed spectral changes as increase in the intensity
of the signals corresponding to precursor 2-iodopyrimidine (48) (Figure 3.2b) that was
accompanied by a decrease in the intensity of newly formed signals at 254 nm. Based on the
similarity to the photochemistry in 2-iodopyrazine (46), those signals formed at 254 nm and
subsequently bleached at 365 nm have been considered belonging to a single species. Also, the
wavelength selective disappearance and formation of the precursor envisaged that the most
likely species can be 2-dehydropyrimidine radical (1a). Once again, the photochemical
cleavage of C-1I bond (at 254 nm) and recombination of the radical with iodine atom (at 365
nm) could be responsible for this behaviour. (Figure 3.2a and 3.2b) Furthermore, this set of
irradiation sequences has been repeatedly performed for consistency, and to gain the
information on wavelength dependent photo equilibrium between 2-dehydropyrimidine radical
(1a) and its precursor 2-iodopyrimidine (48) using lights of wavelength 254 and 365 nm,

respectively.
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Figure 3.2 Matrix-isolated IR spectrum of 2-iodopyrimidine (48) (Ar, 4K). (a) The difference

spectrum after 254 nm irradiation (for 4 min) and the deposition spectrum; the bands pointing
upward formed upon irradiation at 254 nm and those pointing downward are due to the
precursor 48. (b) Difference spectrum: the bands pointing upward are forming and those
pointing downward are decreasing upon irradiation at 365 nm at a matrix containing
photoproducts of 48 due to 254 nm irradiation; (c) Computed harmonic vibrational spectrum

of 2-dehydropyrimidine radical (1a) (B3LYP/cc-pVTZ level of theory, unscaled).
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Table 3.2 Computed harmonic vibrational frequencies ((U)B3LYP/cc-pVTZ) and
experimental IR spectroscopic data (Ar and N2 matrices, 4 K) of 2-dehydropyrimidine radical
(1a).

Experimental Experimental
Computed (,pe\r, 4 K) (pNz, 4 K)
Mode Symmetry
vealed. |re| M |re| M |re|
(cm™) (cm™) (cm™) ’
1 B1 382.1 0(0.1) — — — —
2 A 385.4 0(0.0) — — - -
3 B> 588.5 15 (24.7) 575.0 31 576.0 10
4 AL 708.3 0 (0.6) - - - -
5 B1 742.6 8 (12.8) 716.5 13 718.0 9
6 B1 810.0 13 (21.2) 791.5 10 793.5 11
7 AL 987.3 2 (2.8) — - - -
8 Az 1001.1 0(0.0) - - - -
9 B1 1011.6 0(0.0) — — - -
10 A1 1074.0 0(0.1) - - - -
11 B> 1105.5 2 (2.6) — — - -
12 A1 1163.6 1(2.0) — — - -
13 B> 1175.5 1(1.2) — — - -
14 B> 1308.7 7(11.3) 1263.0 <4 1262.5 <5
15 A1 1417.7 36 (60.2) 1366.0 67 1363.0 34
16 B> 1457.8 0(0.4) - - - -
17 Ay 1570.5 24 (38.8) 1524.5 43 1520.5 47
18 B: 1577.7 100 (165.4) 1528.5 100 1530.0 100
19 Aq 3159.9 5 (8.0) 2849.0 <5 - -
20 B> 3163.6 10 (17.3) 29115 9 2908.5 <5
21 Aq 3202.7 4 (6.3) 3069.5 <5 3071.5 <5

In order to confirm the signals corresponding to the 2-dehydropyrimidine radical (1a),
computed vibrational spectrum at (U)B3LYP/cc-pVTZ level of theory has been considered,
which showed a good agreement within the experimental shift. The complete assignment of
the infrared spectral data due to the radical 1a is listed in table 3.2.

Since the deposition of 2-iodopyrimidine (48) contained a small amount of 2-
chloropyrimidine (49), we have performed separate experiments to rule out the photoproducts
due to 2-chloropyrimidine (49) from the assigned signals of 2-dehydropyrimidine radical (1a).
The irradiation at 254 nm on the matrix isolated 2-chloropyrimidine (49) led to the same set of
new signals as in the case of 48, however exhibited a slow photochemistry with lower yields.
This can be attributed to the greater bond strengths of C-Cl over C-1 under photochemical

conditions. These new sets of signals exactly matched the signals assigned for 2-
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dehydropyrimidine radical (1a). This demonstrates that no deviation in the photochemical

channels has been observed despite the presence of the 2-chloropyrimidine (49) as an impurity.

3.9 Photochemistry of 2-dehydropyrimine radical (1a), ring-opening and fragmentation

After generating and characterizing the 2-dehydropyrimdine radical (1a), we have
subjected the matrix isolated pyrimidine radical (1a) to prolonged irradiation condition at 254
nm and monitored the spectral changes. Similar to the experiment on 2-iodopyrazine (46), we
have observed various sets of signals upon irradiation at 254 nm. Interestingly, some common
spectral features (signals) have been observed in the IR spectrum containing the photoproducts
due to 2-iodopyrimidine (48) and 2-iodopyrazine (46) indicating common products. In this
regard, we considered various possibilities of the ring-opening or ring-fragmented channels
and photoproducts originating from 2-dehydopyrimidine radical (1a) as mentioned in scheme
3.3. Due to higher symmetry (Coy) of 2-dehydopyrimidine radical (1a) lesser number of
channels are expected for ring-opening and fragmentation pathways in comparison to the Cs

symmetric 2-dehydropyrazine radical (3a).
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Scheme 3.3 Possible ring-opening channels in 2-dehydropyrimidine radical (1a).
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Likewise, in the case of pyrazine radical 3a, we have identified some of the ring-
fragmented small molecules such as HCCCN (16),[21 HCCNC (39)1° and HCN (12)91 with
the help of the available literature data upon prolonged irradiation at 254 nm. In order to
understand, analyse, and characterize the several possible ring-opening products, we have
compared the data obtained from the photochemistry of both 2-dehydropyrazine radical (3a)
and 2-dehydropyrimidine radical (1a). The proceeding section will describe the details of such
analysis in elucidation of the photoproducts obtained based on the experimental evidences and
computational data.

3.10 Analysis of ring-opening species (Z2)/(E)-17, (2)/(E)-26 and (Z)/(E)-42 (diazine

analogues of enediyne with molecular formula C4H2Nz)

As indicated before, irradiation at a shorter wavelength (A = 254 nm) led to the
observation of a very intense set of signals in the region of 2050-2200 cm, which can be
assigned to the potential photoproducts containing nitrile (less intense) and isonitrile (more
intense) functional group containing species. Based on the possibilities of ring-opening modes,
2-dehydropyrazine radical (3a) and 2-dehydropyrimidine radical (1a) can be expected to yield
products such as (2)/(E)-17, (2)/(E)-26 and (Z2)/(E)-42 following a C-H bond scission step.
The loss of proton can happen before the ring-opening step or proceed after the ring-scission.
Under former condition, didehydrodiazines are the potential products. Due to dominant
through space and through bond interactions between lone pairs and radical electrons, all such
didehydrodiazines are expected to be singlet ground state structures. Indeed, such species can
possibly be formed due to the abstraction of the hydrogen of the radical species by iodine atom,
which is present within the matrix cage at the end of C-I bond cleavage under photochemical
step.l*3] However, we did not observe any signal that can be unambiguously assigned to the
didehydrodiazine biradical. Besides that, the 2-dehydropyrimidine radical (1a) may have lower
probability to form the didehydropyrimidine as the radical centre is flanked by the two nitrogen
atoms, and the hydrogen abstraction is less likely. Due to the fact that the C-H bond scission is
more facile, the ring-opened products can lead to the species such as (2)/(E)-17, (2)/(E)-26
and (2)/(E)-42. (Scheme 3.4). Considering the various possible ring-opening modes, we
observed that only (Z)/(E)-17, (Z)/(E)-26 ring-opening products are probable products from
2-dehydropyrimidine radical (1a) as described in scheme3.3. Since several signals appeared in

that region and also the availability of a greater number of ring cleavage possibilities,
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presumably, all these ring-opening products (2)/(E)-17, (Z2)/(E)-26 and (Z)/(E)—42 are formed

in the case of 2-dehydropyrazine radical (3a) as described in scheme 3.4.
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Scheme 3.4 Possible common ring-opening products of 2-dehydropyrazine radical (3a) and 2-

dehydropyrimidine radical (1a).

As described before, (Z)-42 can be formed either via C-H bond scission from the
radical intermediate (40) or through ring-opening of the elusive 2,3-didehydropyrazine
intermediate (47), an o-benzyne analogue. Ring-opening species (Z)-42, can further undergo
either a cis-trans (Z-E) or isonitrile (-N=C) — nitrile (-C=N) isomerization. The cis-trans (Z-E)
isomerization of Z—42 can lead to E-42 at 365 nm irradiation, whereas the formation of (Z2)-17
(via -N=C to -C=N isomerization) happens at 254 nm irradiation. Similarly, (Z)-17 can
undergo both isomerization pathways to form (E)-17 and (Z)-26. Among these, the ring
opening species (Z)—26 (maleonitrile) has only the possibility of cis-trans (Z-E) isomerization
to form (E)—26 (fumaronitrile) as the reverse -C=N to -N=C isomerization is unfavourable.
Irradiation at 365 nm can induce the cis-trans (Z-E) isomerization, and irradiation at 254 nm
leads to isonitrile (-N=C) — nitrile (-C=N) isomerization. Based on the experimental data on
the photochemistry of 2-dehydropyrazine radical (3a) and 2-dehydropyrimidine radical (1a),
and the computed vibrational spectra including the sequence of the appearance of the products,

their signal positions, intensities, sequence of appearance, etc., all the ring-opening products
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(2)/(E)-17, (2)/(E)-26 and (Z)/(E)—42 have been fully characterized. (figure 3.3, table 3.3 and
table A2, A3, A4 in appendix). In addition, we have characterized (Z)—26 (maleonitrile) and
(E)-26 (fumaronitrile) separately from an independent precursor, 3,6-diiodopyridazine, which
is part of the next chapter. The next section will provide the details of the evidences, based on
which the assignments for the ring-opening and the fragmentation products, as well as the
possible sequence and fate of those species have been described in detail.
Table 3.3 Characteristic vibrational normal modes of ring-opening products (Z)/(E)-17,
(2)/(E)-26 and (Z)/(E)—42 and their intensities.
Characteristic Vibrational modes

2150 — 2400 cm™* 700 - 800 cm*

NC and CN stretching HCCH bending

Species e ~d i ~& L
" 9
~J

900 — 1000 cm*
HCCH bending

Z—(CN/NC) +
Z—(CN/NC E-(CN/NC
E—(CN/NC) ( ) ( )
@/e
N//
(2)-42 E Very strong Medium Absent
@N\Z
@/e
NZ .
(217 Very strong Medium Absent
SN
N
(2)-26 ( Very weak Medium Absent
SN
@/e
N//
(E)-42 ﬁ Very strong Absent Medium
2%
@/@
N// .
(E)'"/ﬁ Very strong Absent Medium
NZ
2% 2
(E)- )l/ Very weak Absent Medium
NZ
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Figure 3.3 Ring-opening species (2)/(E)-17, (Z)/(E)-26 and (Z)/(E)—-42 from 2-dehydropyrazine radical (3a) and 2-dehydropyrimidine radical
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3.11 Ring-opened and ring-fragmented products and radical intermediates from 2-
dehydropyrimidine (1a)
3.11.1 Ring-opening through C2-N3 bond cleavage

3/ °F
1N47‘N3
6&/”4 E&N.
5
1a 50

Scheme 3.5 Formation of first ring-opened radical intermediate 50 from 2-dehydropyrimidine
radical (1a).

After isolating and characterizing the 2-dehydropyrimidine radical (1a), we further
explored its photochemistry by irradiating at 254 nm. For analysis, the growth pattern of
various signals, specifically other than those of 2-dehydropyrimidine radical (1a) have been
considered. The most intense signal at 2111.0 cm™ and another signal at 1585.5 cm™ have been
tentatively assigned to the first ring-opening N-centred radical (50) in comparison with the
computed vibrational spectrum. Since hydrogen abstraction by the iodine atom is less probable
(because of the two nitrogens adjacent to the radical center), ring-opening without the loss of
hydrogen could be responsible for the formation of the radical 50. Due to the fact that the
isonitrile group should be part of the molecule, we considered the C-N bond as a potential bond
to break. Since this radical species started appearing only after a certain time of irradiation at
254 nm, we assume that the 2-dehydropyrimidine radical (1a) as the source. Further upon
prolonged irradiation, all the signals corresponding to this radical completely disappeared
indicating intermediate nature of this species. All the observed signals corresponding to this
ring-opening radical intermediate (50) along with computed vibrational frequencies have been

listed in table A8 in appendix.

3.11.2 Formation of ring-opened products (Z)/(E)-17
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Scheme 3.6 Formation of ring-opened products (Z)/(E)-17 from of ring-opening radical

intermediate 50.
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These ring-opened products (Z)/(E)-17 have been observed upon irradiating 2-
dehydropyrimidine radical (1a) for prolonged time at 254 nm. This molecule (Z)-17 can be
formed via the loss of H atom from the ring-opened radical intermediate (50) under
photochemical condition. This ring-opened molecule (Z)—17 has intense absorption due to the
presence of isonitrile (-N=C) group in the 2200-2100 cm™ region and other characteristic
features due to the torsional motion of HC-CH in Z-form (around 700-800 cmt). Based on the
broadness and additional signals in the isonitrile region, and the torsional motion of HC-CH in
E-form (around 900-1000 cm™), we inferred the presence of trans isomer (E)—17. The observed
IR signals at 2121.0 cm™, and 759.0 cm™* have been assigned to the (Z)-17, whereas, the peaks
at 2122.5 cm™ and 929.0 cm™ have been assigned to the (E)—17 based on the comparison with
computed vibrational spectra at B3LYP/cc-pVTZ level of theory. Interestingly, we observed
the conversion of Z-isomer into the E-isomer upon irradiation at 254 and 365 nm, which not
only corroborates with the literature reports on benzyne and pyridine chemistry (Scheme 3.7)
under photochemical conditions but it is also useful in assigning the signals due to the two

species. [50:14]
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Scheme 3.7 Cis-trans (Z-E) isomerization in ring-opened products obtained from m-benzyne,

p-benzyne and 3,5-pyridyne.

Besides that, we have observed the isonitrile (-N=C) to nitrile (-C=N) isomerization at
254 nm along with Z-E conversion. However, at 365 nm irradiation only Z-E isomerisation has
been observed. Additional evidences for the assignment of these two species have been
obtained from the experiment with 2-iodopyrazine, where these two ring-opened products
(2)/(E)-17 are equally probable. Finally, the complete assignment of all the observed signals
corresponding to the ring-opening products (Z)/(E)-17 have been confirmed using the
computed vibrational frequencies at B3LYP/cc-pVTZ level of theory as listed in table A2 in

appendix.
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3.11.3 Formation of ring-opened products (Z)/(E)-26

2
’d

217 [ — || (B)17

Scheme 3.8 Cis-trans (Z-E) isomerization in (Z)/(E)-26 and (Z)/(E)-17 obtained from 2-
dehydropyrimidine radical (1a) upon irradiation at 254 nm.

Another pair of ring-opened products maleonitrile (Z)-26 and fumaronitrile (E)—26
have also been observed in the photochemistry of 2-dehydropyrimdine radical (1a), which are
one of the stable pairs of compounds of molecular formula CsH2N>. These two ring-opened
products (Z)/(E)—26 formed only at the later stage of irradiation at 254 nm from the previously
mentioned species (Z)/(E)-17 by isonitrile (-N=C) to nitrile (-C=N) isomerization. The
observed IR peaks assigned to maleonitrile are 760.0, 870.0, 1011.5, and 3066.5 cm™, and the
signals 945.5, and 3087.5 cm™ are assigned to fumaronitrile. These two ring-opened products
maleonitrile (Z—26) and fumaronitrile (E-26) are stable under matrix-isolation conditions and
do not undergo any further fragmentation. Further, the assignments for maleonitrile (Z)—26 and
fumaronitrile (E)-26 have been confirmed in other experiments using the precursor, 2-
iodopyrazine (46), and 3,6-diiodopyridazine (52). All observed signals corresponding to these
ring-opened products (Z)/(E)-26 along with the computed vibrational frequencies at

B3LYP/cc-pVTZ level of theory have been listed in table A3 in appendix.

3.11.4 Formation of fragmentation product 41

o
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Scheme 3.9 Formation of ring-opened radical intermediate 41 from 50 via HCN elimination.

85



Chapter 3: Matrix-Isolation FTIR Spectroscopic Studies of 2-iodopyrazine and 2-iodopyrimdine

The first ring-opened radical intermediate (50) from 2-dehydropyrimidine radical 1a,
also led to yet another radical intermediate 41, through a fragmentation step with the
elimination of HCN 12. Indeed, we observed the growth of signals due to HCN (3297, 727
cm~H1% and a signal at 2129 cm-1, which have been tentatively assigned to 41 with the help
of computed vibrational spectrum at (U)B3LYP/cc-pVTZ level of theory, under prolonged
irradiation at 254 nm. (Figure 3.4) During this condition, we observed the disappearance of 50.
Earlier we provided evidences for the formation of the ring-opened products (Z2)/(E)-17
indicating that 50 undergoes two parallel pathways through the C-H scission (to form
(2)/(E)-17) and fragmentation to form HCN and 41. Further, the radical intermediate (41) is
susceptible to C-H scission forming the fragmented products, which can be understood from
the continuous decrease in the intensity of the signal at 2129.0 cm™ upon continued irradiation
at 254 nm. All the observed signals corresponding to this ring-opened radical intermediate (41)

along with the computed vibrational frequencies have been listed in table A10 in appendix.

//'"_ e .
/ HI%’/, (i)
/ 41
< e
J @z (h)
I ANGEL
I S N’g_,,e_
\\"‘. .“j/ %/’/ (g)
(f)
"""""""""""" (e)
— : S N S R - |
< o @
S N S|
N Evixfi./:\._/—\ o (a)
2205 ZIZOO 218I~0 21|60 21110 2150 21(|}0 208I0 206|0 2050

Wavenumber (cm-)
Figure 3.4 Photochemistry of 2-dehydropyrimidine radical (1a) (Ar, 4 K). (a) Difference
spectrum after 254 nm irradiation (for 5 min); (b) the difference spectrum after 254 nm
irradiation (for 10 min); (c) the difference spectrum after 254 nm irradiation (for 15 min); (d)
the difference spectrum after 254 nm irradiation (for 25 min); (e) the difference spectrum after
254 nm irradiation (for 90 min); Computed vibrational spectrum (B3LYP/cc-pVTZ level of
theory, unscaled) of (f) ring-opened intermediate (50), (g) ring-opened product (2)-17, (h)
ring-opened product (E)-17, and (i) ring-opened intermediate (41).
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3.11.5 Isomerization and fragmentation products of 41
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Scheme 3.10 Formation of ring-fragmented small molecules HCCNC, HCCCN, HCCH and
CN radical from the ring-opened radical intermediate 41.

As mentioned before, the radical intermediate 41 can undergo fragmentation reaction
to form various stable and small molecules either via the H-atom loss or via-acetylene
formation. We have observed the stable HCCNC (39) (3328, 2033 cm™) HCCCN (16) (3315,
2269, 2076, 667 cm™) HCCH (6) (3289, 737 cm™) and CN (9) radical (2044.5 cm™) as ring-
fragmented products, whose origin has been ascertained to the radical intermediate 41. The
peaks corresponding to HCCNC (39) have been assigned as 3328 cm, 2033 cm™, and these
peaks match very well with the available literature values. Further, the HCCNC (39) undergoes
isomerization to HCCCN (16) via isonitrile (-N=C) to nitrile (-C=N) isomerization process at
254 nm. We have assigned the peaks at 3315, 2269 and 2076 cm™ to HCCCN (16), which are
available in the literature.[2! Along with these species, we observed the presence of CN radical
with the characteristic signal at 2044.5 cm™. We also observed the formation of acetylene as
the ring-fragmented product upon prolonged irradiation of 2-dehydropyrimdine (1a) at 254 nm.
Besides that, we have also observed the characteristic signals corresponding to acetylene and
HNC as HNC-C2H, complex at 3448.0 cm™, which is in good agreement with the reported
value.* Upon prolonged irradiation, we also observed the ring-fragmented products that
originate from radical intermediate 41. This radical intermediate (41) can also undergo
isomerization to another ring-opened radical intermediate (51) via isonitrile (-N=C) to nitrile
(-C=N) isomerization process at 254 nm, which can further lead to stable small molecule
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HCCCN (16) via H-atom loss. We observed two signals at 663.5 and 716.5 cm™ that have been
tentatively assigned to the radical intermediate 51.

3.11.6 Ring-opening through C4-N3 bond cleavage
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Scheme 3.11 Formation of second ring-opened radical intermediate 4 from 2-
dehydropyrimidine radical (1a).

2-Dehydropyrimidine radical (1a) can undergo ring-opening through different bond
cleavages under photochemical conditions as well. For instance, a bond scission at N3-C4 can
potentially lead to the radical intermediate 4. Apart from the ring-opened radical intermediate
(50), we also observed a set of signals at 1573.0, 1612.0, and 2182.0 cm™ with the most intense
and characteristic signal in the region of 1550-1700 cm™ (imine region), based on which this
can be assigned to the ring-opened radical intermediate (4). Upon further irradiation, such
signals exhibited disappearance, which provided further evidence that they belong to the same
species. Also, these observed signals showed a good agreement with the computed vibrational
frequencies of the ring-opened radical intermediate (4), which have been listed in the table A8
in appendix.

3.11.7 Formation of ring-opening products (Z)/(E)-10
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Scheme 3.12 Formation of ring-opening products (Z)/(E)-10 from of ring-opened radical
intermediate 4.

As indicated previously, the ring-opened radical intermediate (4) with the radical centre
at terminal carbon exhibited a decrease in intensity upon irradiation at 254 nm. Since the radical
can potentially lead to ring-opened (Z)/(E)-10 products through the loss of H-atom, we
tentatively assigned the signals that were growing in the region 1550-1700 cm™ to the ring-
opened species (Z)/(E)-10. The most intense and characteristic signal at 1593.5 cm™ and the
peak at 2197.0 cm™ have been assigned to (Z)-10 based on the computed vibrational spectrum

at B3LYP/cc-pVTZ level of theory. As we observed the Z/E-isomerisation upon irradiation at
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254 nm, we observed the signals corresponding to (E)—10 upon prolonged irradiation. The most
intense and characteristic signal of (E)—10 assigned to 1599.5 cm™ including the overlapping
signal of (Z)/(E)-10 at 2197.0 cm™. In addition, we observed characteristic signals in acetylenic
region for (Z)/(E)-10. Signal at 3318.0 cm™is assigned for (Z)—10 and the signal at 3319.5 cm
! has been assigned for (E)-10 based on the sequence of their appearance. (Figure 3.5 e, f and
g) All the observed signals corresponding to these ring-opened products (Z)/(E)-10 along with

computed vibrational frequencies have been listed in table A6 in appendix.

3.12 Ring-opening and ring-fragmented products and radical intermediates from
2-dehydropyrazine radical (3a)
3.12.1 Didehydropyrazine vs diazafulvenediyl carbene analogue

As described before, irradiation of 2-iodopyrazine at 284 nm led to the 2-
dehydropyrazine radical (3a), which has been understood from the behaviour at 365 nm
irradiation. Since the computed vibrational spectrum of 3a at (U)B3LYP/cc-pVTZ level of
theory has agreement only with a certain number of signals, the remaining signals may belong

to one or more species.
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Scheme 3.13 Formation of ring-opening products (Z)/(E)-42 from 2-dehydropyrazine radical
(3a).

The unassigned signals include the most intense signal at 1639.5 cm™. We considered
various possible radical species from the 2-dehydropyrazine radical (3a) as mentioned in
scheme 1. These include the isomeric iodopyrimidines (based on the possible photochemical
isomerization of pyrazine to pyrimidine)l® 2 3-didehydropyrazine (possible hydrogen
abstraction by the iodine atom), and 2H-imidazol-2-ylidenyl carbene 47 (based on the
isomerization of didehyropyrazine), etc. The carbene has been considered based on the possible
ring contraction step associated with o-benzyne under photochemical step, which consequently
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react to form a ketene due to reaction with CO within the cage, if phthalic anhydride is the
precursor.[®! Indeed, the fulvenediyl carbene has not been characterized yet. (6]

However, none of the species other than 47 exhibit a signal that can be accounted for
the observed signal at 1639.5 cm™, and so the new set of signals have been tentatively assigned
to the species (47). Moreover, the most intense signal due to the corresponding
didehydropyrazine 3-0-(2,3) is expected to exhibit its breathing normal mode around 450 cm™*
(420.5 cm™ at CCSD(T)/TZ2P), however, no such signal has been observed under our
experimental conditions, based on which we ruled this species out. Presumably, the ring
contraction step proceeded the hydrogen abstraction step that could be responsible for the
formation of 47. An additional evidence has been observed based on the ring-opening step at
350 nm leading to (Z)-42 (vide infra), under which condition the radical 3a underwent
recombination with the iodine atom. Indeed, the species 47 is expected to be a singlet carbene
as the adiabatic energy difference between the singlet and triplet state is 41.9 kcal/mol. Besides
that, the computed vibrational spectrum of singlet carbene (47) at B3LYP/cc-pVTZ level of
theory exhibited the most intense signal around 1672.2 cm~2. To gain further insights, we have
also calculated the vibrational spectrum of singlet carbene (47) at the gold standard method
CCSD(T)/TZ2P level of theory, where the most intense signal was estimated to be 1694.2 cm.
(Table A7 in appendix) These observations helped us in tentatively assigning the signals
corresponding to the carbene intermediate (47).

3.12.2 Ring-opening through C2-C3 bond cleavage
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Scheme 3.14 Formation of first ring-opened radical intermediate 40 from 2-dehydropyrazine
radical (3a).

During the prolonged irradiation of the matrix containing 2-dehydropyrazine radical
(3a) at 284 nm, we have observed a few other signals along with those due to pyrazine radical
(3a). One of the intense signals at 945.0 cm™ has been assigned to the ring-opening radical
intermediate (40). This radical intermediate has the most intense and characteristic signal at
985.5 cm™ in computed vibrational spectrum at B3LYP/cc-pVTZ level of theory and the rest
of the signals are relatively lower in intensity. Upon irradiating the matrix containing
photoproducts at shorter wavelength (254 nm), we observed that those signals corresponding
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to the ring-opened radical intermediate (40) started disappearing due to further fragmentation
of the radical intermediate (40) via H-abstraction of C-N bond cleavage and get completely
diminished at the later stage of irradiation. All the observed signals corresponding to this ring-
opened radical intermediate (40) along with computed vibrational frequencies have been listed
in table A9 in appendix.

3.12.3 Formation of ring-opening products (2)/(E)-42
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Scheme 3.15 Formation of ring-opened products (Z)/(E)-42 from the ring-opened radical
intermediate 40.

We have observed a few very intense signals in the region of 2200-2100 cm™ upon
prolonged irradiation at 284 nm. These signals appeared rapidly upon irradiation at shorter
wavelength (254 nm). We observed that signals corresponding to the radical intermediate (40)
were disappearing and the signals in the isonitrile region (2200-2100 cm) were appearing.
These new sets of signals were assigned to the ring-opened products (Z)/(E)-42. At the initial
stage of 254 nm irradiation, we observed three tiny signals next to each other and upon
prolonged irradiation the two signals were merged with the most intense third signal as
described in figure 3.3. We have closely looked at the computed vibrational spectrum of (Z2)—42
and (E)-42 at B3LYP/cc-pVTZ level of theory and found out that (Z)—-42 isomer exhibits a
split signal corresponding to two -N=C stretching modes (symmetric and anti-symmetric
combinations), whereas, (E)-42 has a single signal corresponding to the -N=C stretching. Based
on these computed spectra, we have assigned the signals of (Z)/(E)—42. Out of three tiny signals
at a very early stage of irradiation, two of them (red shifted ones) have been assigned to (Z2)—42
and the remaining signal has been assigned to (E)—42. As the irradiation at 254 nm continued,
the signals corresponding to (E)—42 grew due to the Z-E isomerization at 254 nm. In addition
to that, (Z)-42 and (E)—42 isomers have a characteristic signal in the ranges of 700-800 cm™
and 900-1000 cm™, respectively. We have observed these two signals upon prolonged
irradiation as they have lower intensity compared to the -N=C stretching. Signal at 756 cm™
has been assigned to the (Z)-42 isomer, and the signal at 915 cm™ has been assigned to the

(E)-42 ring-opening product. Upon continued irradiation at 254 nm, these ring-opened
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products (Z2)/(E)-42 have been converted into the (Z)/(E)-17 and (Z2)/(E)—26 with the Z-E
isomerization as well as by isonitrile (-N=C) to nitrile (-C=N) isomerization. Description of
ring-opening products (Z)/(E)-17 and (Z)/(E)—26 has been mentioned in the ring-opening of
2-dehydropyrimdine radical (1a). All the observed signals corresponding to these ring-opened
products (Z)/(E)-42 along with computed vibrational frequencies have been listed in table A4
in appendix.

3.12.4 Formation of ring-opening radical intermediate 41
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Scheme 3.16 Formation of ring-opened radical intermediate 41 from 40 via HCN elimination.

The first ring-opening radical intermediate (40) led to the ring-opening product
(2)/(E)-42 via the loss of H-atom as we discussed in the last section. This radical can also lead
to other fragments such as of the radical (41) via HCN (12) removal. The radical species (41)
was also observed in the photochemistry of 2-dehydropyrimidine (1a). All the signals
corresponding to species (41) have been described previously. Also, all the observed signals
corresponding to this ring-opened radical intermediate (41) along with computed vibrational
frequencies have been listed in table A10 in appendix.

3.12.5 Ring-opening through N1-C2 bond cleavage

Mt Z
sEst N
4
3a 38

Scheme 3.17 Formation of second ring-opened radical intermediate 38 from 2-
dehydropyrazine radical (3a).

The Cs symmetric 2-dehydropyrazine radical (3a) can lead to various ring-opening
channels. Apart from the ring-opened radical species 40, we have observed a new set of signals
along with the presence of various ring-opening products and radical intermediates during the
prolonged irradiation of the matrix containing 2-dehydropyrazine radical (3a) at 254 nm.
Radical intermediate 38 can be formed via C-N bond cleavage from 2-dehydropyrazine radical
(3a). We observed the set of signals (3318.0, 775.5, 674.0, 1198.5 cm™) upon irradiation at 254
nm. These signals have been tentatively assigned to the radical intermediate 38, which has the

most intense and characteristic signals in the acetylic region along with a few other signals.
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This ring-opening radical intermediate 38 can further dissociate and form stable ring-opening
products. All the observed signals corresponding to this ring-opened radical intermediate (38)
along with computed vibrational frequencies have been listed in table A9 in appendix.

3.12.6 Formation of ring-opening products (2)/(E)-37
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Scheme 3.18 Formation of ring-opened products (Z)/(E)-37 from the ring-opened radical
intermediate 38.

Upon prolonged irradiation at 254 nm, we observed a set of signals (at 3320.0 and
3312.0 cm™) in the acetylenic C-H stretching region 3250 — 3350 cm™ along with the
previously identified ring-fragmented products such as HCCNC (39) and HCCCN (16). Ring-
opening nitrogen centred radical intermediate 38 can lead to the stable ring-opened species
(2)/(E)-37 upon continuous irradiation at 254 nm via H-atom loss. Computationally the
vibrational spectra of (Z)-37 and (E)-37 exhibit the most intense signals at 3473.1 cm™ and
3472.3 cm™, respectively, followed by the second most intense signals at 553.7 cm™ and 695.1
cm for (2)-37 and (E)-37, respectively at B3LYP/cc-pVTZ level of theory. (Figure 3.5a-c)
We assigned the characteristic signals at 3320.0 and 504.5 cm™ for (2)-37 and 3312.0 and
623.5 cm™* for (E)-37. Also, all the observed signals corresponding to the ring-opened products

(2)/(E)-37 along with computed vibrational frequencies have been listed in table A5 in

appendix.
3.12.7 Formation of radical intermediate 19
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Scheme 3.19 Formation of ring-opened radical intermediate 19 from 38 via HCN elimination.

The ring-opened radical intermediate 38 can also dissociate further via HCN formation
upon prolonged irradiation at 254 nm. We observed a new set of signals (1060.5, 674.5, 505.0
and 3312.x cm™) upon continuous irradiation at 254 nm. (Figure 3.5 a, d) These new set of
signals have been assigned to the radical intermediate 19, which can also subsequently form
more stable small molecules HCCNC (39) and HCCCN (16) that have been identified.

Interestingly, this radical intermediate 19 can also form the stable small molecule HCNCC 45
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via H-atom loss from the acetylenic position having the most intense and characteristic signal
at 2102.0 cm™ as reported in literature, which we have seen in our experiments too and assigned
to HCNCC 45.
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Figure 3.5. Photochemistry of 2-dehydropyrimidine radical (1a) and 2-dehydropyrazine
radical (3a). (acetylenic C-H stretching region, Ar, 4 K) (a) Difference spectrum after 254 nm
irradiation (for 5 min) of 2-dehydropyrazine radical (3a); Computed vibrational spectrum
(B3LYP/cc-pVTZ level of theory, unscaled) of (b) ring-opening product (E)-37, (c) ring
opening product (2)-37, and (d) ring opening radical intermediate 19. (e) Difference spectrum
after 254 nm irradiation (for 15 min) of 2-dehydropyrimidine radical (1a); Computed
vibrational spectrum (B3LYP/cc-pVTZ level of theory, unscaled) of (f) ring-opening product
(2)-10, and (g) ring opening product (E)-10.
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3.13 Summary of photochemistry of 2-dehydropyrimdine (1a)

Through this investigation, we have successfully generated the 2-dehydropyrimidine
radical (1a) from its iodo- and chloro-precursors in argon matrix at 4 K. Based on the behaviour
at 350 nm irradiation condition and in comparison, with the computations, majority of the
signals due to the target 1a have been unambiguously assigned. Further two important ring-
opened radical intermediates 4 and 50 and the formation of a subsequent isomeric species with
molecular formula C4H2N2 through the loss of hydrogen atom have been confirmed and all of
them have been characterized. Apart from that, many fragmentation products have also been
characterized under prolonged irradiation conditions at 254 nm. The complete photochemistry
of 48 has been described in the scheme 3.20.
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Scheme 3.20 Observed photochemistry and ring-opened channels in 2-dehydropyrimidine
radical (1a).
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Figure 3.6 Observed photochemistry, ring-opened and ring-fragmented products, and intermediates from of 2-dehydropyrimidine radical (1a) at

254 nm irradiation in the region (a) 400-1000 cm~!; (b) 1560-2300 cm.
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3.14 Summary of photochemistry of 2-iodopyrazine

In a similar way as in the case of 2-iodopyrimidine, we have successfully generated and
characterize the 2-dehydropyrazine radical 3a from the 2-iodopyrazine precursor upon
irradiation at 284 nm. This dehydro-pyrazine radical 3a along with iodine atom showed a
wavelength dependent reversibility with its precursor 2-iodopyrazine upon irradiation at 365
nm and 284 nm. Further, irradiation at 254 nm led to the photochemistry of dehydropyrazine
radical that produced photo-fragmented products. Some of the photo-fragmented products are
HCCCN, HCCNC and HCN complex. Some of the peaks corresponding to the photo products
are unassigned. Furthermore, a few different ring-opened radicals out of the pyrazine radical
and the formation of a subsequent isomeric species with CsH2N2 molecular formula through
the loss of hydrogen atom have also been observed. Almost all of them have been characterized
with the data collected from the photochemistry of 2-iodopyrimidine and computational
vibrational spectra. The complete photochemistry of 46 has been depicted in the scheme 3.21.
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Scheme 3.21 Observed photochemistry and ring-opening channels in 2-dehydropyrazine
radical (3a).
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Figure 3.7 Observed photochemistry, ring-opened and ring-fragmented products, and intermediates from of 2-dehydropyrazine radical (3a) at 254
nm irradiation in the region (a) 500-1200 cm; (b) 1900-2300 cm™.,
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Chapter 4. Matrix-lIsolation FTIR Spectroscopic Studies of 3,6-
diiodopyridazine and 4,6-diiodopyrimidine

Generation and characterization of heterocyclic biradicals is both interesting and also
very complex due to the presence of various possible interactions such as radical-radical,
radical-lone pair and lone pair-lone pair interactions, which influence their stability as well as
their reactivity.[!l Simplest aromatic biradicals (ortho-, meta- and para-benzynes) have been
generated and characterized in which radical-radical interaction dictates the reactivity.!?!
Introducing one heteroatom (nitrogen) in benzynes increases the complexity as well as the
possibility of forming a wide range of photo- and thermal-products from didehydropyridynes
(pyridine analogues of benzyne).[! Additional nitrogen (by replacing a second CH) in
pyridynes results in isomeric biradicals of diazines (didehydrodiazines). We have chosen the
3,6-didehydropyridazine and 4,6-didehydropyrimidine biradicals as our experimental target as
they represent diazine analogues of para- and meta-benzyne, respectively.

Although the targets 3,6-didehydropyridazine and 4,6-didehydropyrimidine biradicals
are structurally simple but the complexity that arises due to various interactions and reactivity
pattern that makes them intriguing biradicals. The major interactions include, (i) lone pair-lone
pair interaction (comparable to the pyridazine), (ii) radical-lone pair interactions (similar to
the 3-dehydropyridazine radical) and, (iii) spin-spin interactions (analogous to the p-benzyne).
Overall, reactivity and stability aspects of these biradicals are strongly influenced by the
combination of all the above-mentioned interactions (Scheme 4.1). Such a complex interplay

of four centered- six-electrons (4c-6e-) interactions can render multiconfigurational character.
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Scheme 4.1 The meta-and para-benzyne and their pyridine and diazine analogues with various

possible orbital interactions.

100



Chapter 4: Matrix-Isolation FTIR Spectroscopic Studies of 3,6-diiodopyridazine and 4,6-diiodopyrimidine

We have considered 3,6-diiodopyridazine and 4,6-diiodopyrimidine as potential
precursors, owing to the photolabile C-1 bonds as discussed in the previous chapter.
Photochemical experiments have been performed under matrix-isolation conditions at

cryogenic temperature (4 K).

4.1 Deposition of 3,6-diiodopyridazine (52)

The sample 3,6-diiodopyridazine (purchased from Sigma Aldrich, 97% purity white to
beige color in crystals or flakes form) is used without any further purification and is sublimed
at 170°C-180 °C. A sample of 3,6-diiodopyridazine has been deposited for 120 minutes along
with excess amount of argon to form a matrix at 4 K. The matrix-isolated precursor showed
prominent and sharp infrared features at 1374.0 and 1098.5 cm™, along with few weak signals
around 1020.0 and 822.0 cm™. Upon comparison of the matrix-isolated spectrum with the
computed spectrum at B3ALYP/DGTZVP level of theory, we observed that the precursor 3,6-
diiodopyridazine (52) has indeed been deposited over the cold KBr window without any signs

of decomposition during the deposition process. (Figure A9 in appendix)

4.2 Photochemistry of 3,6-diiodopyridazine (52)

After the characterization, the matrix containing the precursor 3,6-diiodopyridazine
(52) has been irradiated at 254 nm, and the photochemistry is followed by infrared
spectroscopy (Figure 4.1). Due to the irradiation, the signals corresponding to the precursor
have shown a decrease in intensity, whereas few new peaks at 760.0, 870.0, 1011.5, and 3066.5
cm® have shown an increase in intensity. After 12 minutes irradiation, we have observed only
these features, whereas when the duration of irradiation was extended, additional signals at
945.5, and 3087.5 cm™ appeared. Incidentally, the peak at 1011.5 cm™ has also exhibited a
slight increase indicating that this feature is common in both the sets of signals. By inspecting
these two sets, the sequence of their growth and the characteristic features at 760.0 and 945.5
cm™, we have tentatively assigned them as maleonitrile (Z)-26, and fumaronitrile (E)-26,
respectively. The tentative assignments have been further confirmed by comparing the
experimental data with the computed spectral data at B3LYP/cc-pVTZ level of theory for both
the species and shows an excellent agreement within experimental shifts. (Figure 4.1 and Table
A3 in appendix) Also, the assignment for maleonitrile (Z)-26 and fumaronitrile (E)-26 signals
have been confirmed with the photochemical data obtained in the 2-iodopyrazine (46) and 2-

iodopyrimidine (48).
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Figure 4.1 FTIR spectral data (as region-wise splits) on the photochemistry of 3,6-
diiodopyridazine 52 in an argon matrix at 4 K. (a) Difference spectrum after 12 min irradiation
at 254 nm on the matrix isolated 52. (Bands pointing downwards belong to the precursor 52,
and those pointing upwards belong to the ring opening product (Z)-26.) (b) Difference spectrum
after 32 min irradiation at 254 nm on the matrix isolated 52. (Bands pointing downwards belong
to the precursor 52, and those pointing upwards belong to the ring opening products (Z)-26 and
(E)-26.) (c) Difference spectrum indicating the photochemical isomerization of (Z)-26 into (E)-
26 by 254 nm irradiation. (d) Computed spectrum of (2)-26. (B3LYP/cc-pVVTZ level of theory,
unscaled); (¢) Computed spectrum of (E)-26. (B3LYP/cc-pVTZ level of theory, unscaled); The
figure here does not show the spectral range between 1500 — 3000 cm~* as no significant signal,

except from the CO/CO2 impurity, was seen in this region for this set of experiments.

Based on the experimental observation of (Z)-26 under photochemical conditions, we
inferred the plausible intermediacy of 3,6-didehydropyridazine biradical 56. However, we have
not observed any signal that can be accounted for the biradical 56 other than those
corresponding to (Z)-26 and (E)-26. The same experiment has also been performed in nitrogen
matrix. Indeed, a similar set of signals corresponding to (Z)-26 and (E)-26 have been observed
in this case as well. Since, two symmetric C-I bonds are present in the precursor, a step-wise

cleavage of the precursor can lead to a monoradical 53, whereas the simultaneous breaking
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generates the target biradical 56. However, both of them have not been observed under the
given experimental conditions. Indeed, the retro-Bergman cyclization of the biradical 56 can
open in two possible ways, via (i) N1-N2 bond cleavage to the (Z)-26, and (ii) C4-C5 bond
cleavage leading to the azo-derivative (Z)-57. Since the observed products are (Z)-26 and (E)-
26, the ring might have opened by N1-N2 bond breaking (Scheme 4.2). Apparently, the
formation of (E)-26 happened only at the later stage of irradiation confirming the (Z)-26 as its
origin. The combined photochemistry of the 3,6-diiodopyridazine 52 is indicated in scheme
4.3.
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Scheme 4.3 Photochemistry of 3,6-diiodopyridazine 52

103



Chapter 4: Matrix-Isolation FTIR Spectroscopic Studies of 3,6-diiodopyridazine and 4,6-diiodopyrimidine

4.3 Computational analysis and mechanistic aspects

Since the photochemistry experiments in argon and nitrogen matrices did not provide
direct evidence for the desired biradical, we shifted our focus towards the computational
aspects of 3,6-didehydropyridazine 56. In this regard, we attempted the electronic structure
calculations related to the geometry and stability of 56. In addition, mechanistic studies have
also been carried out to obtain the reason for the absence of biradical 56 by photolysis of the
precursor 3,6-diiodopyridazine 52. Various levels of theory were adopted for optimizing the
singlet state 3,6-didehydropyridazine 56, however, we could not locate the structure
corresponding to an energy minima. All our attempts in optimizing the singlet state biradical
led only to a ring-opened structure, an acyclic species (Z)-26 through N-N bond cleavage.
Indeed, previous attempts towards optimizing the 3,6-didehydropyridazine 56 in its singlet
ground state also failed that led only to ring-opened structure.[ The same trend was observed
even at the multireference CASSCF calculations. On the other hand, the triplet state structure

could be optimized to a stable minimum at DFT and CASSCF levels of theory.

In order to understand the stability aspects of the biradical 56, we have performed
molecular orbital analysis in comparison with the parent pyridazine 2 and 3-dehydropyridazine
2a (Figure 4.2). In this regard, the multireference CASSCF calculations have been performed
for pyridazine 2, 3-dehydropyridazine 2a, and 3,6-didehydropyridazine 56 in their singlet and
triplet states. The MOs and their occupancies have been analysed and helped in obtaining
insights into various interactions in biradical 56. Also, such analysis has been utilized in the
identification of through space (TS) and through bond (TB) interactions, which can render
stability. Previously, Gleiter et al. have investigated the lone pair—lone pair interactions in
diazines and pointed out that dominating TS and TB interactions led to a wider separation of
the two lone pair orbitals.[5! Due to the spatial proximity of lone pairs and maximum influence
of such interactions, the splitting between the orbitals in pyridazine has been experimentally
determined to be high (2.0 eV).
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Figure 4.2 Optimized geometries (B3LYP/cc-pVTZ level of theory; selected bond distances
(in A) in red, and bond angles (in degrees) in purple are indicated), and molecular orbitals
(CASSCF/cc-pVDZ level of theory for pyridazine 2, 3-dehydropyridazine radical 2a, triplet
and singlet 3,6-didehydropyridazine 56 with an active space (10,8), (11,9), (12,10) and (12,10),
respectively. (All the MOs have been rendered at an isovalue of 0.05, and the corresponding
orbital occupancies are indicated; For the singlet state of 56, optimized geometry from the

triplet state has been utilized.)

105



Chapter 4: Matrix-Isolation FTIR Spectroscopic Studies of 3,6-diiodopyridazine and 4,6-diiodopyrimidine

On the other hand, creation of a radical centre adjacent to one of the nitrogen atoms in
2, the TS interaction between the radical and the nitrogen (2a) electrons dominates.® This has
been confirmed based on the lowering of proton affinity relative to the parent, and the ordering
of orbitals corresponding to symmetric and antisymmetric combinations of radical and adjacent
lone pair. Now, on the addition of yet another radical centre in 2a results in the biradical 56
which can be stabilized only in a triplet state. Indeed, the ®B,-56 has degenerate SOMOs that
correspond to the biradical orbitals with bonding and anti-bonding combinations.
Counterintuitively, a stable biradical 56 at a singlet state demands one of the orbitals (an
antisymmetric combination of the radical orbitals) to be a low-lying (HOMO). In such scenario,
the involvement of antisymmetric combination of nitrogen lone pairs in the HOMO orbital

could be the driving force behind the destabilization of the singlet state.

For understanding the selectivity in the ring-opening channels, optimized geometries
of both the products (Z)-26, and (Z)-57 have been compared (Figure 4.3). The interatomic
distance between the two nitrogen atoms in (2)-57 is found to be 1.268 A, which is shorter than
that of pyridazine 2 (1.328 A), or the dehydropyridazine radical 2a (1.354 A). The prevailing
lone pair—lone pair repulsion is a plausible reason for the non-formation of (Z)-57 through the
C-C ring-opening channel. Furthermore, the HOMO-LUMO gaps in both the ring-opening

products also corroborate with this assumption.
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Figure 4.3 Optimized geometries (selected bond distances (in A) and molecular orbitals at
B3LYP/cc-pVTZ level of theory; for maleonitrile (Z)-26 and Z-diethynyldiazene (Z2)-57.
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For understanding the potential energy surfaces of biradical 56, the thermal ring-
opening channels have also been considered, and the intrinsic reaction coordinate (IRC)
analysis corresponding to both the ring-opening products have been carried out (Figure 4.4a).
Transition state corresponding to the C-C bond breaking has been located on the PES using
QST2 method. Further, IRC analysis has been performed to locate the full PES for reactant and
the product geometries. Both the TS and IRC analysis have been performed at B3LYP/cc-
pVTZ, M06-2X/cc-pVTZ, and CASSCF(6,5)/cc-pVDZ levels of theory. On the computed IRC
path, we observed that TS corresponding to C-C bond cleavage led to the product (Z)-57 in the
forward direction. On the other hand, IRC path in the reverse direction originating from the
same TS led to the ring-opening product (Z)-26, instead of locating the 3,6-
didehydropyridazine 56 as a minimum (Figure 4.4a). The inspection of the geometries involved
in the reaction pathway reveals the increasing N-N distance along the down-hill path leading
to the thermodynamically more stable ring-opened product (Z)-26. Presumably, this is
responsible for the failure of optimizing the energy minima of the biradical 56. On the other
hand, the ring-opening product (Z)-57 is energetically high-lying that is connected by a
transition state. Thus, the ring-opening towards (Z)-26 is controlled by both the thermodynamic
as well as kinetic factor.
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Figure 4.4 Potential energy surfaces involving: (a) the biradical 56 and the two possible ring-
opening products (Z)-57, and (Z)-26 (B3LYP/cc-pVTZ level of theory); (b) the possible ring
opening channel of the monoradical 53 (B3LYP/DGTZVP level of theory).

In yet another possibility, the 3-dehydro-5-iodopyridazine monoradical 53 can directly
lead to the ring-opening before the formation of the biradical 56. In this regard, we also

considered the thermal ring-opening channels arising from 53 (Figure 4.4b). Due to the
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presence of iodine, we characterized this channel at B3LYP/DGTZVP level of theory. Here,
we estimated the first C-1 bond dissociation energy of the diiodopyridazine 52, which is found
to be 61.1 kcal/mol. Typically the second C-H BDEs in benzene are found to be lower than the
first BDEs due to the TS or TB stabilizing interaction between the two radical electrons in the
ortho-, meta-, and para-benzynes.[’ Hence, the second C-1 bond dissociation energy is also
expected to be lower, however, the failure of optimizing the biradical 56 means, such
estimation is impossible in this case. On the other hand, attempts have been made to obtain the
barriers for the thermal ring-opening channels of the monoradical 53 as well. Surprisingly, the
ring-opening of 53 happened only through the N-N bond cleavage with an estimated barrier of
10.6 kcal/mol, whereas the transition state corresponding to the C-C bond cleavage could not
be located. Similar to the previous case, the ring-opened radical 55 has also been part of a
downhill potential energy surface and so led to simultaneous ring-opening as well as the
expulsion of iodine to form (Z)-26 (Figure 4.4b). Based on this barrier, we concluded that the
direct ring-opening of monoradical 53 to form (Z)-26 is quite unlikely under matrix isolation
conditions. This also indicates that the photochemical step is necessary, which can lead to the
cleavage of another C-I bond along with the ring-opening step.

To shed further light in to the failure in trapping the biradical 56, we also inspected the
thermal ring-opening steps in the cases of p-benzyne 58 and 2,5-pyridyne 60 (Figure 4.5). The
estimated barriers for ring-opening in para-benzyne is found to be in the range 4.1 to 8.7
kcal/mol at different levels of theory, which are consistent with earlier reports.[e However,
upon introduction of a nitrogen atom, the symmetry of the biradical reduces that leads to two
different channels with different barriers. Particularly, the C-C bond breaking is almost 20
times higher in barrier compared to the C-N bond cleavage. Indeed, the C-N bond cleavage
channel is found to be susceptible at different levels of theory. At the (U)B3LYP level, we
observed a favourable ring-opening with an estimated barrier of 1.0 kcal/mol, however upon
changing to the M06-2X, CCSD(T) levels, it showed a barrierless step, which is very similar
to 3,6-didehyropyridazine 56. In this context, the role of nitrogen is very critical for the ring-
opening and additional nitrogen makes the ring-opening even more facile. Indeed, the
inspection of activation parameters associated with both channels in 2,5-pyridyne 60 revealed
a substantial positive enthalpy factor (22.1 kcal/mol) and a small entropy factor (1.5
cal/K.mol), which makes it energetically unfavorable towards the C-C bond cleavage. (Table
4.1). Whereas, a small barrier with 1.0 kcal/mol and 0.1 cal/K.mol corresponding to enthalpy
and entropy factors, respectively drive this reaction towards the C-N bond cleavage, leading to
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a thermodynamically more stable product (2)-62. With the additional nitrogen, the barrier can

shrink even further and hence, in the case of 56, the reaction behaves very similarly towards
the N-N bond breaking.
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Figure 4.5 Energy profiles of (a) p-benzyne 58, and (b) the biradical 60 connecting to the two

possible ring-opening products (Z)-61 and (Z)-62 (The energy values relative to the biradicals
are indicated. Bold: B3LYP/cc-pVTZ, Normal: M06-2X/cc-pVTZ and Italics: CCSD(T)/cc-

pVTZ/I B3LYP/cc-pVTZ)

Table 4.1 Change in thermodynamic parameters of thermal ring-opening channels in 2,5-
didehydropyridine (60) and p-benzyne (58) at (U)B3LYP/cc-pVTZ (bold) and (U)M06-2X/cc-
pVTZ (normal) levels of theory.
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4.4 Photoisomerization of (Z)-26 to (E)-26

During the continuous irradiation at 254 nm, we observed that maleonitrile (Z)-26 is
getting converted to a more stable isomer fumaronitrile (E)-26 through photochemical
channels. A few experimental reports are already existing on the light induced cis-trans
isomerization in matrix conditions.’! Although, the photoisomerization between anionic
maleonitrile to its isomer has been investigated as a barrierless pathway, the exact mechanism
for the photoisomerization of the neutral analogue has not been explored yet.['l Therefore,
computational investigation would be interesting to explore the photochemical pathways of
this system. In this regard, we have performed the SA-CASSCEF calculations for understanding
the photochemical conversion of (2)-26 to (E)-26.

The vertical excitation energy calculation is performed by using EOM-CCSD method
with cc-pVDZ basis set. The MP2/cc-pVDZ optimized ground state geometry was used for this
calculation. The excitation energies and oscillator strengths for valence singlet excited states
S1to Sz are shown in table 4.2. The first excited state can be assigned as 7- 7* type transition.
Its oscillator strength is found to be 0.401, which supports this assignment. From natural orbital
analysis, it can be further confirmed that S: transition originates from =n-type orbital
(delocalized over C=N perpendicular to the molecular plane) to n-type orbital, which is a
localized anti-bonding m-orbital with dominant contributions from C and N atoms. The
calculated excitation energy is found to be 6.429 eV, which lies in deep UV range. The second
excited state can also be assigned as a - ©* type transition. Its oscillator strength is found to
be 0.00. From natural orbital analysis, it can further be confirmed that S, transition originates
from n-type orbital (delocalized over C=N in the molecular plane) to the n-type orbital, which
is a localized anti-bonding m-orbital with dominant contributions from C and N atoms. The
transition between two orthogonal w-orbitals result in net oscillator strength to be zero. The
calculated excitation energy is found to be 6.652 eV, which again lies in deep UV range. We
have also calculated transition energies with SA3-CAS(50,6e)/cc-pVDZ method. The value of
transition energy is found to be 7.23 eV and 7.88 eV, respectively.
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Table 4.2 The vertical excitation energies of maleonitrile and fumaronitrile .

Maleonitrile (Z)-26 Fumaronitrile (E)-26

& S3 5% S 5=
) =~ S B =~ ==
@ Nature of transition g “’% = g Nature of transition g “’é = g
w <= ow w = ow
(D) (D)
6.429 6.549
— ¥ _ ok
S -7 (7.232) 0.401 T- T (6.950) 0.541
6.652 6.803
_ gk S
S, T-T (7.881) 0.000 -7 (7.490) 0.000

&The vertical excitation energies at EOM-CCSD level of theory with cc-pVDZ level of theory
(normal) and SA3-CAS(50,6e)/cc-pVDZ level of theory (in the parentheses) are indicated;
bOscillator strength (f) at EOM-CCSD/cc-pVDZ level of theory.

In order to establish the cis-trans photoisomerization pathways in (Z)-26, geometry
optimization has been performed for all the key species and intermediates involved in ground
and excited state potential energy surfaces. The minimum energy structure corresponding to
the conical intersection has been optimized at the CASSCF/cc-pVDZ level of theory.
Additionally, we also found a transition state on the S surface, which leads to the S1/So-MECI.
All the key parameters of the optimized geometries have been given in Figure 4.6 and Table
4.3. The optimized ground state geometry of maleonitrile (Z)-26 has a planar Cyy structure. The
key features of So structure at CASSCF/cc-pVDZ level are as follows: the central C=C (C3-
C4) bond distance is 1.298 A, the two C-C bond distances (C2-C3 and C4-C5) are 1.467 and
1.451 A and two C=N bond distances (N1-C2 and N6-C5) are 1.190 and 1.129 A, respectively.

S,/S,-MECI-26

S,-(2)-26

Figure 4.6 CASSCF(6,5)/cc-pVDZ geometries (in A) for the So-(Z)-26, S1-(Z)-26 and S1/So-
MECI-(2)-26.
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Table 4.3 Bond angles and dihedral angles (in deg) corresponding to the So, S1,and S1/So-
MECI geometries of (Z)-26 from the CASSCF(6,5)/cc-pVDZ level of theory.

Bond Angles

Species N1C2C3  C2C3C4 C3C4C5 CAC5N6  C4AC3H8  C3C4H7

So-(2)-26 172.76 125.86 124.24 177.10 118.58 120.42
S1-(Z)-26 178.64 125.02 122.11 178.27 120.93 119.38

S1/So-MECI 177.70 122.25 75.34 173.15 123.55 142.37

Dihedral angles

Species N1C2C3C4 C2C3C4C5 C3C4C5N6 C5C4C3H8 C2C3C4HY

So-(Z)-26 180.00 0.00 180.00 180.00 180.00
S1-(Z)-26 180.00 0.00 0.00 180.00 180.00
S1/So-MECI 112.29 99.70 173.8 90.43 82.86

The first excited state geometry Si-(Z)-26 also has a planar structure with a Cs
symmetry. The major difference between the So and S state structures are the following: (a)
the central C=C (C3-C4) bond elongated by 0.104 A; (b) the two C-C bond distances shortened
by 0.131 (C2-C3), and 0.036 A (C4-C5), respectively; (c) the two C=N bond distances are
elongated by 0.119 (C2-N1), and 0.009 A (C5-N6), respectively. Elongation of C=C bond and
C=N bonds are in agreement with n- * nature of the S1 state, which weakens the bond strength
due to the excitation of an electron to an anti-bonding ©* orbital. On the other hand, the
contraction of C2-C3 and C4-C5 bonds indicates a partial double bond character at the S; state.

Through geometry optimization, a MECI structure on S1/So seam has been located. It
is primarily a non-planar twisted geometry. The optimized geometry corresponding to the
S1/So-MECI-(Z)-26 revealed a torsional change involving C=C (C3-C4) bond. By comparing
MECI and S; state structures, it is found that the main deformation is an out-of-plane motion
involving the dihedral angles, N1C2C3C4, C2C3C4C5 and C2C3C4H7. More importantly, to
attain the MECI optimized structure along the S: surface, the bending at C4C5NG, the planar
deformation along C2C3C4C5, and also the elongations in C3-C4 and C=N (C5-N6) bonds are
required to undergo changes. Indeed, these results are quite similar to the reports on the cis-

trans isomerization of acrylonitrile, crotonitrile and methylacrylonitrile by Schuurman and co-
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workers.[!2] In this regard, we also attempted to locate a transition state along the S surface
connecting to the MECI geometry but it was unsuccessful.

The MECI is further characterized by g-, h-vectors and topographical parameters. The
g-, and h- are defined as gradient difference (g) and derivative coupling (h) vectors. In this
regard, we have visualized these vectors, and are depicted in figure 4.7. The g-vector is
primarily a bond-alteration coordinate and h-vector is twisting motion about C=C (C3-C4)
bond. Geometry changes along the g-vector led to the more stable (E)-26 isomer, whereas, the
h-vector led to the (Z)-26 isomer originating from the MECI. Using these g- and h-vectors, the
surfaces along So and Si have been generated around the MECI (Figure 4.7b). The plots of
branching space PESs clearly show that the MECI is vertically oriented CI, suggesting an

efficient non-adiabatic population transfer through this CI.
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Figure 4.7 (a) The gradient difference (g) and derivative coupling (h) vectors of S1/So-MECI-
(2)-26, those lift the degeneracy around the minimum energy conical intersection (MECI),
were computed with CASSCF(6,5)/cc-pVDZ level of theory; (b) Generated S: and Sp surface

along the g and h-vector.
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After optimizing the key species involved in the surfaces So, and S1, the reaction path
for cis-trans isomerization have been rendered by calculation of linear interpolated coordinate.
After looking carefully at these structures, the reaction coordinate can be approximated as
H8C3C4H?7 dihedral angle. To do so, a single point energy calculation has been performed by
varying the same dihedral angle. Based on a 1D-potential energy cut, the photo-relaxation
mechanism can easily be deduced. Firstly, the molecule relaxes from Franck-Condon (FC)
structure to a minimum energy structure on Sz electronic state without any barrier. (Figure 4.8)
At the MECI, the ground state and the first singlet excited state surfaces turned out to be
degenerate, which is responsible for the molecules to enable rotation along the dihedral
H8C3C4H7, and relax back to the So state either as (E)-26 (product) or (Z)-26 (reactant).
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Figure 4.8 Potential energy curves along the isomerization of (Z)-26 into (E)-26 at
CASSCF(6,5)/cc-pVDZ level of theory.

The relative energies of all key structures with respect to FC structure are shown in the
Figure 4.9, where the structures have been placed on the x-axis in a decreasing order of energy
of their S; state. After initial relaxation, an in-plane deformation involving the elongation of
C=C (C3-C4) and C=N bonds takes FC structure to S; minima that lowers the energy of S:

state by 0.70 eV. Twisting around C=C bond and bending motions convert the S; state planar
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to MECI structure, where the energy gap vanishes. Therefore, static calculations confirm the
experimental observation. Upon irradiation of light, (Z)-26 relaxes to the ground state of (E)-
26 through radiation-less transition by accessing MECI, which provide efficient funnel for

photo-relaxation.
8-
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Figure 4.9 Relative energies of Sp and S; states with respect to FC structures towards the MECI
geometry.
4.5 Summary of photochemistry of 3,6-diiodopyridazine:

Through these investigations, we attempted at the direct observation of the biradical
3,6-didehydropyridazine 56 using matrix isolation infrared spectroscopy. However, due to the
thermodynamic instability, we were unable to trap this traceless p-benzyne analogue. DFT and
ab initio calculations involving multireference predicted the biradical to be a stationary point
in the downhill pathway of the potential energy surface leading to the ring-opened product
maleonitrile (Z)-26. Using the MO analysis, and the reaction mechanistic studies, the reasons
for the instability and the barrierless ring-opening have been ascertained. Alternative pathways
like the formation of direct ring-opening from the monoradical 53 has been ruled out based on
the computations. Furthermore, the interesting cis-trans isomerization between maleonitrile to
fumaronitrile has been monitored by experiments. The involvement of the S: state

isomerization through a MECI has been computationally confirmed.
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4.6 Deposition of 4,6-diiodopyrimidine (63)

The precursor 4,6-diiodopyrimidine (63) has been synthesized from the commercially
available 4,6-dichloropyrimidine using the standard literature procedure.[2 4 6-
Diiodopyrimidine (63) precursor has been deposited at 50 °C under high vacuum for 60 min
with Ar gas kept at a flow rate of 5 sccm. Matrix-isolated infrared spectrum of 4,6-
diiodopyrimidine (63) at 4 K exhibited prominent features at 1510.0, 1498.5, 1425.5, 1400.5,
1260.0, 1074.5 and 719.0 cm™. (Figure A10 in appendix) The comparison of the IR spectrum
of 4,6-diiodopyrimidine (63) with the computed vibrational spectrum at B3LYP/DGTZVP
level of theory showed excellent agreement with majority of the signals within usual shifts due
to matrix.

4.7 Photochemistry of 4,6-diiodopyrimidine (63)

After the characterization, the matrix containing the precursor 4,6-diiodopyrimidine
(63) has been subjected to irradiation at 254 nm, and the photochemistry is followed by infrared
spectroscopy (Figure 4.10). Due to the irradiation, the signals corresponding to the precursor
show a decrease, whereas a few new peaks at 1599.5, 1593.5, 2091.0, 2120.5, 3310.0 and
3313.5 cm? show a growth. Upon extended irradiation time, additional signals at 2045.5,
2269.0 and 3315.0 cm™ have started appearing. By inspecting these two sets of signals, the
sequence of their growth and the characteristic features in isonitrile (-N=C) stretching (2200-
2100 cm™), imine (-C=N-) stretching (1550-1650 cm™) and acetylenic C-H stretching (3250-
3350 cm™?) regions, we have tentatively assigned them as a part of ring-opening products (Z)-
66, and (E)-66, respectively, which presumably originated through an 4,6-didehydropyrimidine
biradical (65) intermediate. The tentative assignments have been further confirmed by
comparing the experimental data with the computed spectral data at the B3LYP/cc-pVTZ level
of theory for both the species and have shown an excellent agreement within their experimental
shifts (Figure 4.10 and Table A1l in appendix). However, we have not observed any signals
corresponding to 4,6-didehydropyrimidine biradical (65) in our experiment based on the
computationally predicted IR signals (B3LYP/cc-pVTZ: 1486.4, 886.5, 1195.2, and 621.8 cm”
1CCSD(T)/TZ2P: 1501.2, 928.6, 832.6 and 1329.6 cm™) estimated in the singlet ground state.
In addition to the ring-opening products (Z)-66 and (E)-66, we observed the signals
corresponding to ring-fragmented products HCN, CN radical and cyanoacetylene HCCCN. All
the observed signals corresponding to these ring opening products (Z)/(E)-66 along with

computed vibrational frequencies have been listed in table A1l in appendix. Also, the
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computed vibrational frequencies of 4,6-didehydropyrimidine biradical (65) at B3LYP/cc-
pVTZ and CCSD(T)/TZ2P level of theory are mentioned in table A12 in appendix.
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Figure 4.10 FTIR spectral data (as region-wise splits) on the photochemistry of 4,6-
diiodopyrimidine 63 in an argon matrix at 4 K. (a) Difference spectrum after 40 min irradiation
at 254 nm on the matrix isolated 63. (Bands pointing downwards belong to the precursor 63,
and those pointing upwards belong to the ring-opening product (Z2)-66 and (E)-66 and ring-
fragmented products); (b) Computed spectrum of (Z)-66. (B3LYP/cc-pVTZ level of theory,
unscaled); (c) Computed spectrum of (E)-66. (B3LYP/cc-pVTZ level of theory, unscaled).

4.8 Summary of photochemistry of 4,6-diiodopyrimidine (63)

We attempted to characterize 4,6-didehydropyrimidine biradical (65) from the 4,6-
diiodopyrimidine 63 precursor using photolysis method. We could not isolate or characterize
the targeted biradical under photochemical condition and ended up with the ring-opening
products ((Z)-66 and (E)-66) and ring-fragmented products HCN, HCCCN and CN radical as

mentioned in scheme 4.4.
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Scheme 4.4 Photochemistry of 4,6-diiodopyrimidine 63
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Chapter 5. Electronic Structure of Didehydrodiazine biradicals

5.1 Introduction

In the earlier chapter, we described our attempts to generate and characterize
dehydrodiazine biradicals (56 and 65) from the precursors 3,6-diiodopyridazine 52 and 4,6-
diiodopyrimidine 63. We could not detect or characterize those target biradicals, instead only
ring-opening products were observed. Although these ring-opened products are expected to be
formed from the biradical intermediates, presumably the stability of the biradicals did not allow
detection under matrix-isolation conditions. As discussed before, the 3,6-didehydropyridazine
biradical 56 is found to be unstable (or non-existent) in singlet state and directly undergoes a
barrierless ring-opening to form maleonitrile. However, this biradical is stable in its triplet
state. Also, during the investigations on radicals, 2-dehydropyrazine 3a and 2-
dehydropyrimidine radicals 1a, one of the potential pathways under photochemical
consideration is the loss of the hydrogen atom in forming biradicals prior to the ring-opening
products formation. These instances motivate us to investigate the electronic structure of
didehydrodiazine biradicals and their stability in singlet and triplet states. Understanding of
these didehydrodiazine species will give additional insights in the chemistry of diazines, and
mechanistic information of ring-opening species. Since they are analogous to benzyne and
pyridyne type reactive intermediates, the 4-centered-6-electrons (4c-6e) interactions (between
radical-radical, radical-lone pair and lone pair-lone pair) can provide clue to the
thermodynamic and kinetic stability of such biradicals.

In this regard, we have explored the electronic structures of pyrimidine biradicals
(didehydropyrimidines) and pyridazine biradicals (didehydropyridazines) with the help of DFT
and multireference methods. Recently, multireference ab initio studies of pyrazine biradicals
(didehydropyrazines) have been reported, however there is no report available for pyrimidine
and pyridazine biradicals except the estimation of standard enthalpies of formation.[*-*! Also,
the adiabatic and vertical energy gaps between low lying singlet and triplet states have been
computed through multireference calculations. In addition to that, optimized geometries,
unpaired electron density, active space molecular orbitals, and AIM analysis have been
performed for didehydropyrimidine and didehydropyridazine biradicals.

119



Chapter 5: Electronic Structure of Didehydrodiazine biradicals

5.2 Didehydrodiazine biradicals and nomenclature used:

There are four possible biradicals derived from pyrimidine [2,4-didehydropyrimidine
1-m-(2,4), 2,5-didehydropyrimidine 1-p-(2,5), 4,5-didehydropyrimidine 1-0-(4,5), and 4,6-
didehydropyrimidine 1-m-(4,6)], and four biradicals from pyridazine [3,4-didehydropyridazine
2-0-(3,4), 3,5-didehydropyridazine 2-m-(3,5), 3,6-didehydropyridazine 2-p-(3,6), and 4,5-
didehydropyridazine 2-0-(4,5)], and three possible biradicals from pyrazine [2,3-
didehydropyrazine 3-0-(2,3), 2,5-didehydropyrazine 3-p-(2,5) and 2,6-didehydropyrazine 3-
m-(2,6)]. (Scheme 5.1) The low-lying singlet, triplet state geometries and the singlet-triplet
energy gaps have been estimated for the various biradical isomers derived from

didehydropyrimidine and pyridazines.
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Scheme 5.1 Diazines (pyrimidine 1, pyridazine 2 and pyrazine 3), and their possible biradicals.

Multireference CASSCF method has been used for characterizing the singlet and triplet
states and also the energy gaps between them. In order to choose the active space for CASSCF
calculations, initially, restricted open shell Hartree-Fock (ROHF) calculations have been
performed with cc-pVTZ basis set for all the eight biradicals of pyrimidine and pyridazine.
Using these ROHF calculations, the molecular orbitals and their irreducible representations
have been identified towards constructing the active space for CASSCF calculations. MCSCF

calculations were performed for each biradical with cc-pVTZ basis set.
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5.3 Active space for CASSCF calculations

All the eight biradicals (didehydropyrimidines and didehydropyridazines) have been
optimized at the following point groups: Cs for 2,4-didehydropyrimidine 1-m-(2,4), 4,5-
didehydropyrimidine 1-0-(4,5), 3,4-didehydropyridazine 2-0-(3,4), 3,5-didehydropyridazine
2-m-(3,5) and Coy for 2,5-didehydropyrimidine 1-p-(2,5), 4,6-didehydropyrimidine 1-m-(4,6),
3,6-didehydropyridazine 2-p-(3,6), 4,5-didehydropyridazine 2-0-(4,5). The complete active
space (CAS) for multireference calculations have been constructed from 12 electrons and 10
orbitals for all biradicals. This active space consists of six t—orbitals of aromatic ring (3 fully
occupied n—and 3 virtual n*), the two orbitals corresponding to in-phase and out-of-phase
combination of nitrogen lone pairs and two orbitals corresponding to the unpaired electrons
(biradicals).

5.4 Singlet-Triplet energy gaps through vertical and adiabatic energies gaps:

We have performed the multireference CASSCF calculations with cc-pVTZ basis set
using the active space of 12 electrons and 10 orbitals. We optimized both singlet and triplet
states for these pyrimidines and pyridazine based biradicals. Surprisingly, we observed the
ring-opening fragments of 2,4-didehydropyrimidine 1-m-(2,4) and 3,6-didehydropyridazine 2-
p-(3,6) biradicals during the geometry optimization (energy minimization) in their respective
singlet states. However, these two biradicals are stable in their triplet states. All the optimized
geometries are mentioned in the next section. (Figure 5.3, 5.4 and 5.5) For each
didehydropyrimidine and didehydropyridazine biradical, we have estimated the vertical and
adiabatic energy gaps and compared them with that of didehydropyrazines reported
recently.[-]

A

Vertical

Energy
S

Adiabatic

v

Nuclear coordinates

Figure 5.1 Representation of Vertical and Adiabatic energies gap.
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5.4.1 Vertical energy gaps:

Vertical energy gaps have been estimated for didehydropyrimidine and
didehydropyridazine biradicals where both singlet and triplet states are stable. These gaps have
been estimated from the electronic energy differences of singlet and triplet states. In this regard,
we have considered the energy of singlet (optimized geometry) and triplet (without
optimization, triplet state energy at the singlet state geometry). (Figure 5.1) This energy gap is
known as vertical energy gap between two different states. Vertical energy gaps have been
mentioned in table 5.1. Since all the didehydrodizines biradical isomers are isoelectronic, we
have compared their vertical energy gaps. As we have discussed in chapter 2, the stability and
reactivity of dehydrodiazine radical isomers depend on the interaction between nitrogen lone
pairs and unpaired electrons. Similarly, in didehydrodiazines, the vertical energy gaps also
depend on the interaction between two nitrogen lone pairs and the two unpaired electrons. For
didehydrodiazines biradicals, the interaction between radical-radical, lone pair-radical and lone
pair-lone pair is expected to play a major role in determining the ground state as well as the S-
T energy gaps. We observed that, 4,5-didehydropyridazine 2-0-(4,5) biradical has the highest
S-T vertical energy gap of 85.6 kcal/mol, which implies that singlet state is highly stabilized
compared to triplet state and exists as the ground state. The very high S-T energy gap in 4,5-
didehydropyridazine 2-0-(4,5) biradical could be due to the effective/strong radical-radical
interaction as it is the only biradical without the presence of an adjacent (ortho-) nitrogen atom
to radical centre. As we already discussed, the nature and mode of interaction between radical
centre and nitrogen lone pairs, the strong TS interaction has been observed at the ortho position
with respect to nitrogen lone pair which diminishes with increasing distance.[*s! In all other
isomers, at least one of the nitrogen atoms is present at the adjacent (ortho) position, which
exhibits S-T energy gaps in the range of 14.9-47.5 kcal/mol due to the presence of TS
interaction. This relatively low S-T energy gap in other diazine biradicals (upon comparison
with 4,5-didehydropyridazine 2-0-(4,5) biradical, 85.6 kcal/mol) can be attributed to the
effective lone pair-radical interaction. Based on these vertical S-T energy gaps, we observed a
significant role of nitrogen lone pairs in determining the biradical ground state as well as in
their S-T energy gaps. Similarly, in didehydropyrazine biradicals, 3-0-(2,3) has a high S-T
vertical energy gap due to strong interaction between two adjacent radical centre and these

values for didehydropyrazine biradicals have been taken from the references [1, and 2].
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5.4.2 Adiabatic energy gaps:

Similarly, we have investigated the adiabatic energy gap between singlet and triplet
states. Adiabatic energy gap is the difference in the energy of singlet (optimized geometry) and
triplet (optimized geometry) states. Adiabatic energy gap is always less compared to the
vertical excitation energy as we use the optimized triplet state energy here, instead of the triplet
state energy at singlet geometry. (Figure 5.1) We have observed a trend in the S-T adiabatic
energy gap similar to the vertical energy gap. In this case too, 4,5-didehydropyridazine 2-o-
(4,5) biradical has the highest S-T adiabatic energy gap (69.9 kcal/mol) and others are relatively
low in the range of 4.1-26.3 kcal/mol. (Figure 5.2 and table 5.1)
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Figure 5.2 Energy profiles of optimized geometries in singlet and triplet state corresponding
to didehydropyrimidine and didehydropyridazine biradicals at CASSCF (12,10)/cc-pVTZ level
of theory along with their ground state multiplicity mentioned in bottom line.

During the geometry optimization of didehydropyrimidine and didehydropyridazine
biradicals in their singlet and triplet states, we found out that two of biradicals 1-m-(2,4) and
2-p-(3,6) (one each in pyrimidine and pyridazine) are unstable in their singlet states and lead
to more stable ring-opening isomers as mentioned in scheme 5.2. Due to the absence of singlet
states in these biradicals (1-m-(2,4) and 2-p-(3,6)), vertical and adiabatic energy gaps could not
be estimated.

o
=L . N
N/?gN E | SN ———
\ 0 E N \\
, ¢ N
1-m-(2,4)-S (z) A7 1 2-p-(3,6)-S (2)-26

Scheme 5.2 Ring-opening of 2,4-didehydropyrimidine 1-m-(2,4) and 3,6-didehydropyridazine
2-p-(3,6) biradicals in their singlet state.
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Table 5.1 Vertical and adiabatic energy gaps of didehydrodiazines biradicals (in kcal/mol) at

CASSCF(12,10)/cc-pVTZ level of theory.

Didehydrodiazine
biradicals

Vertical Energy gaps

Adiabatic
Energy gaps
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4data from the literature references [1, and 2]
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Based on the vertical and adiabatic S-T energy gaps, we have observed a significant
role of nitrogen lone pairs in determining the biradical ground state as well as their S-T energy
gaps. Both singlet and triplet states are influenced with the various possible interactions
between nitrogen lone pairs and radical centres (mainly through space TS interaction). The
interaction of nitrogen lone pairs in singlet states implies the nature of singlet states, which is
open-shell singlet and rules out the possibility of closed-shell singlet in which no interaction is
possible between nitrogen lone pairs and radical centres. Further, we confirmed the open-shell
nature of the singlet state in the molecular orbital analysis.

5.5 Geometrical parameters of dehydropyrimidines and dehydropyridazines biradicals
All the didehydropyrimidine and pyridazine biradical isomers and their respective
parent molecules (pyrimidine 1 and pyridazine 2) have been optimized to their minimum
energy geometries at (U)B3LYP/cc-pVTZ and (U)MO06-2X/cc-pVTZ levels of theory and are
shown in figure 5.3, 5.4 and 5.5. We have compared the changes in geometrical parameters
(bond lengths and bond angles) upon creating biradicals from their respective parent molecules
at above mentioned levels of theories. Also, we have mentioned the geometrical parameters at
CASSCEF level of theory for all possible biradicals with the active space of 12 electrons and 10
orbitals. Majority of the biradical isomers are found to have Cs and Cay structures. Based on
the comparison of geometrical parameters, we found out that the internuclear distances
between the radical centres and the adjacent atoms in either side have a contraction/same
relative to the parent compound in their singlet and triplet states with few exceptions. This
exception only exists in singlet states where the two radical centres are adjacent (ortho-) to
each other for example, 1-0-(4,5)-S and 2-0-(3,4)-S. In these two singlets, the internuclear
distance has been increased in one of the sides of the radical centre. This can be understood
from the ortho-benzyne type bonding situation between the two radical centers and the
resulting distorted hexagon geometry in their singlet states. Apart from that, the alternate bonds
relative to the radical centres showed a marginal increase with respect to the parent compound
except in a case of 2-0-(3,4)-T. This general behaviour of internuclear distances is consistent
with our previous studies on the dehydropyrimidines (1a-c) and dehydropyridazines (2a-b)
radicals described in chapter 2. In addition to that, we have also inspected the changes in bond
angles at the radical centres in all the singlet and triplet biradicals. We observed a general trend
on the bond angles at the radical centres, the value of which increased relative to the
corresponding parent diazine. However, exceptions have been observed in those same above

mentioned biradicals 1-0-(4,5)-S and 2-0-(3,4)-S, where the bond angles at the radical centers
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have been decreased due to the distorted geometry in their singlet states. The reason for the
distorted hexagon geometry could be the presence of nitrogen lone pairs adjacent to the radical
centres. The extent of increase or decrease in the bond lengths and change in bond angles
relative to their parent compound certainly depend on the relative position of the radical centre
and the nitrogen atoms at which nitrogen lone pairs can participate in the interaction. Also, we
have observed the changes in internuclear distances between the radical centres when they are
ortho-, meta- and para- to each other in their singlet and triplet states. These changes help us
in identifying the role of nitrogen atoms and the interaction of its lone pair with the radical
centres.

All the geometrical parameters have been mentioned for the didehydropyrimidine
biradicals in figure 5.3 and, for the didehydropyridazine biradicals in figure 5.4 at
(U)B3LYP/cc-pVTZ, (U)M06-2X/cc-pVTZ and CASSCF/cc-pVTZ level of theory. We could
not locate the minimum energy geometry for the 1-m-(2,4) and 2-p-(3,6) in their singlet states.
These two biradicals are not stable over the PES in their singlet states and led to the ring
opening structures upon geometry optimization. However, their geometrical parameters in the

triplet states have been mentioned separately in figure 5.5.
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Figure 5.3 Optimized geometries of the triplet states of 2,4-didehydropyrimidine biradical 1-
m-(2,4) and 3,6-didehydropyridazine biradical 2-p-(3,6). The most important bond distances
(in A units) and the bond angles (in degrees) at the radical centres are mentioned. The indicated
geometrical parameters in bold font correspond to (U)B3LYP/cc-pVTZ and those in normal
font are estimated at the (U)M06-2X/cc-pVTZ levels of theory. Parameters in red correspond
to CASSCF/cc-pVTZ level of theory.
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2X/cc-pVTZ levels of theory. Parameters in red correspond to CASSCF/cc-pVTZ level of
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Figure 5.5 Optimized geometries of the didehydropyridazine biradical isomers and its parent
compound pyridazine. The most important bond distances (in A units) and the bond angles (in
degrees) at the radical centres are mentioned. The indicated geometrical parameters in bold
font correspond to (U)B3LYP/cc-pVTZ and those in normal font are estimated at the (U)MO06-
2X/cc-pVTZ levels of theory. Parameters in red correspond to CASSCF/cc-pVTZ level of

theory.
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5.6 Molecular orbitals analysis of didehydrodiazines

Further, we have closely inspected the molecular orbitals from the multireference
calculations, where 10 orbitals and 12 electrons have been used as the active space. This
includes the six-benzene type w-orbitals (3 w-occupied and ww*-virtual), two nitrogen lone pairs
and two orbitals corresponding to unpaired electrons for each case. We have listed all the active
space molecular orbitals of singlet and triplet states for didehydropyrimidine and
didehydropyridazine biradicals at CASSCF (12,10)/cc-pVTZ level of theory. We have
separated the molecular orbitals as follows: lone pair orbitals, occupied =-orbitals, radical
orbitals (unpaired electron) and n*-virtual orbitals and mentioned their orbital occupancies for
all the didehydropyrimidine and didehydropyridazine biradicals in their singlet and triplet
states. Molecular orbitals corresponding to only triplet states have been mentioned for 2,4-
didehydropyrimidine 1-m-(2,4) and 3,6-didehydropyridazine 2-p-(3,6) biradicals as these two
biradicals are not stable in their singlet states. Upon inspection at the orbital occupancies for
all the active space orbitals, we found out that those corresponding to radical orbitals are in the
range of 0.59-0.73 which confirmed the open-shell nature of all these biradicals in their singlet
states. Also, the multireference nature has been further confirmed from the significant orbital
occupancies at all the virtual orbitals as well as the deviation in the occupancy of completely
filled orbitals from two. Furthermore, we have analyzed the interaction between radical-radical
and nitrogen lone pair with radicals (unpaired electrons). Insights for radical-radical
interactions can be visualized from the orbitals corresponding to the two formerly unpaired
electrons containing orbitals. Upon inspecting those orbitals, we observed the lowering of the
symmetric combination of two radical orbitals relative to the corresponding antisymmetric
combination, which confirmed the existence of through space interaction between these two
radical orbitals. Particularly, this situation persists only when the two radical orbitals are
present at ortho- and meta- to each other. In other words, two radical orbitals are interacting
with each other through space when they are ortho- and meta- to each other. This through space
interaction can be visualized from the molecular orbitals of 2,4-didehydropyrimidine 1-m-
(2,4), 4,5-didehydropyrimidine 1-0-(4,5), 4,6-didehydropyrimidine 1-m-(4,6), 3,4-
didehydropyridazine 2-0-(3,4), 3,5-didehydropyridazine 2-m-(3,5), 4,5-didehydropyridazine
2-0-(4,5) biradicals in their singlet and triplet states where two unpaired electrons are ortho-
and meta- to each other.

On the other hand, the remaining biradicals where two radicals are present para- to

each other, we observed an opposite trend in the order of radical orbitals i.e their antisymmetric
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combination is lower in energy compared to that of symmetric combination. This is the
characteristic of through bond interaction. In other words, two radical orbitals are interacting
with each other through bond when they are situated at para- to each other. This through bond
phenomena between two radicals have been observed in 2,5-didehydropyrimidine 1-p-(2,5),
and 3,6-didehydropyridazine 2-p-(3,6) biradicals. Similarly, this through space and through
bond interaction can easily be visualized between nitrogen lone pairs and radical orbitals by

inspecting the molecular orbitals corresponding to the two nitrogen lone pairs.
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Figure 5.6 Molecular orbitals corresponding to the active space (12 electron, 10 orbitals) of
the didehydropyrimidine biradical isomers (1-m-(2,4) triplet state and 1-p-(2,5) in singlet and
triplet state) using multiconfigurational CASSCF/cc-pVTZ level of theory. Molecular orbitals

have been rendered using MOLDEN software package at an isovalue of 0.05.
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Figure 5.7 Molecular orbitals corresponding to the active space (12 electron, 10 orbitals) of
the didehydropyrimidine biradical (1-0-(4,5) and 1-m-(4,6) in singlet and triplet state) isomers
using multiconfigurational CASSCF/cc-pVTZ level of theory. Molecular orbitals have been
rendered using MOLDEN software package at an isovalue of 0.05.

This through space interaction is very strong when two interacting orbitals are adjacent
(ortho-) to each other and diminishes as the distance is increased from ortho- to meta- to para.
Highest S-T energy gap in 4,5-didehydropyridazine 2-0-(4,5) biradical can be easily
understood by considering such orbital interactions. In 4,5-didehydropyridazine 2-0-(4,5)
biradical, two unpaired electrons are strongly interacting to each other through space
interactions with very less perturbation from the nitrogen lone pairs as they are situated at the

meta- position to radicals.
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Figure 5.8 Molecular orbitals corresponding to the active space (12 electron, 10 orbitals) of
the didehydropyridazine biradical isomers (2-0-(3,4) and 2-m-(3,5) in singlet and triplet state)
using multiconfigurational CASSCF/cc-pVTZ level of theory. Molecular orbitals have been
rendered using MOLDEN software package at an isovalue of 0.05.
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Figure 5.9 Molecular orbitals corresponding to the active space (12 electron, 10 orbitals) of
the didehydropyridazine diradical isomers (2-p-(3,6) triplet state and 2-0-(4,5) in singlet and
triplet state) using multiconfigurational CASSCF/cc-pVTZ level of theory. Molecular orbitals
have been rendered using MOLDEN software package at an isovalue of 0.05.
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5.7 Spin densities of triplet didehydrodiazines

We have estimated the spin density of all the didehydropyrimidine and
didehydropyridazine biradicals in their triplet states using the density function theory. Spin
density values at the radical centres provide the insights of localization and delocalization of
unpaired electron density in the molecule as well as the indirect information about the presence
of interaction with heteroatom upon delocalization of spin density. We have closely observed
the values of spin densities of unpaired electrons and mentioned in figure 5.10. We found that
unpaired spin is not completely localized over the radical centres as the value is deviating from
one. However, some part of this unpaired electron density is delocalized over the ring (and
over the nitrogen atoms) and can be visualised from the significant values of spin density at
the nitrogen atoms, which further confirm the interaction of nitrogen lone pairs with unpaired

electrons with possible mode of interactions.

2-0-(3.4)-T 2-m-(3,5)-T 2-p-(3,6)-T 2-0-(4,5)-T

Figure 5.10 Spin densities of didehydropyrimidine and didehydropyridazine biradicals in their
triplet state at (U)B3LYP/cc-pVTZ (bold); and (U)MO06-2X/cc-pVTZ (normal) levels of
theory.

5.8 Atoms-in-molecules analysis:

In order to further confirm the role of nitrogen lone pairs and the insights about their
interaction in determining the electronic structures of didehydrodiazines biradicals, we have
done the AIM analysis and for all parent diazines (pyrimidine 1, pyridazine 2 and pyrazine 3)
and their biradicals and listed in figure 5.11, 5.12 and 5.13. We have investigated and analyzed
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the charge densities at all the bond critical points for all the above-mentioned molecules. AIM

analysis has been performed at (U)B3LYP/cc-pVTZ level of theory.
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Figure 5.11 AIM analysis of the pyrimidine and didehydropyrimidine biradical isomers with
bond critical and ring critical points. The corresponding charge/electron densities of each bond

critical point are indicated at (U)B3LYP/cc-pVTZ level of theory.
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bond critical and ring critical points. The corresponding charge/electron densities of each
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critical and ring critical points. The corresponding charge/electron densities of each bond
critical point are indicated at (U)B3LYP/cc-pVTZ level of theory.
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In all the cases, we observed that, the increment in charge density between the nitrogen
and radical centres, which further confirmed the role of nitrogen lone pairs and their
interactions with radical centres. In the cases of 4,5-didehydropyrimidine 1-0-(4,5), 3,4-
didehydropyridazine 2-0-(3,4), 4,5-didehydropyridazine 2-0-(4,5), and 2,3-didehydropyrazine
3-0-(2,3) biradicals where two radicals are ortho- to each other, we observed the highest charge
density in singlet states at the bond critical point that connects the two radical centres. Also,
we have observed a significant increment in the charge densities at the bond critical points,
which connects the radical centres with nitrogen atoms. This observation once again proved
the open-shell nature of the singlet state.

On the other hand, charge densities at the bond critical points were the lowest in the
triplet states of those biradicals mentioned above and also, the increment in the charge densities
at those bond critical points which connects the radical with nitrogen atoms. In summary, we
have observed a significant change in the charge densities at bond critical points between two
radical centres and nitrogen-radical centres in the singlet and triplet states and these changes in
the charge densities are the outcomes of through space and through bond interaction between
radical-radical and nitrogen lone pair and radical centres.

5.9 Summary of electronic structure of didehydrodiazine biradicals
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Scheme 5.3 Didehydropyrimidine and didehydropyridazine biradicals and possible

interactions which influence the stability of singlet and triplet state.
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In this part, we inspected the stability of didehydrodiazine biradicals singlet and triplet
states using multireference calculations. Out of those eight biradicals (didehydropyrimidine
and didehydropyridazine) six of them (4,5-didehydropyrimidine 1-0-(4,5), 3,4-
didehydropyridazine 2-0-(3,4), 3,5-didehydropyridazine 2-m-(3,5) and Cav for 2,5-
didehydropyrimidine 1-p-(2,5), 4,6-didehydropyrimidine 1-m-(4,6), 4,5-didehydropyridazine
2-0-(4,5)) were found to have singlet as their ground state and two of them (2,4-
didehydropyrimidine 1-m-(2,4), 3,6-didehydropyridazine 2-p-(3,6)) were predicted to have a
triplet ground state as they are not stable in singlet state. Multireference calculations based
molecular orbitals analysis provided the evidence of various possible modes of interactions
between radical-radical, radical-lone pairs and lone pair—lone pair. Further, the role of nitrogen

lone pairs has been verified by atoms-in-molecule analysis in didehydrodiazine biradicals.
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Chapter 6. Summary and Outlook

6.1 Summary

Through these investigations, we explored the electronic structure and reactivity of
isomeric dehydrodiazine radicals using various quantum chemical calculations. In addition,
matrix-isolation infrared spectroscopy has been employed to study the generation and
characterization of dehydro- and didehydrodiazine radicals and their photochemistry.

In the first part of the thesis work, we investigated the relative stability of six-isomeric
dehydrodiazine radicals (2-dehydropyrimidine 1la, 4-dehydropyrimidine 1b, 5-
dehydropyrimidine 1c, 3-dehydropyridazine 2a, 4-dehydropyridazine 2b and 2-
dehydropyrazine 3a). We have used various quantum chemical calculations for describing the
thermodynamic stability of these six isomeric dehydro-diazine radical isomers and the factors
influencing their relative stability. The role of nitrogen lone pairs and their interaction with
radical centre has been studied and confirmed using first C-H bond dissociation energies
(BDE), radical stabilization energies (RSE), spin densities and electrostatic potential mapping
followed by natural bond orbital analysis (NBO) and molecular orbitals analysis. Based on
these calculations, we have found that 1b (4-dehydropyrimidine) is the most stable radical
isomer, and 1c (5-dehydropyrimidine) is the least stable radical isomer among these six
dehydro-diazines. Also, the two modes of orbital interaction between lone pairs and radical
centre through bond and through space have been identified. To quantify the strength of
through bond and through space interactions, we have estimated the proton affinities of
nitrogen lone pairs in the presence and absence of the radical centre. Based on these studies,
we have confirmed the decisive role of nitrogen lone pairs (through bond and through space
interaction) and also the 3c-5e interaction in determining the thermodynamic stability of the
six dehydrodiazine radical isomers.

After exploring the relative thermodynamic stability, we investigated the Kinetic
stability of the six dehydrodiazine radical isomers using isomerization pathways through 1,2-
H shift and unimolecular decomposition channels under thermal conditions. The isomerization
of dehydrodiazines through 1,2-H shift has been explored by locating the transition states on
the PES and the energy barrier was found to be in the range of 60-75 kcal/mol. This
isomerization through 1,2-H shift is restricted to only a limited number of radical isomers and
the barriers are high (>60 kcal/mol). Therefore, the kinetic stability of these radicals is mainly
controlled by the unimolecular dissociation channels. Based on these unimolecular dissociation
channels, the resulting Kkinetic stability order of the diazine radicals is found to
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be 2a <2b <1b <la<3a<1c. Also, we compared the free energy changes associated with
the ring-opening step (AG) and the free energy of activation (AG*), which showed an excellent
linear correlation. This confirms that the ring-opening step has a strong thermodynamic driving
force. Since, all the dehydrodiazines are isoelectronic and have the same number of atoms, we
have observed some common ring opening and fragmentation products in the unimolecular
dissociation channels. Furthermore, we have observed the molecules such as HCCH, HCN,
HNC, CNCN, CN, HCC, HCCCCH, HCCCN, etc., as the end products in unimolecular
dissociation channels, which have also been detected and observed in the interstellar medium.
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Figure 6.1. Diazines and possible radical isomers, the stabilizing and destabilizing interactions
in diazine radicals; Summary of the unimolecular ring decomposition and fragmentation
channels of six isomeric dehydro-diazine radicals (the free energy changes corresponding to

the first ring-opening steps are given in kcal/mol).

During the initial phase of the thesis, along with computational work on diazine
radicals, we were involved in setting up matrix-isolation infrared spectroscopic facility. After
completion of the setup, we performed the experiments targeting a set of selected diazine
radicals and biradicals.

Initially, the experimental studies, in particular photochemistry of two of the diazine
radicals, namely, 2-dehydropyrazine 3a and 2-dehydropyrimidine 1a were carried out under
matrix isolation conditions. Generally, iodo-precursor show excellent photochemistry in
generating radical species under photochemical conditions. Hence, we have chosen
commercially available 2-iodopyrazine 46 and 2-iodopyrimidine 48 as precursors using
photolysis method. After successful deposition and isolation of 2-iodopyrazine 46 in inert gas
matrices, we irradiated at 284 nm for generating the 2-dehydropyrazine radical 3a. Upon

changing the wavelength of irradiation to 350 nm, we observed the regeneration of the
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precursor 2-iodopyrazine 46 with the disappearance of some of the signals which were formed
at 284 nm irradiation. Based on this evidence, we ascertained the formation of 2-
dehydropyrazine radical 3a at 284 nm, which recombined with iodine radical to form back the
precursor at 350 nm. This has been further confirmed by comparing the observed signals with
the computed vibrational spectrum of the 2-dehydropyrazine radical 3a. After successful
generation and characterization of 2-dehydropyrazine radical 3a, we have further irradiated the
matrix containing photoproducts with shorter wavelength to understand the photochemistry of
2-dehydropyrazine radical 3a. Upon irradiation at 254 nm, we observed that 2-dehydropyrazine
radical 3a led to various ring-opened products as well as ring fragmented products. Some of
the small fragmented molecules have been identified using the literature assignments. Since
some of the signals are new, we needed additional precursors and experiments to obtain
insights for new species as well as to characterize them.

Similarly, we have done the experiment with the 2-iodopyrimidine 48. 2-
iodopyrimidine 48 has been synthesized using the 2-chloropyrimidine 49. In this case also, a
similar experimental procedure has been adopted to isolate the precursor in the matrix, and
irradiated at 254 nm and 365 nm to generate and characterize the 2-dehydropyrimidine radical
la. Also, the photochemistry of 2-dehydropyrimidine radical 1a has been explored at 254 nm
irradiation and the ring-opening and fragmentation products have been identified using the
computations and available literature. Upon comparing the experimentally obtained data and
the possible photoproducts from 2-dehydropyrazine radical 3a and 2-dehydropyrimidine
radical 1a, we identified and characterized various new ring-opened radical intermediates (4,
19, 38, 40, 41 and 50, 51), ring-opened products (Z/E-10, Z/E-17, Z/IE-26, Z/E-37, ZIE-42 and
Z/E-66) along with ring-fragmented small molecules such as HCCNC, HCCCN, HCCH, HCN,
HNC and CN radical.

In order to further characterize some of the common ring-opened products from 2-
dehydropyrazine radical 3a and 2-dehydropyrimidine radical 1la, and also to explore the
possibility of diazine biradicals, we have performed the experiments with two of the diiodo
derivatives. Firstly, we have chosen the 3,6-diiodopyridazine 52 as a precursor for generating
the 3,6-didehydropyridazine 56. A sample of 3,6-diiodopyridazine 52 in argon or nitrogen
matrix at 4 K has been subjected to irradiation at 254 nm, and the photochemistry is followed
at different intervals of time by infrared spectroscopy. We could not observe the targeted 3,6-
didehydropyridazine biradical 56, but ended up with some ring-opened products. Upon
comparing the experimental data with the computed spectral data, we have assigned them as
maleonitrile (2)-26, and fumaronitrile (E)-26, respectively. Based on the computations, we
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understood that 3,6-didehydropyridazine biradical is not stable in its singlet state, and so
readily follows a barrierless ring opening step forming maleonitrile (Z)-26. Upon further
irradiation at 254 nm, maleonitrile (Z)-26 was converted into fumaronitrile (E)-26 under
photochemical conditions. Furthermore, interesting cis-trans isomerization between
maleonitrile to fumaronitrile has been explored with multireference calculations and the
involvement of the S; state in isomerization has been confirmed through a minimum energy
conical intersection (MECI). Also, we synthesized the 4,6-diiodopyrimidine 63 precursor from
4,6-dichloropyrimidine and subjected to matrix isolation experiments for generating 4,6-
didehydropyrimidine biradical 65. The matrix isolation infrared spectroscopic studies under
photochemical conditions did not lead to the desired biradical. Instead, we ended up with
similar ring fragmented and ring-opening products ((Z)-66 and (E)-66) upon irradiation at 254
nm.

During the investigation of 3,6-didehydropyridazine 56, 4,6-didehydropyrimidine 65
and 2-dehydropyrazine radical 3a and their reactivity, we observed that the ring opening steps
can involve diazine biradical intermediates. Although we could not isolate, trap and
characterize the diradical intermediate in experiments, we have investigated the barrierless ring
opening of 3,6-didehydropyridazine 56 to maleonitrile (Z)-26. In order to understand the
biradical electronic structure, we have performed computations on these systems using DFT
and multireference methods. Since, the electronic structures of didehydrodiazine have 4c-6e
interactions between two radical centres and the nitrogen lone pairs, the computational
investigations with multireference methods provided great insights on ground state geometries
and the stabilities of singlet and triplet states. We have estimated the singlet-triplet energy gaps
for characterizing the ground state. The S-T energy gap has been estimated using the vertical
energy (VE) and adiabatic energy (AE) gaps for didehydropyrimidine and

didehydropyridazines biradicals and utilized the recent reported results on didehydropyrazines.
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Figure 6.2 Overall summary of the work.

6.2 Outlook for future:

Through these investigations, we have successfully characterized two diazine radicals
(2-dehydropyrazine 3a and 2-dehydropyrimidine 1a) using matrix isolation experiments
among the six possible dehydrodiazine radicals and studied their photochemistry. We have
characterized various new ring-opened stable species for the first time, which include diaza-
analogues of enediyne with a molecular formula CsH2N2. Several known ring-fragmented
small molecules of astrochemical interest have also been characterized. Also, we have
investigated the ring-opening channels of dehydrodiazine radicals computationally under
thermal condition. However, we have not explored the ring-opening of diazine radical under
photochemical condition using quantum chemical calculations. Understanding such reactions
under photochemical condition demands a very detailed exploration of the excited states
potential energy surfaces of all the diazine radicals. Particularly the interaction between
nitrogen lone pairs and radical centres contributed to enormous complexity in exploring such
reaction channels under photochemical conditions where ring-opening originated from the
excited states. It is very challenging to characterize each diazine radical isomer owing to
various limitations with respect to the availability of access to their suitable precursor, their

kinetic stability and also timeline to the investigations. Attempts towards characterizing the
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didehydrodiazine biradicals were unsuccessful and ended up with ring-opened and ring-
fragmented molecules. However, these experiments provided supportive evidences to some of
the ring-opened species that were observed in the photochemistry of 2-dehydropyrazine 3a and
2-dehydropyrimidine 1a radicals. In these experimental studies, we have only used the iodo-
precursors for generating diazine radicals and biradicals. All these limitations (in generation
and characterization of diazine radicals can be extended using the other possible methods such
as flash vacuum pyrolysis or by using alternative precursors such as nitroso, oxalates, etc.
One of the important aspects that we observed during our photochemical experiments
was the radical recombination with iodine to form the precursor back, particularly at longer
wavelengths (365 nm irradiation). Such phenomena are known in the literature, however, the
mechanism for the photo-induced recombination is not known so far. Indeed, we have observed
such photoinduced radical recombination process repeatedly in our experiments with a better
yield compared to the annealing type experiments. The understanding of exact mechanism of

this process is an exciting problem to explore using theory and experiments.
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Chapter 7. Materials and Methods

7.1 General Introduction of Matrix Isolation Infrared Spectroscopy

The matrix isolation technique involves the substance (in condensed phase) to be
studied in inert medium with a large excess of inert gases (usually argon or nitrogen) at very
low temperature. In this method, a sample molecule is trapped in a cavity surrounded by one
or more layers of inert material (gases) and is thus “isolated” from the other substrate molecules
in a “matrix” of the host gas. In general, the term matrix isolation (coined by George Pimentel)
implies various techniques in which a molecule (guest) can be trapped in a rigid material (host)
with restricted movement of guest molecules.[! This technique allows us to maintain and
isolate molecules in a rigid solid (the inert matrix) at very low temperature for various
spectroscopic studies. This method is very well suited for isolating and preserving highly
reactive species in a solid environment (under matrix isolation condition). This isolation
technique can be coupled with various spectroscopic methods to characterize the target species
and is known as matrix isolation spectroscopy (MIS). Many new improvements and
developments have been introduced in the past years and now matrix-isolation spectroscopy is
established as one of the major and important methods used to investigate and characterize
reactive intermediates and new species.[?

The matrix isolation technique was first developed and introduced by Pimentel and co-
workers in 1954. The development of MIS technique was mainly directed towards the
systematic studies of highly reactive free radicals and other unstable or transient species. The
ability to stabilize reactive species at very low temperature by trapping them in a rigid matrix
that results in the inhibition of various intermolecular interactions and reactions, is an important
feature of matrix isolation technique.!

Apart from the stabilization and isolation of reactive species, matrix isolation technique
provides a number of advantages over more conventional spectroscopic techniques. The very
low temperatures (typically 4-20 K) in MI helps in preventing the occurrence of side (any)
processes with an activation energy of more than a few kJ mol™. Also, the isolation of solute
(guest) molecules in an inert environment (in rigid matrix) reduces the intermolecular
interactions which results in the sharpening of the solute absorption peaks compared to other
condensed phases. Although this technique was developed to study reactive species by trapping
(isolation) which inhibits intermolecular interactions, it has also provided the methods for

studying these interactions (hydrogen bonding interaction) in various molecular complexes

146



Chapter 7: Materials and Methods

formed under matrix isolation conditions.[ Overall, this technique allows us to study and
characterized highly reactive molecular fragments, such as free radicals, carbenes, nitrenes and
carbocations which are important intermediates for various chemical transformations used in
laboratory and industrial reactions, weak molecular complexes that may be stable at low
temperatures, and also molecular ions that are produced in plasma discharges or by high-energy

radiation, using infrared absorption and laser-excitation spectroscopies.t!

7.1.1 Matrix-isolation experimental procedure and set-up

The procedure in matrix isolation experiment requires the solute (guest molecule in any
form such as solid, liquid or vapor) to be mixed with a large excess of matrix gas (host inert
gas) roughly in 1:1000 ratio of guest and host molecules for better isolation and to avoid
molecular aggregation. The mixture is then allowed to deposit over a window (KBr or Csl)
transparent in the spectral region to be studied, maintained at low temperature (4 K), and the
spectrum is recorded. Different methods are required for the deposition of molecules depending
on their vapor pressure. There are different methods available for generating and trapping
unstable species under matrix isolation conditions at very low-temperature, depending upon
whether the species is generated in the gas phase prior to deposition (over cold window) or in-
situ generation after the deposition of suitable precursor(s). In the latter case, the "cage effect"

or the choice of matrix host gas plays an important role in determining the products.!

7.1.2 Gas phase generation of unstable species
(a) Microwave discharge e.g., NCO from the discharge of N2/CO/Ar
(b) Flash vacuum pyrolysis (FVP) e.g., CHs radical from the pyrolysis of CHsl or (CH3)2Hg

7.1.3 In-situ generation of unstable species

(a) Photolysis e.g., CF3 from the UV-photolysis of CFsNNCFs.

(b) Atom-molecule reactions e.g., HCO formation from the reaction of H-atoms with CO
produced by the photolysis of HI and CO in matrix isolation condition.

(c) Proton beam irradiation e.g., CCls" from the irradiation of CCl4/Ar.

We have used the photolysis methods for our experiments. After successful deposition
of the species without decomposition in the matrix, the trapped and isolated guest species can

be activated by either suitable irradiation or by low-temperature annealing methods. The newly
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formed species or intermediates due to photoirradiation can be characterized using various

spectroscopic measurements like IR, UV-Vis, Raman, ESR, etc.[”]

7.1.4 Host materials for matrix-isolation spectroscopy

In general, every substance that can be frozen at low temperature can be a potential host
material for the matrix-isolation experiments. The examples include N2, CO., SFs, N2O, CH4
etc. All of them can be solidified at low temperatures (4—20 K) but they also have few
disadvantages of relatively strong interactions with the guest species.!®! The most commonly
used host materials for the matrix isolation experiments are solid noble gases (Ne, Ar, Kr, and
Xe) which are known to have very minor or almost negligible interactions with the trapped
guest species. The aforementioned host gases were first employed by G. Pimentel in 1954 and
offer three main advantages:

» they form clear glasses at very low temperature,

* they show transparency through the IR, Vis, and UV regions of the spectrum,

* they are, for most guests, chemically inert (not reactive with guest molecules).

7.1.5 Deposition of precursor (guest) molecules

The matrix has to be formed with the co-deposition of host (inert gases) and guest
molecules (precursor for study) onto a cold window (at 4K) roughly in a ratio of 1:1000 (guest
and host) for the very sharp features in the spectrum. Solids and liquids should have a sufficient
vapor pressure (about 10~° mbar) at low temperatures (4—10 K) so that it would not lead to
decomposition. For the co-deposition, it is necessary to introduce the precursor molecules in
the gas-phase to mix with inert gas to be trapped in the matrix.[!

These are some efficient ways of introducing the vapor of precursor (guest molecules)
with the flow of inert gases for the co-deposition over the cold window during the matrix
experiment:

(a) If the guest molecule (in solid and liquid form) has a significantly high vapour
pressure under high vacuum condition, the vapour pressure can be controlled by thermal
methods to evaporate the precursor molecules at a certain rate by extra cooling. This could be
done by lowering the temperature of guest molecules using ice or liquid nitrogen.

(b) If the guest molecule (precursor) has low volatility compound, and also very low
vapour pressure, this can be controlled by external heating. The rate of evaporation can be
increased by heating the sample up to several hundred degrees.
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(c) Laser ablation method is also useful in the deposition process especially for

molecules containing transition metals.

7.1.6 Photochemistry and detection of unstable species

After the successful deposition of molecules (precursor), various reactive and unstable
species can be generated via photochemically induced processes by irradiation at suitable
wavelengths using high pressure mercury/xenon lamps or lasers or LEDs. Upon irradiation,
these newly formed unstable species or intermediates can be trapped in the inert gas matrix at
low temperature. Detection of these new species is possible with the help of various
spectroscopic techniques such as NMR, ESR, IR, Raman, UV-Vis, Mossbauer, laser-excitation
and photoelectron spectroscopies along with neutron scattering, circular dichroism and X-ray
methods.™]

We have coupled this matrix-isolation technique with the infrared spectroscopic
methods for characterizing free radicals. Infrared spectroscopy provides various advantages
over other spectroscopies such as transparency of nitrogen and the rare gas matrices in entire
infrared spectral region, typically sharp infrared absorptions in matrices with half bandwidths
between 0.5 cm~* and 2 cm due to quenched rotational motion (by trapping) and Doppler
broadening at low temperature. Also, the infrared spectroscopy is very sensitive towards the
local environment, and is very useful for understanding the various possible molecular

conformations and weak bimolecular complexes.

7.1.7 Matrix-lIsolation FTIR Spectroscopy setup in our lab at IISER Mohali

Components of this set up and their uses:

(a) Glass oven: A Buchi glass oven has been used for heating the sample for precursor
deposition on to cold KBr window. (Figure 7.1a)

(b) Flow Controller: MKS flow controller has been used for controlling the flow of inert
gases during co-deposition of precursor with matrix host gas. This flow controller was
connected with the mixing chamber which was filled with the inert gas. (Figure 7.1b
and figure 7.3)

(c) Cryostat: A closed cycle cryostat is the heart of matrix-isolation setup. This cryostat
contains a transparent KBr window which cooled down to low temperature (4 K) with
the help of closed cycle helium compressor connected to the cryostat by two lengths of

high-pressure steel bellows tubing. (Figure 7.1c and figure 7.3)
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(d) Compressor: A close cycle He compressor has been used for cooling and maintaining
the temperature of the cryostat throughout the experiment at 4 K. (Figure 7.1d and
figure 7.3)

(e) Gas cylinders: High purity (99.9995 %) gas cylinders of argon and nitrogen gases were
used in experiments for trapping reactive species in inert matrices at low temperature.
(Figure 7.1e)

(f) Rotary vane pump: High vacuum pumps are required for evacuating the cryostat
before cooling to 4 K as well as for evacuating the sample holder and mixing chamber.
Rotary vane pump provides the initial vacuum in the order of 10 mbar. (Figure 7.1f
and figure 7.3)

(g) Diffusion pump: A conventional oil diffusion pump backed by a rotary vane pump
provides the vacuum of up to the 10° mbar order for the experiments at low
temperature. (Figure 7.1g and figure 7.3)

(h) UV-Light Source: This light source (KiloArc Broadband Arc Lamp Light Source from
HORIBA Scientific) has been used for inducing the photochemical process using
different wavelengths. This light source is coupled with a monochromator and is
suitable for irradiation between 254 nm to 900 nm range. (Figure 7.1h)

(i) Mixing Chamber: Mixing chamber has been used for filling matrix host gases such as
argon and nitrogen from the gas cylinders. Mixing chamber is also kept under a vacuum
of 10 order mbar before filling the inert gases to minimize the water and carbon
dioxide concentration. (Figure 7.1i and figure 7.3)

(j) Deposition Unit: Deposition unit has been designed and fabricated for the solid and
liquid samples and is also kept under high vacuum similar to cryostat. Sample
(precursor) taken in a glass capillary is kept in the deposition unit and allowed to mix
with the inert gases for co-deposition onto the cold KBr window by opening and closing
the valve. (Figure 7.1j and figure 7.3)

(k) FTIR Spectrometer: Bruker Tensor Il Fourier transform infrared spectrometer
(vibrational spectroscopy) has been used for the characterization of free radicals and
intermediates in this work. (Figure 7.1k and figure 7.3)

() Chillers: Two chillers are a part of this matrix-isolation setup. One chiller has been
used with the diffusion pump and another chiller has been used with the He compressor.
(Figure 7.11)

150






Chapter 7: Materials and Methods

Figure 7.1 Images of each component of matrix-isolation setup.
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Deposition unit

=

Figure 7.2 Remaining parts of matrix-isolation setup (j) designed deposition unit; (k) FTIR sbéctr(;meter; () chiller.
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7 Flgure 7.3 Matrix-isolation FTIR facility in our lab at IISER Mohali.
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7.2 Computational details

The advancement of spectroscopic techniques joins hands with the quantum mechanics
approaches and both of them are still improving to their maximum accuracy and measurements.
Computational chemistry (originated from the calculations using quantum mechanics
principles/methods) plays a major role in understanding the results obtained from the various
spectroscopic methods. In this regard, we have also performed various quantum chemical
calculations throughout this work to explain the results obtained from the matrix isolation infrared
spectroscopy as well as to understand the electronic structures, relative stability, energies and
reactivity aspects throughout the work.[*!]
7.2.1 Basic quantum chemistry approach

All the quantum chemistry approaches/methods are derived from the fundamental
Schrodinger equation Hy = Ew.
Evolution is the basic tendency of nature which applies in this case too. In recent times, quantum
chemical calculations have evolved like no other compared to where it started. All thanks to
theoretical scientists around the globe for their prolific contributions in this area, starting from the
basic Hartree-Fock methods to density functional theory to multireference methods by introducing
various approximations to describe the electron correlation. The electron density is used in DFT
as the fundamental property unlike Hartree-Fock theory which deals directly with the many-body
wavefunction. The many-body electronic wavefunction is a function of 3N variables (the
coordinates of all N atoms in the system) the electron density is only a function of x, y, z -only
three variables. The Hohenburg-Kohn theorem emphasizes that the density of any system
determines all ground-state properties of the system. By focusing on the electron density, it is
possible to derive an effective one-electron-type Schrédinger equation. [
7.2.2 Levels of theory (methods) used in this work

Density functional theory-based calculations have been used quite extensively in chemistry
to investigate electronic properties, electronic structures and energies. We have used various DFT
based computations/calculations for the dehydro-diazines electronic structure and reactivity
studies as well as for comparison with matrix isolation infrared spectroscopy results. We mainly
used B3LYP!3I and M06-2X14 functionals extensively for various calculations (chapter 2). Apart
from that, we used multireference or multiconfigurational methods (CASSCF)[*%! for describing

the electronic structures of diazines biradicals (chapter 5) and to understand the various possible
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orbital interactions. Also, we have used coupled cluster CCSD(T)¢ methods for single point (only
energy) calculations. In addition to that, we have used composite methods (CBS-QB3)'"] for
estimating the thermochemical data such as BDE, RSE and PA. This composite method (CBS-
QB3) is known for better accuracy for estimating thermochemical data.

7.2.3 Basis sets used in this work

We have mainly used the cc-pVTZ basis set for electronic structure and reactivity studies
of dehydro-diazines radicals throughout this work. Also, we have compared the obtained matrix
isolated spectrum with the vibrational spectrum computed at DFT using cc-pVTZ!8] basis set.
However, we used DGTZVPI pasis set for the molecules containing iodine (iodo precursor).
Apart for that, we have also used other basis sets such as 6-311++G(d,p), cc-pVDZ, aug-cc-pVDZ,
aug-cc-pVTZ, cc-pVQZ and aug-cc-pVQZ to check the consistency of results in the relative
stability of dehydro-diazines (chapter 2a).

Additionally, we have used the cc-pVDZ and cc-pVTZ basis set with CASSCF calculations
for understanding the mechanism of cis-trans (Z/E) isomerization in maleonitrile to fumaronitrile
(chapter 4) and in biradicals electronic structure (chapter 5) respectively.

7.2.4 Geometry optimization and frequency calculations

The first step towards exploring electronic structure is geometry optimization. Geometry
optimization stands for the geometry at which the molecule possesses minimum energy or in other
words, locating the minimum energy geometry is called geometry optimization. This is a necessary
step because most of the molecules naturally exist in their lowest energy form. So, if we need to
calculate certain energy related quantities, we have to estimate these quantities using the minimum
energy geometry. In order to verify the minimum energy geometry, we have to perform frequency
calculations. If all the frequencies are positive, it implies the minima over the potential energy
surface (PES). One imaginary frequency provides an indication about the saddle point on the PES
or the transition state. We can estimate all the energy terms like electronic energy, zero-point
vibrational energy (ZPVE), enthalpy, Gibbs free energy and entropy along with heat capacity with
the help of frequency calculations.

7.2.5 Spin density and Molecular orbitals

Spin density in a molecule is defined as the difference in the number of electrons occupying

the o- and B- spin. One and two are the values of total spin density in monoradicals and biradicals

(triplet state) respectively. Analysis of the spin density distribution provides insights on the
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localization or delocalization of unpaired electrons (spin) within the molecule.21 As we know,
delocalization of unpaired electrons (spin) provides the extra stability to the radical. Extent of spin
delocalization to nearest atoms also provides indirect information about the possible interaction of
nearby atoms with radical centres.

Additionally, we explored the molecular orbitals for a better understanding of the electronic
structure and the interaction of radical centres (SOMO) with the heteroatom lone pair wherever
necessary. We have performed the multireference calculation for analysing the molecular orbitals.
Also, the orbital occupancies corresponding to molecular orbitals help in understanding the nature
and multireference character of radical species.

7.2.6 Natural Bond Orbital (NBO) Analysis

We performed the natural bond orbital (NBO) calculations to understand the orbital
interactions (between radical centre and nitrogen lone pairs) while exploring the electronic
structures of dehydrodiazine radicals (Chapter 2). NBO calculations require two sets of orbitals
named donor and acceptor orbitals in which one-centre is considered as the "lone pairs"” or "radical
centre" and two-centre is considered as "bonds".[?!l Using the second order perturbation theory,
the orbital interaction energies can be estimated with the help of effective overlap between the
donor and acceptor orbitals according to the formula as follows:

E(2) = A, = q,%
where q; is the donor orbital occupancy, & and & are the diagonal elements (orbital energies) and
F(i,j) is the off-diagonal NBO Fock matrix element.

We have used the NBO calculations for estimating the interaction energies between the
nitrogen lone pair orbitals and unpaired electron orbital (radical centre). Based on the NBO
analysis, we estimated the orbital interaction energies corresponding to the direct overlap of
nitrogen lone pair orbital with radical orbital which is defined as “Through space” (TS) interaction.
Also, NBO calculations provide useful interaction energies in which radical centres interact with
other atoms via an intervening bond known as “Through Bond” (TB) interaction. We have
discussed the relative stability of dehydrodiazine radical isomers using TS and TB interaction

energies estimated using NBO calculations.
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7.2.7 Atoms in molecules (AIM) Analysis

Atoms in molecules (AIM) calculations have also been performed for understanding the
electronic structures of dehydrodiazines radicals in chapter 2. AIM calculations help us in
understanding the electronic charge density distribution within a molecule.[??] Thus, it determines
directly the shapes and sizes of molecules, their electrical moments and, most of their chemical
and physical properties. Since the charge density describes the distribution of negative charge in
real space, it is a physically measurable quantity. Consequently, when used as a basis for the
discussion of chemistry, the charge density allows for a direct physical picture and interpretation.
We have estimated the charge (electron) densities between two successive atoms within the ring
in diazines. Also, we have estimated the electron density before and after creating the radicals and
closely inspected the change in electron density which arises due to the interaction between the
lone pairs and unpaired electrons in dehydro-diazines. AIM calculations further provided proof for
the existence of nitrogen lone pair interactions with radical centres.

All these above-mentioned calculations were performed using the Gaussian09 suite of
programs. 23l
7.2.8 Multireference Methods

Multireference method is a general approach for describing a chemical system in which a
single electron configuration is no longer appropriate for describing the electronic state. This
commonly happens in reactions which involve breaking and formation of bonds, radicals,
diradicals, triradicals or transition metals of first row.

A single determinant, RHF wave function does not dissociate properly for homolytically
bond breaking in close shell molecule. UHF wave function provides a qualitatively good picture
but results are often poor and the wave function is no longer an eigenfunction of spin operator
<S?>. Solution To keep a spin eigenfunction, we need to include at-least two determinants in our
zeroth order wave function to homolytically break a single covalent bond for a close shell
molecule, because of dissociation there should be two degenerate electron configuration ¢ and c*.

In this regard, multi reference methods and configuration interaction methods are needed
to improve the description of the electron correlation.? These methods are

0] MCSCF eg. CASSCF

(i) Multireference single and double Configuration Interaction (MRCISD)

(iii))  N-electron valence state perturbation theory (NEVPT)
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We performed CASSCF calculation for understanding the nature of interaction between
nitrogen lone pairs and radicals in dehydrodiazine radicals and didehydrodiazine biradicals. Also,
to understand the electronic structure didehydrodiazine biradicals and their singlet-triplet energy
gaps. In MCSCEF, orbitals are obtained not as those which minimize the energy of a single
determinant as in HF theory, but as those which minimize the Configuration Interaction energy of
the MCSCF wave function.

v= Y i=0 Cidi
or
y=Codo + C1dp1+Cop2+Capat.ceeriiininn... Chbn

Defining of active space in CASSCF calculations is the most crucial part as the obtained
results depends on the choice of used active space. It is necessary to include at least those orbitals
in active space which involved in the transformation. We performed CASSCF calculations using
active space of 11 electrons and 9 orbitals for dehydrodiazine radicals, and 12 electrons and 10
orbitals for didehydrodiazine biradicals which includes both the nitrogen lone pairs, radical
orbital(s) and benzene type six-n orbitals (3-r and 3-n*). MCSCEF calculations were performed for

each dehydrodiazine radical, didehydrodiazine biradical using the MOLPRO program.[°]
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Table Al: Electronic and thermodynamic parameters of all the species at (U)B3LYP/cc-pVTZ (bold) and (U)M06-2X/cc-pVTZ (normal) levels

of theory.
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energy (E) 2 g < g w Kelvin)
© ©
1 —264.339234 | 0.076862 353.8 0.0000 | 0.0000 Ca A, —264.365926 —264.334112 66.958
—264.228478 | 0.077622 359.4 0.0000 | 0.0000 —264.255154 —264.223379 66.877
1a —263.669791 | 0.063775 382.1 0.7551 | 0.7500 Cay 2n, —263.697053 —263.664684 68.127
—263.561618 | 0.064591 388.6 0.7588 | 0.7500 —263.588858 —263.556551 67.996
1b —263.673622 | 0.063924 350.1 0.7547 | 0.7500 C. 207 —263.701528 —263.668527 69.456
—263.564174 | 0.064734 355.6 0.7580 | 0.7500 —263.592059 —263.559115 69.337
1c —263.660972 | 0.063895 381.5 0.7568 | 0.7500 Cor 2A, —263.688232 —263.655876 68.099
—263.551612 | 0.064724 383.5 0.7621 | 0.7500 —263.578850 —263.546555 67.972
2 —264.304312 | 0.076053 377.5 0.0000 | 0.0000 Ca A, —264.331032 —264.299144 67.113
—264.191147 | 0.077012 385.0 0.0000 | 0.0000 —264.217839 —264.186022 66.965
24 —263.634972 | 0.062825 355.0 0.7550 | 0.7500 C. 200 —263.662944 —263.629767 69.826
—263.523334 | 0.063783 363.7 0.7589 | 0.7500 —263.551265 —263.518203 69.584
b —263.631428 | 0.062843 375.9 0.7566 | 0.7500 C. 200 —263.659350 —263.626301 69.557
—263.518414 | 0.063771 379.0 0.7623 | 0.7500 —263.546318 —263.513327 69.435
3 —264.332819 | 0.076662 351.4 0.0000 | 0.0000 Dt A —264.358846 —264.327711 65.530
—264.221159 | 0.077562 363.9 0.0000 | 0.0000 ¢ —264.247162 —264.216088 65.399
3a —263.665757 | 0.063813 365.2 0.7553 | 0.7500 C. 207 —263.693658 —263.660667 69.437
—263.554966 | 0.064487 371.4 0.7589 | 0.7500 —263.582849 —263.549906 69.334
4 —263.618749 | 0.058714 128.6 0.7645 | 0.7501 C 200 —263.648754 —263.611941 77.481
—263.507590 | 0.059776 115.6 0.7783 | 0.7502 ) —263.537535 —263.500849 77.211
5 —186.235630 | 0.025284 228.4 0.7544 | 0.7500 c 200 —186.261526 —186.230630 65.027
—186.157254 | 0.025933 233.8 0.7563 | 0.7500 ) —186.183170 —186.152319 64.931
6 —77.336562 0.026990 653.2 0.0000 | 0.0000 Do iy —77.355511 —77.332815 47.768
—77.296981 0.027516 711.4 0.0000 | 0.0000 * ¢ —77.315901 —77.293301 47.565
7 —186.185959 | 0.025749 249.9 0.7549 | 0.7500 Cs N —186.212147 —186.181036 65.479

160




Appendix

—186.112306 | 0.026173 255.1 0.7570 | 0.7500 —186.138473 | —186.107409 65.381
8 -93.423038 | 0.015618 470.1 0.0000 | 0.0000 c 5 -93.442539 -93.419239 49.039
—-93.385897 | 0.016016 529.0 0.0000 | 0.0000 Y 9 —-93.405340 —-93.382185 48.735
9 —-92.740886 | 0.004905 | 2153.2 | 0.7579 | 0.750 c 25 —92.760559 -92.737581 48.362
—92.704593 | 0.005096 2237.0 | 0.7651 | 0.750 Y 9 —-92.724251 —-92.701288 48.328
(2)-10 —263.056271 | 0.048711 106.7 0.0000 | 0.0000 c 25, | _—263.085521 | —263.049658 75.479
—262.950103 | 0.049568 111.5 0.0000 | 0.0000 —263.979262 | —263.943569 75.123
(E)-10 —263.050686 | 0.048276 124.3 0.0000 | 0.0000 c 15 | =263.085475 | —263.049742 75.206
—262.943709 | 0.049224 124.7 0.0000 | 0.0000 —262.978428 | —262.942765 75.059
1 -0.502156 0.0000 - 0.7500 | 0.7500 o 20, -0.512810 -0.499796 27.392
—0.498135 0.0000 - 0.7500 | 0.7500 g —0.508789 —0.495774 27.392
19 -93.445026 | 0.016347 761.9 0.0000 | 0.0000 o 5 —93.464384 —-93.441541 48.079
—93.406039 | 0.016621 782.8 0.0000 | 0.0000 ” g —-93.425388 —-93.402568 48.030
13 —185.669826 | 0.015802 216.0 0.0000 | 0.0000 Co 5 —185.693098 | -185.664971 59.198
—185.603554 | 0.016212 220.8 0.0000 | 0.0000 ” ° | —185.626788 | —185.598738 59.035
1 —263.647452 | 0.058409 102.3 0.7726 | 0.7501 e 2p | _—263.677802 | -263.640420 78.678
—263.531369 | 0.059247 99.8 0.7751 | 0.7501 —263.561742 | —263.524354 78.690
15 —170.169195 | 0.036592 238.2 0.7623 | 0.7500 c. 25, | _=170.195539 | -170.164072 66.227
—170.094540 | 0.037244 241.0 0.7717 | 0.7501 —170.120867 | —170.089461 66.101
" -169.610753 | 0.027107 241.7 0.0000 | 0.0000 o 5 -169.634039 | -169.605791 59.453
—-169.540903 | 0.027681 242.4 0.0000 | 0.0000 ” ¢ | —169.564169 | —169.535991 59.306
(2)-17 —263.082832 | 0.049358 108.1 0.0000 | 0.0000 c. 1y | =263.112197 | —263.076161 75.845
—262.980488 | 0.050118 105.2 0.0000 | 0.0000 —-263.009822 | -262.973851 75.707
(E)-17 —263.078360 | 0.049090 128.7 0.0000 | 0.0000 c. 1y | =263.113390 | —263.077416 75.714
—262.975685 | 0.049848 128.7 0.0000 | 0.0000 —263.010655 | —262.974741 75.586
" —263.591661 | 0.056893 100.9 0.7722 | 0.7502 c, 2p | =263.622069 | -263584423 79.234
—263.475072 | 0.058230 101.5 0.7723 | 0.7501 —263.505445 | —263.467952 78.910
19 —-170.130788 | 0.035258 210.0 0.7552 | 0.7500 c 25, |_=170.156834 | -170.125335 66.295
—170.051562 | 0.036089 213.8 0.7556 | 0.7500 —-170.077612 | —170.046230 66.047
20 —170.081446 | 0.036327 229.0 0.7554 | 0.7500 c. 25, | =170.107808 | -170.076187 66.551
—170.007847 | 0.036966 242.6 0.7582 | 0.7500 —-170.034146 | —170.002671 66.243
1 -76.623632 | 0.013985 293.6 0.7718 | 0.7502 cou | s -76.644018 —76.619471 51.663
-76.591378 | 0.015256 544.4 0.7747 | 0.7503 ” 9 ~-76.611378 —76.587686 49.862
22 —263.026099 | 0.047721 102.1 0.0000 | 0.0000 c. 15 | =263.055564 | —263.019201 76.532
-262.923291 | 0.048784 103.2 0.0000 | 0.0000 —262.952648 | —262.916512 76.053
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23 —263.601236 | 0.057995 80.8 0.7597 | 0.7500 e 2p | —263.631803 | -263.504128 79.293
—263.486907 | 0.059085 83.5 0.7646 | 0.7501 —-263.517336 | —263.479906 78.778
24 —170.151380 | 0.036151 219.9 0.7632 | 0.7500 c. 25 | =170.177827 | -170.146138 66.693
—170.073396 | 0.036846 231.2 0.7687 | 0.7501 —170.099793 | —170.068225 66.442
25 —263.657271 | 0.059301 66.0 0.7654 | 0.7501 c. 25 | _=263.687958 | -263.650310 79.235
—263.543171 | 0.060126 74.1 0.7712 | 0.7501 —263.573673 | -263.536271 78.719
(2)-26 —263.114305 | 0.049885 108.6 0.0000 | 0.0000 Con 1A, —-263.142903 | —263.107795 73.891
—263.008931 | 0.050591 106.4 0.0000 | 0.0000 —-263.037529 | -263.002425 73.884
(E)-26 —263.110549 | 0.049669 127.8 0.0000 | 0.0000 Cor " —263.144659 | —263.109605 73.777
-263.004991 | 0.050213 125.5 0.0000 | 0.0000 9 | —263.039094 | —263.004047 73.763
27 —263.590308 | 0.060269 214.4 0.7658 | 0.7500 c. 25 | _=263.618700 | -263.584662 71.639
—263.479403 | 0.061331 207.7 0.7868 | 0.7502 —263.507783 | -263.473816 71.489
28 —263.613520 | 0.057581 105.7 0.7756 | 0.7503 c. opn | _=263.643817 | —263.606309 78.942
—263.497829 | 0.058500 104.5 0.7841 | 0.7504 —263.528024 | —263.490754 78.441
29 —154.060181 | 0.046938 2245 0.7633 | 0.7500 c. 25, |_—154.086684 | -154.054724 67.266
—153.985100 | 0.047784 229.5 0.7723 | 0.7501 —-154.011566 | —153.979733 66.998
30 —~109.562847 | 0.005582 | 2450.2 | 0.0000 | 0.0000 | i 5 —-109.581273 | —109.559542 45.735
~109.527196 | 0.005726 | 2513.4 | 0.0000 | 0.0000 ” ® | -109.545613 | —109.523891 45.718
- —153.507908 | 0.037481 239.1 0.0000 | 0.0000 Do 5 —-153.530657 | —153.502636 58.975
—153.437823 | 0.038362 241.8 0.0000 | 0.0000 * % | _153.460516 | —153.432670 58.609
- —263.567438 | 0.056481 113.6 0.7844 | 0.7505 c, 2p | =263597642 | -263.560249 78.701
-263.447847 | 0.057593 118.0 0.7933 | 0.7506 —263.477911 | —263.440819 78.067
33 —262.996590 | 0.047787 114.3 0.0000 | 0.0000 c. 1y | =262.025004 | -262.989795 75.998
—262.892679 | 0.048841 115.2 0.0000 | 0.0000 —262.921905 | —262.885982 75.605
3 —263.610624 | 0.058156 89.4 0.7626 | 0.7500 e 2p | _—263.640984 | -263.603612 78.656
—263.500503 | 0.059276 106.7 0.7683 | 0.7501 —263.530590 | -263.493636 77.775
a5 —186.254981 | 0.025548 236.7 0.7626 | 0.7500 c. 25, | —186.281273 | -186.250033 65.751
—186.177458 | 0.026032 241.3 0.7683 | 0.7501 —186.203730 | —186.172537 65.651
36 —185.706053 | 0.016389 253.4 0.0000 | 0.0000 Do i5 —185.728567 | —185.701349 57.283
—185.636276 | 0.016760 252.3 0.0000 | 0.0000 . 9 | —185.658791 | -185.631577 57.277
(2)-37 —263.052006 | 0.048173 108.5 0.0000 | 0.0000 c. 15 | =263.081283 | —263.045291 75.753
—262.945591 | 0.049208 109.4 0.0000 | 0.0000 —262.974808 | —262.938960 75.448
(E)-37 —263.046830 | 0.047773 126.6 0.0000 | 0.0000 c LA |—263.081730 | -263.045886 75.440
—262.939744 | 0.048923 136.0 0.0000 | 0.0000 —262.974361 | —262.938800 74.846
38 —263.599394 | 0.057657 129.9 0.7643 | 0.7501 | Cs 2A" | —263.629514 | —263.592389 78.137
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-263.483611 | 0.058888 136.5 | 0.7706 | 0.7501 —263.513536 | —263.476765 77.393
39 —169.566597 | 0.026364 229.1 | 0.0000 | 0.0000 Con 5 -169.594112 | —169.565653 59.896
-169.500363 | 0.027030 235.6 | 0.0000 | 0.0000 ” 9 | -169.527707 | —169.499419 59.536
10 —263.604630 | 0.057648 102.7 | 0.7716 | 0.7501 e 2p | .=263.641514 | -263.603686 79.615
-263.491148 | 0.058428 68.7 0.7659 | 0.7500 —263.528658 | —263.490204 80.933
a1 —170.129842 | 0.036068 204.4 | 0.7619 | 0.7500 c 2pr | _—170.160667 | -170.128898 66.865
~170.057730 | 0.036872 218.7 | 0.7703 | 0.7501 -170.088401 | -170.056786 66.540
(242 —263.043727 | 0.048810 107.0 | 0.0000 | 0.0000 o ™ —263.078445 | —263.042783 75.057
—262.944258 | 0.049591 105.0 | 0.0000 | 0.0000 —262.978849 | -262.943314 74.789
(E)42 —263.044115 | 0.048506 132.0 | 0.0000 | 0.0000 Con A, -263.078721 | -263.043171 74.823
—262.943299 | 0.049325 135.4 | 0.0000 | 0.0000 —262.978676 | —262.943299 74.458
43 — — — — — - - — — —
a4 —170.053653 | 0.034143 2159 | 0.7562 | 0.7500 c 25, | =170.084866 | -170.052709 67.679
45 -169.490191 | 0.024782 187.1 | 0.0000 | 0.0000 | 5 -169.518634 | —169.489247 61.850
-169.415234 | 0.025754 193.1 | 0.0000 | 0.0000 = 9 | -169.443136 | -169.414290 60.711
16 —7183.529914 | 0.066022 141.8 | 0.0000 | 0.0000 c. 15 |=7183.567314 | -7183.528970 80.701
—7183.806784 | 0.067066 150.3 | 0.0000 | 0.0000 —7183.843986 | —7183.805839 80.286
475 —262.970864 | 0.049547 1155 | 0.0000 | 0.0000 Con » —-263.003144 | —262.969920 69.927
—262.867691 | 0.050705 182.7 | 0.0000 | 0.0000 —262.899483 | —262.866747 68.900
47T —262.904062 | 0.048271 176.6 | 2.0178 | 2.0001 e | o, —-262.936747 | —262.903118 70.778
—262.801185 | 0.047858 118.8 | 2.0182 | 2.0001 —262.834726 | -262.800241 72.581
18 —7183.534389 | 0.065982 134.3 | 0.0000 | 0.0000 N —7183.571106 | —7183.533444 79.265
—7183.812217 | 0.066992 143.1 | 0.0000 | 0.0000 —7183.848747 | —7183.811273 78.870
49 —723.841690 | 0.067158 157.5 | 0.0000 | 0.0000 Con ”» —723.875994 | —723.840745 74.187
—723.698017 | 0.068133 163.9 | 0.0000 | 0.0000 —723.732215 | —723.697073 73.963
50 —263.619184 | 0.058840 95.7 0.7649 | 0.7501 c 2)r | _—263.655827 | —263.618239 79.110
—263.508118 | 0.059648 98.7 0.7708 | 0.7501 —263.544553 | —263.507174 78.672
51 -170.165016 | 0.036592 238.2 | 0.7623 | 0.7500 c. 25, | =170.195538 | -170.164072 66.227
—170.090405 | 0.037244 241.0 | 0.7717 | 0.7501 -170.120867 | -170.089460 66.101
5 —14102.76202 | 0.054284 56.8 0.0000 | 0.0000 G | 1AL —14102.80463 | —14102.761080 | 91.676
—14103.43668 | 0.055381 62.4 0.0000 | 0.0000 —14103.47897 | —14103.435740 | 90.999
53 —7182.828895 | 0.052022 155.7 | 0.7553 | 0.7500 c 25 | =7182.867017 | ~7182.827951 82.222
—7183.109108 | 0.053092 162.1 | 0.7599 | 0.7500 —7183.146987 | —7183.108164 81.709
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54 - —
55 —7182.760050 | 0.048304 156.6 0.7621 | 0.7501 C. 207 —7182.799836 | —7182.759106 85.723
—7183.033798 | 0.049735 175.1 0.7672 | 0.7501 —7183.072824 | —7183.032854 84.123
56-T —262.954174 | 0.049871 302.8 2.0066 | 2.0000 Car 3B, —262.986244 —262.953230 69.483
—262.845412 | 0.050930 317.2 2.0110 | 2.0000 —262.877283 —262.844467 69.065
(2)-57 —262.948214 | 0.045907 118.6 0.0000 | 0.0000 Ca A, —262.982756 —262.947270 74.685
—262.838943 | 0.047213 125.3 0.0000 | 0.0000 —262.873218 —262.837999 74.124
(E)-57 —262.953453 | 0.045776 124.8 0.0000 | 0.0000 Can A —262.987726 —262.952509 74.121
—262.843437 | 0.046824 126.5 0.0000 | 0.0000 ’ —262.877546 —262.842493 73.776
58 —230.855487 | 0.071325 3125 0.0000 | 0.0000 Dt A —230.886518 —230.854542 67.298
—230.738867 | 0.070774 137.2 0.0000 | 0.0000 ’ —230.771372 —230.737922 70.400
(2)-59 —230.895870 | 0.070628 106.3 0.0000 | 0.0000 Cay 1A, —230.930973 —230.894926 75.868
—230.790288 | 0.071842 108.1 0.0000 | 0.0000 —230.825141 —-230.789344 75.341
60 —246.939751 | 0.061677 427.4 0.0000 | 0.0000 C. A/ —246.971316 —246.938807 68.421
—246.824667 | 0.061634 374.6 0.0000 | 0.0000 —246.856508 —246.823723 69.002
(2)-61 —246.942438 | 0.058759 108.2 0.0000 | 0.0000 C. A/ —246.977921 —246.941494 76.667
—246.836209 | 0.059863 112.6 0.0000 | 0.0000 —246.871437 —246.835265 76.130
(2)-62 —247.004546 | 0.060369 105.5 0.0000 | 0.0000 C. " —247.039812 —247.003602 76.210
—246.899326 | 0.061016 105.1 0.0000 | 0.0000 —246.934534 —246.898382 76.089
63 —14102.80284 | 0.055439 96.5 0.0000 | 0.0000 Cay 1A, —14102.84533 | —14102.80189 91417
—14103.47862 | 0.056396 98.2 0.0000 | 0.0000 —14103.52083 | —14103.47767 90.835
64 —7182.871629 | 0.053341 140.0 0.7555 | 0.7500 C. 207 —7182.909577 | —7182.870685 81.856
—7183.151043 | 0.054210 1454 0.7592 | 0.7500 —7183.188798 | —7183.150098 81.450
65 —263.025403 | 0.050690 430.4 0.0000 | 0.0000 Ca A1 —263.055863 —263.024459 66.095
—262.913371 | 0.050810 426.8 0.0000 | 0.0000 —262.943913 —262.912426 66.270
(2)-66 —263.020139 | 0.047720 102.0 0.0000 | 0.0000 C. " —263.055561 —263.019195 76.539
—262.917545 | 0.048671 1045 0.0000 | 0.0000 —262.952738 —262.916601 76.056
(E)-66 —263.020043 | 0.047321 125.8 0.0000 | 0.0000 C. " —263.055239 —263.019099 76.064
—262.916736 | 0.048225 124.8 0.0000 | 0.0000 —262.951774 —262.915792 75.731

1-m-(2,4)-S — — — — — - - — — —
1-m-(2,4)-T —262.997863 | 0.051317 378.5 2.0120 | 2.000 C. % -263.030134 —262.996919 69.908
’ —262.891705 | 0.051944 379.3 2.0212 | 2.000 —262.923926 —262.890761 69.801
1-p-(2,5)-S —262.998456 | 0.049790 450.7 0.0000 | 0.0000 | Cov A —263.029207 —262.997512 66.707
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—262.885732 | 0.050044 443.9 0.0000 | 0.0000 —-262.916550 | —262.884787 66.849

1p-25)T -262.979761 | 0.050889 339.6 2.0062 | 2.0000 Con A —-263.011589 | -262.978816 68.976
-262.874671 | 0.051785 353.7 2.0098 | 2.0000 —262.906393 | —262.873727 68.750

1-0-(4.5)-S —-263.021261 | 0.051416 410.7 0.0000 | 0.0000 c. 15 | =263.052458 | —262.020317 67.647
-262.918413 | 0.052130 413.1 0.0000 | 0.0000 —262.949569 | —262.917469 67.559

1-0-(4.5)T —262.988170 | 0.051421 382.9 2.0097 | 2.0000 c sy | T263.020462 | 262987226 69.953
~262.879477 | 0.052075 382.8 2.0151 | 2.0001 —262.911741 | —262.878533 69.891

1-m-(4,6)-S —263.025403 | 0.050690 430.4 0.0000 | 0.0000 s 1A, —263.055863 | —263.024459 66.095
-262.913371 | 0.050810 426.8 0.0000 | 0.0000 —262.943913 | —262.912426 66.270

1m-(4.6)-T —-262.990536 | 0.051104 320.0 2.0115 | 2.0000 Con ™ —263.022343 | -262.989592 68.930
—262.885458 | 0.051814 332.0 2.0213 | 2.0000 —262.917150 | —262.884514 68.688

2-0-3.4)-S —262.983459 | 0.050249 381.4 0.0000 | 0.0000 c |Ar | =263.014874 | -262.982514 68.107
—262.875912 | 0.051075 391.4 0.0000 | 0.0000 —262.907285 | —262.874968 68.017

2-0-3.4)-T —262.956849 | 0.050651 395.6 2.0103 | 2.0000 c. sy | _m262.989183 | 262955905 70.039
-262.844227 | 0.051167 393.7 2.0162 | 2.0001 —262.876574 | —262.843283 70.068

2-m-(3.5)-S —-262.974682 | 0.049577 371.4 0.0000 | 0.0000 c. 1y | =263.006224 | 262973738 68.374
-262.871859 | 0.050668 284.2 0.0000 | 0.0000 -262.903116 | -262.870915 67.773

2-m-(3,5)-T —-262.950449 | 0.049555 370.4 2.0164 | 2.0001 c. sy | _m262.982962 | —262.949505 70.415
—262.840422 | 0.050720 364.5 2.0298 | 2.0004 —262.872822 | —262.839478 70.179

2-p-(3,6)-S — — — — — - - — — —
2-p-(3.6)T —-262.954174 | 0.049871 302.8 2.0066 | 2.0000 Con 33, —262.986244 | —262.953230 69.483
-262.845412 | 0.050930 317.2 2.0110 | 2.0000 —262.877283 | —262.844467 69.065

2-0-(4.5)5 —-263.000307 | 0.051075 426.6 0.0000 | 0.0000 Con 1A, —263.030817 | —262.999363 66.201
-262.889629 | 0.051724 4235 0.0000 | 0.0000 -262.920164 | —262.888685 66.255

2-0-(4.5)-T —262.901703 | 0.050231 145.8 2.0102 | 2.0000 Con ™ —262.934817 | -262.900759 71.682
-262.778450 | 0.058529 184.0 2.0113 | 2.0000 -262.811016 | —262.777506 70.528

3-02.3)-S —262.981667 | 0.049280 87.4 0.0000 | 0.0000 c 1 [ 2263014422 | -262.980723 70.926
’ —262.874464 | 0.050795 144.7 0.0000 | 0.0000 -262.906082 | —262.873520 68.533
3-0-2.3)-T —262.992985 | 0.051478 396.4 2.0095 | 2.0000 o 8, —-263.024582 | —262.992041 68.489
-262.883605 | 0.052248 406.6 2.0146 | 2.0001 —-262.915149 | —262.882661 68.377

3-p-(2.5)-S —263.009698 | 0.050598 442.3 0.0000 | 0.0000 Con A, -263.040122 | —263.008754 66.020
-262.891772 | 0.050807 447.3 0.0000 | 0.0000 —262.922201 | —262.890827 66.032

3-p-(2.5)-T —262.982930 | 0.051083 316.4 2.0063 | 2.0000 Con - —263.014750 | -262.981986 68.957
’ -262.875611 | 0.051816 333.9 2.0096 | 2.0000 -262.907317 | -262.874667 68.717
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3-m-(2,6)- —262.994530 | 0.050709 452.9 0.0000 | 0.0000 Ca A, —263.025089 —262.993586 66.304
' —262.884370 | 0.051177 417.7 0.0000 | 0.0000 —262.914923 —262.883426 66.291
3-m-(2,6)-T —262.991616 | 0.051311 415.1 2.0144 | 2.0000 Cay 3B, —263.023157 —262.990671 68.373
—262.882871 | 0.052066 419.2 2.0248 | 2.0002 —262.914359 —262.881926 68.260

TS1boic —263.556904 | 0.056459 | —2281.2 | 0.7656 | 0.7500 s 2 —263.585162 —263.551419 71.019
—263.446141 | 0.057159 | -2326.8 | 0.7642 | 0.7500 —263.474741 —263.440539 71.983

TS30.3a —263.540762 | 0.056060 | —2433.3 | 0.7829 | 0.7502 C 2A -263.568808 —263.535426 70.257
—263.428736 | 0.056706 | —2806.7 | 0.7769 | 0.7502 —263.456875 —263.423336 70.590

TS2a2b —263.520927 | 0.055384 | —2314.2 | 0.7678 | 0.7500 C 2A —263.549224 —263.515383 71.224
—263.407480 | 0.056082 | —2425.7 | 0.7651 | 0.7500 —263.436126 -263.401826 72.189

TSob_ab —263.532293 | 0.055845 | —2233.3 | 0.7597 | 0.7500 Cay °B, —263.560250 —263.526621 70.778
—263.417939 | 0.056787 | -2150.6 | 0.7599 | 0.7500 —263.445647 —263.412372 70.033

TS1a4 —263.599144 | 0.058369 —533.4 | 0.7778 | 0.7504 C. 207 —263.627783 —263.593294 72.589
—263.484773 | 0.059063 —663.1 0.7896 | 0.7510 —263.513396 —263.478950 72.497

TSass —263.564324 | 0.053027 -382.3 0.7677 | 0.7501 C. 207 —263.596959 —263.556194 85.798

’ —263.449334 | 0.054347 —408.5 0.7706 | 0.7502 —263.480683 —263.441574 82.311
TSa1011 —263.552384 | 0.049878 —625.5 0.7612 | 0.7500 C. 207 —263.583610 —263.544810 81.662
‘ —263.439029 | 0.05068 —781.41 | 0.7632 | 0.7500 —263.470097 —263.431574 81.080

TS5 —186.133238 | 0.019291 | —-2009.1 | 0.7569 | 0.750 C. N —186.159597 —186.127817 66.886
—186.058376 | 0.019767 | —-1987.0 | 0.7561 | 0.750 —186.084926 —186.052908 67.387

TS5.12. —186.187319 | 0.021706 —278.9 | 0.7632 | 0.7501 C. N —186.215469 —186.181412 71.679
’ —186.109553 | 0.021961 -358.7 0.7652 | 0.7501 —186.137497 —186.103700 71.132

TS5 13.11 —186.171624 | 0.016052 —192.2 | 0.7517 | 0.7500 C. 207 —186.198948 —186.165597 70.193
’ —186.097284 | 0.016694 —567.2 0.7553 | 0.7500 —186.124021 —186.091487 68.472

To e —186.154466 | 0.021935 —406.6 | 0.7660 | 0.7501 C. 207 —186.182488 —186.148618 71.287

’ —186.078039 | 0.022382 —452.4 | 0.7679 | 0.7502 —186.105782 —186.072299 70.471
TS1b-14 —263.617515 | 0.058346 —520.7 | 0.7649 | 0.7501 C 2 —263.645974 —263.611768 71.992
—263.502744 | 0.058941 —525.8 0.7657 | 0.7501 —263.531167 —263.497034 71.840

TS1415 12 —263.600368 | 0.054344 =509.9 | 0.7695 | 0.7502 C 2 —263.631659 —263.592704 81.987
’ —263.486168 | 0.055081 —624.5 0.7766 | 0.7504 —263.517168 —263.478623 81.124
TS1-1711 —263.584795 | 0.049620 —104.9 | 0.7510 | 0.7500 C 2 —263.617878 —263.576488 87.112
’ —263.474641 | 0.050583 —526.2 0.7556 | 0.7500 —263.506417 —263.466674 83.645
TS15.1611 —170.104701 | 0.027896 —802.9 | 0.7687 | 0.7500 C. 20/ —170.131176 —170.099063 67.587
’ —170.026692 | 0.028512 —947.5 0.7694 | 0.7501 —170.053088 —170.021153 67.213
—263.581076 | 0.056997 —258.2 | 0.7647 | 0.7501 Cs 2N —263.609710 —263.575066 72.915
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TS1b-18 —263.465281 | 0.057931 —259.6 0.7668 | 0.7501 —263.493895 —263.459338 72.732
TS18-1012 —263.553971 | 0.053170 —590.7 | 0.7645 | 0.7501 s 2 —263.585139 —263.546195 81.964
’ —263.436405 | 0.054305 —699.2 0.7677 | 0.7501 —263.466994 —263.428903 80.169

TS —263.528075 | 0.047969 -98.1 0.7510 | 0.7500 C 2 —263.561348 —263.519532 88.009
182211 —263.417411 | 0.049328 —529.0 | 0.7556 | 0.7500 ' —263.449033 —263.409334 83.554
TS19.20 —170.030568 | 0.029755 | —2058.5 | 0.7582 | 0.7500 C, 20/ —170.057011 —170.024813 67.766
—169.955443 | 0.030546 | -2026.8 | 0.7567 | 0.7500 —169.981942 —169.949741 67.773

TSo0-018 —170.039341 | 0.032058 —363.1 0.7648 | 0.7501 C. 20/ —170.067792 —170.033083 73.051
’ —169.963485 | 0.032822 —479.7 0.7712 | 0.7503 —169.991592 —169.957394 71.975

TS1c23 —263.585155 | 0.058337 —416.9 | 0.7784 | 0.7505 C. 207 —263.613886 —263.579227 72.945
—263.468314 | 0.059206 -531.3 0.7857 | 0.7508 —263.496962 —263.462465 72.606

TS232412 —263.575740 | 0.054358 —548.5 0.7774 | 0.7504 C 2 —263.607479 —263.568115 82.849
’ —263.458484 | 0.055266 —634.4 | 0.7843 | 0.7507 —263.489581 —263.451033 81.132
TS231011 —263.549665 | 0.050067 —820.3 0.7670 | 0.7500 C 2 —263.580466 —263.542244 80.446
’ —263.436389 | 0.051390 -950.6 0.7672 | 0.7500 —263.466751 —263.429265 78.895
TSoa 1611 —170.102612 | 0.028137 -902.8 0.7683 | 0.7500 C. 207 —170.129020 —170.097040 67.309
’ —170.024336 | 0.028843 | -1011.3 | 0.7688 | 0.7501 —170.050664 —170.018866 66.925
TSzans —263.616358 | 0.059792 —588.8 0.7825 | 0.7504 C. N —263.644670 —263.610868 71.143
—263.497844 | 0.060389 —702.4 | 0.7914 | 0.7509 —263.526161 —263.492350 71.161

TS25.15 12 —263.607918 | 0.054204 —3844 | 0.7738 | 0.7503 C. 207 —263.640097 —263.600048 84.290
’ —263.494568 | 0.055173 -519.8 0.7846 | 0.7508 —263.526004 —263.486940 82.216
TS252611 —263.607411 | 0.051121 —823.8 0.7663 | 0.7500 C 2 —263.638557 —263.599980 81.191
’ —263.493988 | 0.051952 —933.2 0.7667 | 0.7500 —263.524978 —263.486664 80.639
TSoan7 —263.510519 | 0.055659 —417.1 0.7731 | 0.7503 C. N —263.539457 —263.504259 74.081
—263.393614 | 0.056944 —496.4 | 0.7871 | 0.7508 —263.422399 —263.387523 73.403

TS27-98 —263.584816 | 0.057842 —479.6 | 0.7779 | 0.7502 C. N —263.613500 —263.578925 72.769
—263.466502 | 0.058280 —618.6 0.7888 | 0.7506 —263.495195 —263.460595 72.821

TS26-29 30 —263.598597 | 0.054568 —480.2 | 0.7676 | 0.7502 C 2 —263.630205 —263.590936 82.650
’ —263.484869 | 0.055275 -571.3 0.7729 | 0.7503 —263.515883 —263.477375 81.045
TS031 11 —154.001400 | 0.038322 —841.3 0.7703 | 0.7500 C. 207 —154.027980 —153.995457 68.451
’ —153.923094 | 0.039132 —999.2 0.7706 | 0.7501 —153.949578 —153.917294 67.949
TS2bn8 —263.586120 | 0.057912 —446.7 | 0.7761 | 0.7503 C 2 —263.615486 —263.579948 74.795
—263.468785 | 0.059046 -502.9 0.7822 | 0.7505 —263.497582 —263.462844 73.112

TSb —263.542720 | 0.055726 —442.0 | 0.7696 | 0.7501 C 2 —263.571747 —263.536426 74.340
—263.424198 | 0.057534 —476.4 | 0.7634 | 0.7501 —263.452958 —263.418141 73.278
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TSupgei, | 203548678 [ 0053926 [ 7134 [07756 [07502 [ [ ,, [ -263579873 | 263541157 [ 81483
' —263.428996 | 0.054696 | -837.4 | 0.7795 | 0.7504 _263.460058 | —263.421555 | 81.035
2

TS32-3311 ™ 53385068 | 0.049423 | 5025 | 0.7555 | 0.7500 | A 263418729 | 263378913 83.800
TS ~263504672 | 0.058124 | —424.7 [07773| 07504 | [ ,,, | -263.623511 | 263588704 | 73.258
—263.480030 | 0.058851 | —568.8 | 0.7890 | 0.7510 263508797 | -263.474119 | 72.987

TSarase ~263575525 | 0054133 | —503.0 | 07790 [0.7504 ] . [ ,,, | 263608048 | 263567779 | 84.753
' —263.458930 | 0.055130 | -591.8 | 0.7852 | 0.7508 263.490503 | -263.451378 | 82.347
TSasayy, | 203546862 | 0.049492 | 7074 | 07644 [ 07500 | | ,, | -263577547 | -263539355 | 80380
' —263.433255 | 0.050971 | -909.3 | 0.7669 | 0.7500 263.463584 | —263.426070 | 78.956

T agy, | 186199320 | 0017379 | 8396 [07669 [07500 | | ,,, | 186225638 | -186193989 | 66612
: _186.121215 | 0.017856 | —946.3 | 0.7675 | 0.7500 _186.147479 | —186.115939 | 66.382
TS ~263582343 [ 0057992 | —489.1 [07778[ 07504 . [ ,,, [ 263610028 | 263576480 | 72.502
—263.464864 | 0.058902 | -5743 | 0.7850 | 0.7508 263.493387 | —263.459080 | 72.205

TS ior, | 203563462 | 0052795 | 4093 | 07654 [07501 | |, | -263505630 | -263555400 | 84.653
' —263.446335 | 0.054090 | -430.8 | 0.7676 | 0.7502 263.478005 | —263.438529 | 83.084
Toupayy, | 203546147 | 0049374 | 7275 | 07646 | 07500 | | ,, | -263577034 | -263538581 | 80.931
' _263.433262 | 0.050962 | —852.3 | 0.7662 | 0.7500 _263.463564 | —263.426086 | 78.879
TSioner, | 170072696 | 0026592 | 1616 [ 07515 [07500 | | ,, | -170.100153 | -170066374 | 71.093
: —169.998380 | 0.027418 | —526.0 | 0.7553 | 0.7500 ~170.025183 | —169.992333 | 69.139
TSss | 230848282 | 0.069803 | -510.7 [0.0000 00000 [ . | i, [ 230875314 | 230842426 | 69218
230737504 | 0.070367 | —531.6 | 0.0000 | 0.0000 230.764488 | —230.731698 | 69.011

T | 246942482 0060244 | —479.1 [0.0000[0.0000 [ |, [ 246969783 | 246937203 | 68528
246.829741 | 0.060807 | —367.1 | 0.0000 | 0.0000 246856969 | 246824557 | 68216

TS | 246909236 | 0.058594 | —480.1 [0.0000[ 00000 | |, [ 246936825 | -246903593 | 69.943
246.799356 | 0.059432 | —495.1 | 0.0000 | 0.0000 246.826875 | —246.793800 | 69.612
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A2. Synthesis of 2-iodopyrimidine and 4,6-diiodopyrimidine

2-lodopyrimidine has been synthesized from the 2-chloropyrimidine using the standard
literature procedure. Reaction condition for the synthesis of 2-iodopyrimidine has been
mentioned in scheme Al followed by the procedure.

Cl |
HI (57 % in H,0, 5 e
WA (57%inH0 5e) K
“\/ ° > “\/I
H,0, 0 °C
49 1h, 90 % 48

Scheme Al. Synthesis of 2-iodopyrimidine (48).

Hydroiodic acid (3.2 mL, 57%), precooled to 0 °C, was added to solid 2-chloropyrimidine (800
mg, 3.90 mmol) in a 50 mL round-bottomed flask. The mixture was kept and vigorously stirred
at 0 °C for 50 min. The light brownish green suspension was quickly neutralized at 0°C with a
saturated aqueous solution of potassium carbonate and decolorized with potassium disulfite at
0 °C. The aqueous solution was extracted with diethyl ether (5*6 mL), dried over desiccated
magnesium sulphate, filtered, and evaporated under reduced pressure. The light-yellow oil was
dissolved in a minimal amount of boiling petroleum ether (bp 30-50 °C) and crystallized at 0
°C to give 1.31 g (90%) of colourless 2-iodopyrimidine. mp 30-32 °C

'H NMR (500 MHz, CDCI3): 6 8.40 (d, J = 3.9 Hz, 2H), 7.30 (t, J = 3.9 Hz, 1H).

13C NMR (125 MHz, CDCI3): § 158.5, 129.5, 120.6.
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Figure Al. 'H NMR spectrum of 2-iodopyrimidine (48).
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Figure A2. 13C NMR spectrum of 2-iodopyrimidine (48).
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Synthesis of 4,6-diiodopyrimidine (63)

HI (57 % in H,0, 22 eq)
N&N Nal (1.35 eq) N&N
v

| I 63
4 days, 84 %
4,6-dichloropyrimidine 4,6-diiodopyrimidine

Scheme A2. Synthesis of 4,6-diiodopyrimidine (63).

A mixture of 4,6-dichloropyrimidine (1.00 g, 6.70 mmol), Nal (1.36 g, 9.00 mmol), and
hydriodic acid (57 wt % in H20, 20 mL, 151.0 mmol) was heated at 40 °C with stirring for 1
h. The reaction mixture was stirred at room temperature for 30 h and basified with 10 N NaOH
to pH = 10). The resulting precipitate was filtered, washed with H>O, and dried to give 4,6-
Diiodopyrimidine as a light-yellow solid (1.86 g, 84%).

IH NMR (500 MHz, CDCls): & 8.59 (d, °J = 0.84 Hz, 1H), 8.57 (t, 5J = 0.84 Hz, 1H).

13C NMR (125 MHz, CDCls): 5 158.7, 142.5, 131.0.
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Figure A3. 'H NMR spectrum of 4,6-diiodopyrimidine (63).
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Figure A4. 13C NMR spectrum of 4,6-diiodopyrimidine (63).
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Figure A5. FTIR spectrum of 2-iodopyrazine (46). (a) Deposition spectrum of 46 (Ar, 4K) and (b) computed vibrational spectrum 46
(B3LYP/DGTZVP level of theory, unscaled).
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Figure A6. Computed vibrational spectrum of possible pyrimidine radicals and their iodo-precursor. ((U)B3LYP/cc-pVTZ level of theory for all
the radicals and B3LYP/DGTZVP level of theory for all iodo-precursors, unscaled).
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Figure A7. FTIR spectrum of 2-iodopyrimidine (48). (a) Deposition spectrum of 48 (Ar, 4K); The red dots indicate the signals due to 2-
choropyrimidine (49), the synthetic precursor of 48; (b) Computed vibrational spectrum of 2-iodopyrimidine (48) (B3LYP/DGTZVP level of

theory, unscaled).
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Figure A8. FTIR spectrum of 2-chloropyrimidine (49). (a) Deposition spectrum of 49 (Ar, 4K); (b) Computed vibrational spectrum of 2-
chloropyrimidine (49) (B3LYP/DGTZVP level of theory, unscaled).
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Figure A9. FTIR spectrum of 3,6-diiodopyridazine (52). (a) Deposition spectrum of 52 (Ar, 4K); (b) Computed vibrational spectrum of 3,6-
diiodopyridazine (52) (B3LYP/DGTZVP level of theory, unscaled).
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Figure A10. FTIR spectrum of 4,6-diiodopyrimidine (63). (a) Deposition spectrum of 63 (Ar, 4K); (b) Computed vibrational spectrum of 4,6-
diiodopyrimidine (63) (B3LYP/DGTZVP level of theory, unscaled).
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Table A2. Harmonic frequencies of ring-opened products (Z)-17 and (E)-17 in argon matrix at 4 K.

Normal k (2)-17 /)T (E)-17
mode _ =N _ _ N~ _
Symmetry , ctria-llc al I catclP! / c:rjﬁ 9 Irelexp | Symmetry / circ;illc al I calcl?! / C:T*:fli q IreleXp
6 A, 598.4 <1(1.8) - - B, 530.6 <1(0.4) - -
7 B, 746.5 1.7 (4.8) - - A, 542.0 <1(0.8) - -
8 B, 782.9 11.8 (32.8) 757.0 18 B, 876.6 1.5 (4.8) - -
9 Ay 904.1 2.9 (8.0) - - A, 964.3 14.5 (46.7) 929.5 1
10 A, 973.1 0 (0.0) - - B, 1036.7 <1(2.6) - -
11 B, 1061.5 5.6 (15.6) - - A, 1077.3 8.3 (26.7) - -
12 A 1260.1 <12.5) - - B, 1299.3 <1(0.1) - -
13 B, 1422.6 <124 - - Aq 1339.9 <1(02) - -
14 A 1669.3 8.3 (23.2) - - A 1675.5 9.1 (29.1) - -
15 A1 2183.3 100.0 (278.3) 2121.0 100 Ay 2184.6 100.0 (321.2) 2122.5 100
16 B, 2339.6 <1(1.7) - - B, 2338.8 <1.9) - -
17 B, 3186.7 2.9 (8.1) - - A 3186.4 <1(0.9) - -
18 Ay 3202.3 <1(0.1) - - B, 3191.8 2.5(7.9) - -

[a] B3LYP/cc-pVTZ; [b] Relative intensities in % and absolute intensities (in parentheses) are given in km/mol; [c] Experiment frequencies in
argon matrix at 4 K.
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Table A3. Harmonic frequencies of ring-opened products maleonitrile (Z)-26 and fumaronitrile (E)-26 in argon matrix at 4 K.

Y N N

TCE; (\N (2)-26 N ///( ()26

% \7 calc [b] \7 ex Irel § calc [b] § ex

> | Symmetry et B lcalc / cm—Fll - exp Symmetry et lcalc / cm—ri . IreLeXp
5 A 479.8 <1(0.3) - - Aq 539.6 0 (0.0) - -
6 A 617.2 0 (0.0) = - B. 544.9 1(0.7) - -
7 B2 740.0 2(0.9) - - Ay 559.1 6 (2.7) - -
8 B: 786.6 100 (37.7) 760.0 100 Bq 879.8 0 (0.0 —~ -
9 As 882.0 15 (5.5) 870.0 21 Ay 983.7 100 (48.8) 945.5 100
10 Az 996.4 0(0.0) - - By 1024.6 16 (7.7) 1011.5 18
11 B: 1029.6 18 (6.8) 1011.5 17 Ay 1026.4 0(0.0) - -
12 A 1244.4 2(0.6) - - B. 1297.3 4(1.8) — -
13 B2 1418.1 <1(0.1) - - Ay 1326.7 0 (0.0 —~ -
14 A 1660.4 2(0.7) - - Aq 1668.7 0 (0.0) - -
15 A 2332.4 1(0.4) - - Aq 2329.1 0 (0.0) - -
16 B> 2345.0 2(0.6) - - B. 2346.1 7(3.3) —~ -
17 B> 3177.4 14 (5.2) 3066.5 12 Ay 3178.6 0 (0.0) - -
18 Ar 3191.6 2 (0.6) - - By 3186.0 12 (6.0) 3087.5 10

[a] B3LYP/cc-pVTZ; [b] Relative intensities in % and absolute intensities (in parentheses) are given in km/mol; [c] Experiment frequencies in
argon matrix at 4 K.

181



Appendix

Table A4. Harmonic frequencies of ring-opened products (Z)-42 and (E)-42 in argon matrix at 4 K.

% %
Normal EN\\ (242 -N | (B2
mode ® 3 ge
Symmetry , c\irc]a—llc al I catcl?! / c\r}r(:ﬁ g relexp Symmetry , circla—llc @l I calcl?] / c\r};ﬁ g lrelexp
6 A, 564.4 0 (0.0) - - B, 465.7 <1(0.9) - -
7 B. 753.7 4.1(11.5) - - A, 513.6 0(0.0) - -
8 B: 778.1 10.3 (28.9) 755.0 12 B, 872.7 0 (0.0) - -
9 A 929.0 3.9 (10.8) - - A 943.4 9.7 (51.0) 915.5 10
10 A, 944.9 0 (0.0) - - B, 1084.3 0 (0.0) - -
11 B2 1088.4 7.6 (21.2) - - Ay 1086.6 8.8 (46.6) - —
12 A 1274.4 <1(1.0) - - B, 1322.1 <1(4.0) - -
13 B. 1422.5 3.2 (9.0) - - A, 1328.2 0 (0.0) - -
14 Ax 1680.2 1.1 (3.0) - - Ay 1684.9 0(0.0) - —
15 A 2187.0 64.2 (179.2) 2117.5 40 A 2184.5 0 (0.0) - -
16 B2 2190.2 100.0 (279.0) 2119.5 100 Bu 2194.3 100.0 (527.8) 2121.5 100
17 B, 3195.5 3.7 (10.4) - - A, 3194.1 0 (0.0) - -
18 Ax 3212.1 <1(0.5) - - Bu 3196.6 2.5(13.2) - —

[a] B3LYP/cc-pVTZ; [b] Relative intensities in % and absolute intensities (in parentheses) are given in km/mol; [c] Experiment frequencies in
argon matrix at 4 K.
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Table A5. Harmonic frequencies of ring-opened products (Z)-37 and (E)-37 in argon matrix at 4 K.

= =
T g L (2)-37 (537
C O ~ NZ
§ = S \7calc [b] \7exp \7calc [b] \7&xp
ymmetry et il lcalc /emL [ Irel, €XP | Symmetry /el lcalc /em-L i Irel.€XP
5 A’ 496.6 2(1.3) - - A’ 539.1 29 (27.7) - -
6 A 553.7 67 (56.3) 504.5 41 A" 559.7 0 (0.0) - -
7 A" 639.9 1(0.6) = = A’ 560.0 11 (10.5) - -
8 A" 702.5 39 (32.5) 674.5 35 A’ 577.5 27 (25.6) - -
9 A’ 730.7 1(0.8) - - A" 695.1 36 (34.2) 623.5 20
10 A" 910.1 7(6.2) - - A" 961.0 11 (10.4) - -
11 A 934.0 6(5.2) - - A 1010.3 29 (27.1) - -
12 A 1019.7 48 (40.7) - - A 1065.9 8(7.3) — -
13 A 1404.1 5(4.4) - - A’ 1371.7 11 (10.1) - -
14 A 1633.3 8 (6.3) - - A’ 1645.4 6 (5.7) - -
15 A 2178.2 9(7.8) - - A 2180.7 6 (5.6) — -
16 A 2327.0 6 (5.4) - - A’ 2399.1 0(0.1) - -
17 A 3162.0 0(0.2) - - A’ 3088.9 8(7.7) - -
18 A 3473.1 100 (83.6) 3320.0 100 A 3472.3 100 (94.0) 3312.0 100

[a] B3LYP/cc-pVTZ; [b] Relative intensities in % and absolute intensities (in parentheses) are given in km/mol; [c] Experiment frequencies in
argon matrix at 4 K.

183



Appendix

Table A6. Harmonic frequencies of ring-opened products (Z)-10 and (E)-10 in argon matriX at 4 K.

§ N// N N/’N

£ i PRINCEL

g _ A _ _ Z _

S | Symmetry | cvnia—llc ol I catct®! / c:relﬁ 9 Irel,exp | Symmetry / cvnia—llc al I catcl! / ngfli q Irel€Xp
5 A 5217 9(8.9) - - A 5489 3 (4.9) - -
6 A" 645.6 15 (15.8) - - A" 576.7 0(0.7) - -
7 A 691.9 36 (37.3) 659.5 21 A 603.0 3(3.8) - -
8 A" 732.4 31(32.1) 716.2 18 A 693.6 29 (41.7) 663.0 8
9 A 750.8 8 (8.6) - - A" 726.0 24 (33.6) 7135 10
10 A 934.6 2(2.2) - - A" 995.7 3 (4.0) - -
11 A" 960.2 3(2.7) - - A 1021.8 37 (52.8) - -
12 A 1035.3 51 (52.9) - - A 1070.1 7 (10.5) - -
13 A 1409.6 7 (7.6) - - A 1385.6 6(7.9) - -
14 A 1637.1 100 (103.1) 1593.5 100 A 1647.4 100 (142.2) 1599.5 100
15 A 22023 56(57.5) 2133 64 A 2208.2 60 (85.5) 2134 57
16 A 22917  25(25.9) 2197 19 A 2296.0 18 (25.3) 2197 13
17 A 3138.7 2(1.8) - - A 3075.5 6 (8.8) - -
18 A 3460.1 63 (65.0) 3318.0 52 A 3461.9 53 (75.1) 3319.5 39

[a] B3LYP/cc-pVTZ; [b] Relative intensities in % and absolute intensities (in parentheses) are given in km/mol; [c] Experiment frequencies in
argon matrix at 4 K.
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Table A7. Harmonic frequencies of 47 argon matrix at 4 K.

o O

O

3
2E Symmetry Vel I calclP) ge"p Irel,eXp | Symmetry Vet I calcl®]
/cm™ Bl /cmtll /cm~
3 A 597.6 0(0.0) - - A, 575.8 0(0.0)
4 B: 699.5 4(5.8) - - B 665.7 3(3.9)
5 A 738.0 3(3.9) - - A 740.7 4 (4.6)
6 B: 902.0 20 (27.4) - - B:1 898.5 25 (25.6)
7 A 903.1 14 (19.1) - - A 908.0 12 (13.1)
8 B. 924.7 16 (21.8) - - Bz 920.8 0 (0.0)
9 Az 954.7 0(0.0) - - Az 922.8 18 (19.7)
10 A 994.6 9(12.0) - - A1 1003.3 10 (10.7)
11 B> 1030.1 37 (52.0) 1004.5 20 B2 1071.0 46 (47.6)
12 B, 1259.9 0 (0.5) - - B, 1280.9 0 (0.0)
13 As 1328.4 2 (3.3) - - As 1349.0 4(4.7)
14 A 1453.2 17 (23.9) 1437.5 14 A1 1480.9 15 (15.9)
15 B, 1564.1 2(3.3) - - B, 1567.9 2(2.2)
16 A1 1678.2 100 (139.8) 1639.5 100 A1 1694.1 100 (101.4)
17 B, 3194.0 1(1.6) - - B, 3209.0 1(1.1)
18 A 3207.7 4 (5.0 - — Ax 3224 .4 3(3.9)

[a] B3LYP/cc-pVTZ; [b] Relative intensities in % and absolute intensities (in parentheses) are given in km/mol,

[c] Experiment frequencies in argon matrix at 4 K; [d,e] computed data at CCSD(T)/TZ2P level of theory.
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Table A8. Harmonic frequencies of ring-opened radicals 50 and 4 in argon matrix at 4 K.

P 2
® o | N///. 50 NI// ° 4
EB L;N H
2E Vate b Vex Vate b Vex
Symmetry ot I calc!®! | cm—? 9 Irel,exp | Symmetry it I calc!®] | cm—? « I rer,eXp
5 A 4523 11(27.7) - - A 540.0 6 (5.5) - -
6 A" 464.9 5 (13.0) - - A" 554.0 9 (8.5) - -
7 A" 762.0 11 (26.3) - - A" 687.9 50 (49.5) 674.5 31
8 A 800.8 3(7.2) - - A 702.7 23 (22.8) 690.0 8
9 A" 888.6 0(0.2) - - A" 869.8 0(0.2) - -
10 A 899.2 6 (14.6) - - A 888.0 18 (17.3) 869.5 10
11 A" 979.3 0 (0.0) - - A 925.2 2(1.5) - -
12 A 1039.5 3 (8.4) - - A" 995.4 0 (0.0) - -
13 A 1250.6 1(2.8) - - A 1037.2 34 (33.6) 1012.0 21
14 A 1270.3 2 (4.3) - - A 1268.5 18 (18.2) - -
15 A 1424.9 1(1.5) - - A 1426.2 10 (10.0) - -
16 A 1637.5 14 (33.7) 1585.5 10 A 1592.9 100 (99.1) 1573.0 100
17 A 1705.5 4 (10.8) — — A 1673.6 29 (28.5) 1612.0 30
18 A 2180.9 100 (243.3) 2111.0 100 A 2262.3 30 (29.3) 2182.0 38
19 A 2964.8 6 (15.5) - — A 3052.3 5(5.2) - -
20 A 31782 1(1.7) - - A 3140.9 14 (13.6) - -
21 A 3198.8 1 (3.6) - - A 3264.3 4(3.9) - -

[a] B3LYP/cc-pVTZ; [b] Relative intensities in % and absolute intensities (in parentheses) are given in km/mol; [c] Experiment frequencies in
argon matrix at 4 K.
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Table A9. Harmonic frequencies of ring-opened radicals 38 and 40 in argon matrix at 4 K.

g # °F

2 N o 38 (. 40

= N N H

E \7 calc [b] \7 exp \7 calc [b] \7 exp

3 Symmetry e I lcalc / emL I Irel, €XP | Symmetry /e lcalc /em-L i Irel.€XP
5 A 516.0 12 (9.8) - - A 382.3 1(1.4) - -
6 A 539.3 82 (64.6) - - A 470.6 1(3.1) - -
7 A" 549.7 0 (0.0) - - A 614.0 9 (22.1) - -
8 A" 690.2 43 (33.8) 674.0 19 A 675.0 13 (30.7) - -
9 A" 799.7 13 (10.5) - - A 772.6 9 (20.6) - -
10 A 803.4 49 (38.7) 775.5 31 A 878.0 3(7.2) - -
11 A 886.3 7(5.3) - - A 924.8 27 (65.5) - -
12 A" 957.9 0 (0.1) - - A 985.5 100 (239.1) 945.0 100
13 A 1012.7 36 (28.5) 950.5 27 A 1108.6 18 (43.6) - —
14 A 1226.6 20 (15.7) 1198.0 14 A 1240.7 5(10.9) - -
15 A 1402.9 7(5.4) - - A 1422 .4 3(6.9) - -
16 A 1600.6 16 (12.4) - - A 1532.5 5(12.7) - -
17 A 1712.0 4 (3.0) - - A 1997.5 2(4.7) - -
18 A 2166.0 23 (17.9) - - A 2149.0 36 (85.8) 2108.0 28
19 A 2966.2 21 (16.9) 2970 12 A 3003.5 18 (41.8) 2984.0 20
20 A 3141.8 15 (11.8) - - A 3182.7 0(0.9) - -
21 A 3476.1 100 (79.3) 3318.0 100 A 3218.2 1(3.6) — —

[a] B3LYP/cc-pVTZ; [b] Relative intensities in % and absolute intensities (in parentheses) are given in km/mol; [c] Experiment frequencies in
argon matrix at 4 K.
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Table A10. Harmonic frequencies of ring-opened radicals 41 and 51 in argon matrix at 4 K.

3 ®2 o N

o H_N

£ ]T 41 | 54

T H™® H™*

S i i i i

S | Symmetr calc lcaiclP! exp Irel exp | Symmetr calc lcarcP! exp Irer.eX
> Y Yy /om-LE calc Y rel, EXP Y Yy /om-L B calc / om-L ] rel, EXP
3 A 513.8 2(3.9) - - A 557.4 12 (6.3) - -
4 A" 685.4 23 (42.1) 659.0 18 A" 699.1 100 (49.2) 674.5 100
5 A 776.4 17 (32.0) 739.5 7 A' 783.2 40 (19.6) 716.5 61
6 A" 830.0 0(0.7) - - A" 849.3 0 (0.0) - -
7 A 1033.4  10(18.8) - - A 1001.0 14 (7.1) - -
8 A 1291.9 0(0.5) - - A 1259.8 6(3.1) - -
9 A 1655.0 6 (12.0) - - A 1650.6 0 (1.0) - -
10 A 2199.5 100 (187.2) 2129.0 100 A 2341.4 13 (6.7) - -
11 A 3084.5 2 (3.6) - - A 3058.5 0(0.7) - -
12 A 3276.8 5(8.8) - - A 3257.3 11 (5.6) - -

[a] B3LYP/cc-pVTZ; [b] Relative intensities in % and absolute intensities (in parentheses) are given in km/mol; [c] Experiment frequencies in
argon matrix at 4 K.

188



Appendix

Table A11. Harmonic frequencies of ring-opened products (Z)-66 and (E)-66 in argon matrix at 4 K.

3 v e v
E L7 e
g _ S _ _ §® _
E Symmetry Vcale I calc!®] Vexp Irel,exp | Symmetry V calc I calc!®] Vexp IreeXp
/ cm™[al /cm™[d / cm™L[al / cm[d
5 A 468.1 2 (3.5) - - A 5283 1(2.3) - -
6 A 558.8 26 (55.4) - - A" 529.4 0(1.4) - -
7 A" 622.7 2 (4.7) - - A 546.5 5(15.3) - -
8 A" 6884  15(33.9) 663.5 23 A 576.9 16 (48.0) - -
9 A 748.5 3(7.5) - - A" 676.1 12 (37.5) - -
10 A" 915.1 2(3.2) - - A" 961.4 2(6.2) - -
11 A 952.0 1 (2.4) - - A 1055.5 18 (54.6) - -
12 A 1049.0 39 (85.8) - - A 1093.2 12 (36.3) - -
13 A 14113 4(8.8) - - A 1381.7 4(11.4) - -
14 Al 1654.1  27(59.5) 1593.5 40 A 1661.7 25 (78.4) 1599.5 33
15 A 2159.9 100 (216.9) 2091.0 100 A 2170.1 100 (305.2) 2120.5 100
16 A 2196.9  35(78.1) 2128.5 31 A 22053  31(95.6) 2140.0 47
17 A 31872 0(1.3) - - A 3112.2 3(9.7) - -
18 Al 34754 39 (84.6) 3310.0 28 A 3475.5 32(97.2) 3313.0 23

[a] B3LYP/cc-pVTZ; [b] Relative intensities in % and absolute intensities (in parentheses) are given in km/mol; [c] Experiment frequencies in
argon matrix at 4 K.
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Table A12. Harmonic frequencies of 65 at B3LYP/cc-pVTZ and CCSD(T)/TZ2P level of theory.

N PN
‘_é‘ 2 P@. 65 .N'%/N. 85
§ S Symmetry / C\iria_li: a I calc!®] Symmetry / C\;;a_lf . I calc!]
3 AL 613.5 9 (18.5) AL 614.5 38 (55.4)
4 B2 621.8 33 (69.0) B2 633.6 4(5.9)
5 B1 646.5 2(5.5) B1 633.6 4(5.9)
6 AL 821.9 31(65.2) AL 825.8 6 (8.8)
7 B1 833.5 3 (6.6) B1 832.6 53 (78.7)
8 B2 886.5 58 (122.2) B2 928.6 89 (129.8)
9 B1 958.7 1(2.5) B1 952.0 1(2.3)
10 AL 1097.7 0(0.0) AL 1094.6 0 (0.0)
11 B2 1195.2 37 (76.6) B2 1221.3 21 (30.9)
12 B2 1216.0 0(0.0) B2 1255.6 5(7.3)
13 AL 1299.3 21 (43.7) AL 1294.0 32 (46.9)
14 B2 1302.9 30 (63.0) B2 1329.6 52 (77.3)
15 B2 1486.4 100 (208.3) B2 1501.2 100 (146.0)
16 AL 1788.5 28 (57.5) AL 1775.9 55 (80.7)
17 AL 3216.2 3(6.7) AL 32329 2(54)
18 AL 3264.4 0(0.0) AL 3286.8 0(0.5)

[a] B3LYP/cc-pVTZ; [b] Relative intensities in % and absolute intensities (in parentheses) are given in km/mol,
[c,d] computed data at CCSD(T)/TZ2P level of theory.
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Cartesian coordinates of all the species at (U)B3LYP/cc-pVTZ level
of theory.

1 2 3

Cc 0.00000000 0.00000000 -1.30665310 |N 0.00000000 0.66434400 -1.22559610 |C 0.00000000 1.13000400 0.69544900
N 0.00000000 1.19229100 -0.71243510 |C 0.00000000 1.31868700 -0.06747410 |C -0.00000000 1.13000400 -0.69544900
Cc 0.00000000 1.18035200 0.62066490 |C 0.00000000 0.68882600 1.17429990 |N 0.00000000 0.00000000 -1.40025900
Cc 0.00000000 0.00000000 1.34943790 |C 0.00000000 -0.68882600 1.17429990 [C  -0.00000000 -1.13000400 -0.69544900
C 0.00000000 -1.18035200 0.62066490 |C 0.00000000 -1.31868700 -0.06747410|C 0.00000000 -1.13000400 0.69544900
N 0.00000000 -1.19229100 -0.71243510 |N 0.00000000 -0.66434400 -1.22559610 N 0.00000000 0.00000000 1.40025900
H 0.00000000 2.14554900 1.11501190 |H 0.00000000 1.26548500 2.08906590 | H 0.00000000 2.06047800 1.25141100
H 0.00000000 0.00000000 -2.39068710 |H 0.00000000 2.39838100 -0.15084810 |H -0.00000000 2.06047800 -1.25141100
H 0.00000000 0.00000000 2.43006690 | H 0.00000000 -1.26548500 2.08906590 | H -0.00000000 -2.06047800 -1.25141100
H 0.00000000 -2.14554900 1.11501190 |H 0.00000000 -2.39838100 -0.15084810|H 0.00000000 -2.06047800 1.25141100
1 1b 1c

C 0.00000000 0.00000000 1.32154022 |C -0.37262894 -1.24473124 0.00000000 | C 0.00000000 0.00000000 -1.23773178
N 0.00000000 1.18561100 0.78196522 |N 0.95524367 -1.01850833 0.00000000 | N 0.00000000 1.19413200 -0.64975878
c 0.00000000 1.18675000 -0.56038978 |C 1.34652767 0.20119786 0.00000000 | C 0.00000000 1.19833600 0.69283522
C 0.00000000 0.00000000 -1.28130778 |C 0.50444635 1.30103968 0.00000000 |C 0.00000000 0.00000000 1.35891722
C 0.00000000 -1.18675000 -0.56038978 |C -0.84668822 0.97108901 0.00000000 | C 0.00000000 -1.19833600 0.69283522
N 0.00000000 -1.18561100 0.78196522 |N -1.28794407 -0.29131710 0.00000000 | N 0.00000000 -1.19413200 -0.64975878
H 0.00000000 2.15268800 -1.05132778 |H -0.70500219 -2.27484979 0.00000000 | H 0.00000000 2.16097900 1.18864422
H 0.00000000 0.00000000 -2.36157478 |H 0.84810292 2.32416525 0.00000000 | H 0.00000000 0.00000000 -2.32180078
H 0.00000000 -2.15268800 -1.05132778 |H -1.60413904 1.74789071 0.00000000 | H 0.00000000 -2.16097900 1.18864422
2 2b 3a

N -1.00162465 -0.97566171 0.00000000 | N -0.77937236 1.09946735 0.00000000 | C 0.38809431 -1.20349775 0.00000000
c 0.21774307 -1.32721351 0.00000000 |C 0.56027358 1.25983436 0.00000000 | C 1.31166410 -0.16875902 0.00000000
C 1.32557897 -0.48375255 0.00000000 |C 1.37087425 0.15228643 0.00000000 | N 0.86767496 1.09843913 0.00000000
c 0.99772534 0.85480198 0.00000000 |C 0.85093728 -1.10528671 0.00000000 |C -0.39458613 1.30316707 0.00000000
c -0.36135657 1.20348639 0.00000000 | C -0.55031663 -1.17475337 0.00000000 | C -1.34763491 0.28251165 0.00000000
N -1.35732993 0.33163187 0.00000000 | N -1.31717668 -0.09100984 0.00000000 | N -0.92846075 -0.97975547 0.00000000
H 2.34397587 -0.84340153 0.00000000 | H 1.44697979 -2.00865383 0.00000000 | H 0.71285203 -2.23680528 0.00000000
H 1.75788527 1.62532717 0.00000000 |H -1.06855697 -2.12609991 0.00000000 | H 2.37972797 -0.34262756 0.00000000
H -0.66732395 2.24234934 0.00000000 | H 0.90680956 2.28306692 0.00000000 | H -2.41230362 0.46811555 0.00000000
4 5 6

c 1.29401848 0.08312338 0.00000000 |C 0.02931630 0.67555812 0.00000000 |C 0.00000000 0.00000000 0.59801300
N 0.51294309 1.15567365 0.00000000 | N 0.34781342 -0.60946958 0.00000000 | H 0.00000000 0.00000000 1.65961800
c -0.76821566 1.06010409 0.00000000 |C -0.31823362 -1.64922978 0.00000000 | C -0.00000000 0.00000000 -0.59801300
c -1.57582669 -0.15790588 0.00000000 | N -0.11631319 1.82297977 0.00000000 | H -0.00000000 0.00000000 -1.65961800
C -1.08296411 -1.37594300 0.00000000 | H 0.11300230 -2.65254139 0.00000000

N 2.08718075 -0.76459709 0.00000000

H -1.30874992 2.00189442 0.00000000

H -2.65639551 -0.00347474 0.00000000

H -1.43779351 -2.39222710 0.00000000

7 8 9

C 0.07399866 0.62227887 0.00000000 | N 0.00000000 0.00000000 0.42795071 |C 0.00000000 0.00000000 -0.62612685
N 0.37926034 -0.71198463 0.00000000 |C 0.00000000 0.00000000 -0.73667329 | N 0.00000000 0.00000000 0.53668015
c -0.52228188 -1.67013962 0.00000000 | H 0.00000000 0.00000000 1.42438471

N -0.19251297 1.74166928 0.00000000

H 1.38246773 -0.92062803 0.00000000

(2)-10 (E)-10 1

C -1.41308595 -0.14936873 0.00000000 | C -1.79687338 -0.12017735 0.00000000 |H 0.00000000 0.00000000 0.00000000
N -2.07275103 -1.10093388 0.00000000 | N -2.93807560 0.07678091 0.00000000

C 2.19074410 -0.91183257 0.00000000 |C 2.95585965 -0.12765584 0.00000000

C 1.41038394 0.00199848 0.00000000 |C 1.77379663 0.08717199 0.00000000

c 0.50502465 1.09205772 0.00000000 |C 0.40050231 0.42979354 0.00000000

N -0.77858424 1.02128257 0.00000000 | N -0.51352705 -0.47249425 0.00000000

H 2.86881180 -1.73002649 0.00000000 | H 3.99691323 -0.33966602 0.00000000

H 0.93213472 2.09045631 0.00000000 | H 0.16459402 1.49486540 0.00000000
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12 13 14
C 0.00000000 0.00000000 -0.49704314 |N -0.20291035 1.85024627 0.00000000 | C 2.05444902 -1.00994035 -0.18321785
H 0.00000000 0.00000000 -1.56232914 |C 0.05603148 0.72759301 0.00000000 | N -2.14791322 -1.09694610 0.01136683
N 0.00000000 0.00000000 0.64922686 |C 0.42815317 -0.65093078 0.00000000 |C -1.50446121 -0.13543660 -0.00610945
N -0.43131327 -1.64098294 0.00000000 | C -0.73027015 1.03857571 -0.01806357
C 0.64172896 1.04595070 0.00994830
N 1.40313516 -0.03323077 0.08645340
H -1.24909017 1.98469759 -0.04465281
H 1.17479406 1.98785550 0.01483283
H 2.51906275 -1.69621180 0.52973377
15 16 (2)-17
N -0.20291035 1.85024627 0.00000000 |C 0.00000000 0.00000000 -1.83178808 |C 0.59411435 1.03436440 0.00000000
C 0.05603148 0.72759301 0.00000000 |C 0.00000000 0.00000000 -0.63101108 |H 1.06308006 2.00826809 0.00000000
C 0.42815317 -0.65093078 0.00000000 |C 0.00000000 0.00000000 0.73721592 |C -0.74271395 0.96607760 0.00000000
C -0.43131327 -1.64098294 0.00000000 | N 0.00000000 0.00000000 1.89252392 |H -1.34079648 1.86688802 0.00000000
H 1.50158220 -0.84830551 0.00000000 |H 0.00000000 0.00000000 -2.89416808 | C 1.45424322 -0.09331250 0.00000000
H -0.39843794 -2.71749414 0.00000000 N 2.18393210 -0.98558965 0.00000000
N -1.45112687 -0.20083972 0.00000000
C -2.11429698 -1.16882127 0.00000000
(E)-17 18 19
C 0.45069402 0.47954424 0.00000000 |C 0.66556001 1.04124709 0.00659427 |C -0.30617344 -1.72988039 0.00000000
H 0.21978668 1.53638991 0.00000000 | N -0.63774042 1.10634008 -0.02581575 |N 0.29826925 -0.65472825 0.00000000
C -0.52634506 -0.43431971 0.00000000 |C -1.39827853 0.02985897 -0.00772303 |C 0.03039517 0.63119369 0.00000000
H -0.32223245 -1.49658842 0.00000000 |C -2.17902665 -0.89347808 0.01156558 |C -0.07196106 1.83165242 0.00000000
C 1.82019415 0.10951343 0.00000000 |C 1.92613376 -1.11444790 -0.18597299 |H 0.20260962 -2.69831041 0.00000000
N 2.93998374 -0.16475111 0.00000000 | N 1.38046439 -0.07720240 0.09807432 | H -0.20405833 2.88361379 0.00000000
N -1.84945117 -0.09174216 0.00000000 |H 1.23396706 1.96223009 0.00973758
C -2.99975683 0.13787060 0.00000000 |H -2.86365744 -1.70223842 0.02421221
H 2.34429111 -1.84303597 0.51345722
20 21 22
C -0.53918100 -1.71891192 0.00000000 |C 0.00000000 0.00000000 0.72761985 |C 2.20828371 0.79245449 0.00000000
N 0.36412096 -0.76942854 0.00000000 |C 0.00000000 0.00000000 -0.47183215|C 1.35574724 -0.05760009 0.00000000
C 0.09510879 0.57451877 0.00000000 |H 0.00000000 0.00000000 -1.53472615 |H 2.93806906 1.56196529 0.00000000
C -0.14590024 1.74590045 0.00000000 N -1.42690768 0.23912647 0.00000000
H -0.37012606 2.78286014 0.00000000 C -2.00979051 1.25835573 0.00000000
H 1.36111404 -1.00590424 0.00000000 C -0.75079991 -0.95931902 0.00000000
N 0.51547410 -1.08551280 0.00000000
H -1.37867714 -1.84060767 0.00000000
23 24 25
C -1.49901323 -0.23532296 0.31655583 |C -0.13436413 1.80559028 0.00000000 | N 2.20424348 -0.77724398 0.00000000
N -1.45568051 -1.26981120 -0.38351984 |C 0.09227802 0.62733445 0.00000000 |C 1.39320674 0.04281526 0.00000000
C 2.24354001 -0.71393892 0.11808207 |C 0.39657042 -0.76926527 0.00000000 |C 0.46744891 1.11915850 0.00000000
C 1.35836640 0.08849306 -0.00519438 | N -0.46287896 -1.68268051 0.00000000 |C -0.86720558 1.00236960 0.00000000
C 0.36798535 1.10310937 -0.15678381 | H 1.45855677 -1.04939867 0.00000000 | C -1.64022156 -0.25279309 0.00000000
N -0.89215675 0.99891095 0.00667063 | H -0.34530991 2.84620551 0.00000000 | N -1.18164750 -1.41538574 0.00000000
H -2.13882573 -0.20174243 1.20551939 H 0.91084955 2.10676559 0.00000000
H 0.74154613 2.08867014 -0.42827142 H -1.45532068 1.91051876 0.00000000
H 3.00686920 -1.44466932 0.22473820 H -2.73307176 -0.13817792 0.00000000
(2)-26 (E)-26 27
C 0.00000000 0.67006900 1.03389220 |C -0.46032703 0.48664073 0.00000000 | N -1.18549795 -0.08640398 0.00000000
H 0.00000000 1.19986600 1.97731320 |H -1.51737462 0.25406626 0.00000000 | C -0.01935606 0.78035876 0.00000000
C 0.00000000 -0.67006900 1.03389220 |C 0.46032703 -0.48664073 0.00000000 |C -0.11078573 2.09109065 0.00000000
H 0.00000000 -1.19986600 1.97731320 |H 1.51737462 -0.25406626 0.00000000 | C 1.14907176 -0.09107728 0.00000000
C 0.00000000 -1.47843000 -0.13387480|C 0.11223481 -1.86371340 0.00000000 |C 0.63843099 -1.33283519 0.00000000
C -0.00000000 1.47843000 -0.13387480 |C -0.11223481 1.86371340 0.00000000 | N -0.78480248 -1.28077738 0.00000000
N 0.00000000 -2.17259400 -1.05391680 |N -0.14270152 -2.98789290 0.00000000 | H 0.53435382 2.95314091 0.00000000
N -0.00000000 2.17259400 -1.05391680 |N 0.14270152 2.98789290 0.00000000 |H 2.17847433 0.22086021 0.00000000
H 1.13510908 -2.28895330 0.00000000
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28 29 30
N -1.95436080 -1.19214699 0.00000000 |C  0.07630212 0.67915921 0.00000000 |N  0.00000000 0.00000000 0.54569200
C 148521266 0.03886275 0.00000000 |C  -0.15763475 1.85755544 0.00000000 |N  -0.00000000 0.00000000 -0.54569200
C 226223563 -0.88931969 0.00000000 |C  0.41084325 -0.702959690 0.00000000
C 059103204 1.10370530 0.00000000 |[C  -0.44687362 -1.69835555 0.00000000
C  -0.80288349 0.97723096 0.00000000 [H  -0.37866394 2.89529219 0.00000000
N -1.42778160 -0.18318138 0.00000000 |H  1.48024014 -0.93307976 0.00000000
H 294612272 -1.70015554 0.00000000 |H  -0.39739818 -2.77460890 0.00000000
H 097756035 2.11299681 0.00000000
H  -1.46226733 1.83158137 0.00000000
31 32 33
C  0.00000000 0.00000000 0.68187500 [N  -0.75438156 1.04491775 0.01336999 |C  2.17811336 -0.84860833 0.00000000
C  0.00000000 0.00000000 1.88604800 |C  0.58565857 1.09804620 -0.01266865|C  1.36420055 0.03488445 0.00000000
C  -0.00000000 0.00000000 -0.68187500 |C  1.44155363 -0.00459202 -0.00731763|C  0.42533199 1.09282378 0.00000000
C  -0.00000000 0.00000000 -1.88604800 |C  2.18161200 -0.96061542 0.00686364 |N  -0.85866858 0.99083941 0.00000000
H  0.00000000 0.00000000 2.94727200 |C  -1.99713394 -1.03565489 -0.17044420 H  2.88827078 -1.63881559 0.00000000
H  -0.00000000 0.00000000 -2.94727200 |N  -1.33791867 -0.06529456 0.07344202 |H  0.79704483 2.11058613 0.00000000
H 283580911 -1.79610563 0.01283155 |N  -1.36197843 -0.24097746 0.00000000
H  -2.44911900 -1.74304663 051713968 |C  -1.99111032 -1.23256726 0.00000000
H 098926989 2.09868670 -0.03625418
34 35 36
C  -152398967 0.06919217 0.24465515 |[N  -0.17370224 1.80359869 0.00000000 |N  0.00000000 0.00000000 1.84013200
C  -1.32333753 1.25260101 -0.28545677 |C  0.06912672 0.67858527 0.00000000 |C  0.00000000 0.00000000 0.68762500
N 213346451 0.86958549 0.14403546 |C  0.41042485 -0.72019692 0.00000000 |C  -0.00000000 0.00000000 -0.68762500
c 135330097 0.03126616 0.01131493 | N  -0.44847055 -1.62962835 0.00000000 [N -0.00000000 0.00000000 -1.84013200
C  0.46938982 -1.09755541 -0.14866197 |[H  1.47790005 -0.96812248 0.00000000
N -0.79531008 -1.10007672 -0.01897937
H  -2.38715570 -0.10530429 0.88799439
H  -1.79687960 2.21819829 -0.30071586
H 096477277 -2.03247893 -0.39377914
37 38 39
C 220289145 0.86818230 0.00000000 |C  -1.58020459 -0.34946999 0.00000000|C  0.00000000 0.00000000 1.92229377
C  1.38805763 -0.01928076 0.00000000 |C  -0.90014684 0.97399534 0.00000000 |N  0.00000000 0.00000000 0.74482277
H  2.89136545 167517143 0.0000000 |N  0.36019394 1.18023399 0.00000000 |C  0.00000000 0.00000000 -0.56099823
C  -0.67517369 -1.02971803 0.00000000 |C  1.26454055 0.21693984 0.00000000 |C  0.00000000 0.00000000 -1.76006323
N 0.60347680 -1.08742318 0.00000000 |C  2.19472350 -0.55245342 0.00000000 |H  0.00000000 0.00000000 -2.82115323
H  -1.23060241 -1.96053470 0.00000000 |N  -1.01842830 -1.46379419 0.00000000
N -209716430 113115377 0.00000000 |H  -2.67859873 -0.30866353 0.00000000
C  -1.44993381 0.17735801 0.00000000 [H  -1.54858271 1.84458136 0.00000000
H  2.96134620 -1.28506712 0.00000000
40 41 (2)-42
C  -055990495 1.07052102 0.00749296 |C  0.41926925 -1.59336067 0.00000000 |C ~ 0.00000000 0.66863800 0.97433385
C 078371106 0.99300408 -0.05385185 |[H  0.35310094 -2.66664695 0.00000000|H  0.00000000 1.20916800 1.90963385
N 1.44004611 -0.20911889 -0.00973767 |C  -0.41620227 -0.58461691 0.00000000|C  0.00000000 -0.66863800 0.97433385
C  1.99125015 -1.23905986 0.03785149 |[H  -1.49423432 -0.73991458 0.00000000|H  0.00000000 -1.20916800 1.90963385
C  -1.94564483 -0.96117706 -0.24441607 |C  0.22681843 1.88165535 0.00000000 |N  0.00000000 -1.42958900 -0.15894515
N -1.36512693 0.00762600 0.19362094 [N -0.03402558 0.74064213 0.00000000 | C  0.00000000 -2.11952700 -1.10717015
H  -1.04527599 2.03603000 -0.01267518 C  -0.00000000 2.11952700 -1.10717015
H  1.39326603 1.87893610 -0.12485883 N -0.00000000 1.42958900 -0.15894515
H  -2.49519288 -1.68424503 0.36789191
(E)-42 44 45
C  -0.45315442 0.49083262 0.00000000 |C  -0.17577875 1.60885439 0.00000000 |C  0.00000000 0.00000000 0.74907408
H  -151546203 0.28982093 0.00000000 |C  -0.65899817 -1.62274028 0.00000000 C  -0.00000000 -0.00000000 -1.68567353
C 045315442 -0.49083262 0.00000000 |C  0.44675206 -0.84081741 0.00000000 |H  -0.00000000 -0.00000000 -2.74800770
H 151546203 -0.28982093 0.00000000 /N  0.20383213 0.52060505 0.00000000 |C  -0.00000000 -0.00000000 2.00805988
N 008756514 -1.80851447 0.00000000 |H  -0.60172830 2.58410760 0.00000000 N  0.00000000 0.00000000 -0.52582213
C  -0.16262712 -2.95388430 0.00000000 |[H  1.50305252 -1.10012314 0.00000000
C  0.16262712 2.95388430 0.00000000
N  -0.08756514 1.80851447 0.00000000
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46 47-S 47-T
C 003335434 326545588 000000000 |C  0.00000000 -0.72990983 -117573085 C  0.00000000 -0.74883433 -1.19906611
C 117163486 255093630 000000000 |C  0.00000000 000000000 0.80165997 |C  0.00000000 0.00000000 0.79515350
N 1.19856647 1.21757160 0.00000000 |H 0.00000000 -1.39063624 -2.03160136 |H 0.00000000 -1.40522048 -2.05908952
C 002857786 060415420 000000000 |N 000000000 118445213 0.04087833 [N  0.00000000 117671506 0.02088403
C  -110321276 130180777 0.0000000 |N 000000000 -118445213 004087833 N  0.00000000 -117671506 0.02083403
N -1.21761295 2.63571952 0.00000000 |C 0.00000000 0.00000000 2.13161898 |C 0.00000000 0.00000000 2.24061250
H  -0.04847247 435349744 0.00000000|C  -0.00000000 0.72990983 -117573085|C  -0.00000000 0.74883433 119906611
H 213136580 3.07299733 000000000 |H  -0.00000000 139063624 -2.03160136 H  -0.00000000 140522048 -2.05908952
H -2.14596239 0.77792188 0.00000000
| 000668907 -153897321 0.00000000
48 49 50
C 0.00000000 0.00000000 -0.61286374 |C 0.00000000 0.00000000 0.44740481 |C 0.77497379 -1.02184796 0.00000000
N 000000000 1.19629900 -119689974 N  0.00000000 119740000 -0.3375219 |H 120854832 -196750713 0.00000000
C 000000000 118581800 -253875774 |C  0.00000000 118540200 -147450619 |C  -0.56236830 -1.06515602 0.00000000
C 0.00000000 0.00000000 -3.27483274 |C 0.00000000 0.00000000 -2.21122919 |H -1.08327578 -2.01334322 0.00000000
C 000000000 -118581800 -253875774 | C  0.00000000 -1.18540200 -147450619 |C 161402266 0.18567079 0.00000000
N 0.00000000 -1.19629900 -110689974 N 0.00000000 -1.19740000 -0.13375219 |H 260852955 0.00582125 0.00000000
H 000000000 215917200 -302732874 H  0.00000000 2.15855500 -196338019 N 123006535 137635442 0.00000000
H 000000000 0.00000000 -4.36049974|H  0.00000000 000000000 -3.20667219 |C  -2.14099528 0.92197296 0.00000000
H 000000000 -2.15917200 -302732874 |H  0.00000000 -2.15855500 -1.96338010 |N  -137776517 003095850 0.00000000
| 000000000 000000000 152760426 CI  0.00000000 0.00000000 2.19841081
51 52 53
C 043132357 -164104733 000000000 N ~ 000000000 067354700 -109247482 [N  -122627741 120850258 0.00000000
H  -0.39791745 -271755110 0.00000000 C  0.00000000 132177800 006171818 |C  -0.02706254 0.65037734 0.00000000
C 042807671 -0.65093421 000000000 C  0.00000000 069107800 132049518 |C 110872698 1.36000242 0.00000000
H 150151835 -0.84819726 0.00000000 |C  0.00000000 -0.69107800 132049518 |C 113345426 274362301 0.00000000
C 005504921 0.72760391 000000000 |C  0.00000000 -132177800 006171818 |C  -0.17343553 325410112 0.00000000
N -0.20283071 185028773 0.00000000 N  0.00000000 -0.67354700 -1.09247482|N  -125301407 257453425 0.00000000
H 000000000 126333400 224264018 |H  2.14809842 083293333 0.00000000
H 000000000 -126338400 224264018 |H 201916024 337171981 0.00000000
| 000000000 3.44937700 -0.05450182 ||  0.00762231 -148516102 0.00000000
| 000000000 -3.44937700 -0.05450182
55 (2)-57 (E)-57
N 123161387 1.08906172 000000000 |N = 0.00000000 063402600 -111065165 N  -0.46843944 042787440 0.00000000
C  -0.03906798 0.66006474 000000000 |C  0.00000000 133000200 003501335 |C  -0.08685364 170978968 0.00000000
C  -124045855 135443035 000000000 C  0.00000000 2.10396800 096012435 |C 007336785 2.90381901 0.00000000
C  -115116940 281551547 000000000 |C  0.00000000 -2.10396800 0.96012435 |C  -0.07336785 -2.00381901 0.00000000
C 018270331 305631625 000000000 |C  0.00000000 -133000200 003591335 |C  0.08685364 -1.70978968 0.00000000
N 134135435 269610519 000000000 |N  0.00000000 -0.63402600 -L11065165 N 046843944 -042787440 0.00000000
H 220003185 086835857 0.00000000 H  0.00000000 2.75485600 1.79833535 |H 025723686 3.04873280 0.00000000
H  -198087507 350610625 0.00000000|H  0.00000000 -2.75485600 179833535 H  -0.25723686 -3.94873289 0.00000000
| -0.00628141 -147525751 0.00000000
58 (2)-59 60
C  0.00000000 119011700 0.73911000|C  0.00000000 067372200 107563195 |C  -1.39987461 -0.32807776 0.00000000
C 000000000 0.00000000 135076700 |H  0.00000000 118437000 203144795 |C  -0.44230910 -126561416 0.00000000
C 000000000 -119011700 073911000 |C  0.00000000 149447600 -0.07423705 C 089379170 -0.96826534 0.00000000
C  -0.00000000 -1.19011700 -0.73911000 C  0.00000000 2.22853400 -102713605 |C 136808620 0.37845310 0.00000000
C  -0.00000000 000000000 -135076700 H  0.00000000 286387800 -187700105|C 032281089 127112435 0.00000000
C  -0.00000000 119011700 -0.73911000 |C  0.00000000 -1.49447600 -0.07423705 N  -0.86676286 099973967 0.00000000
H 000000000 2.16991900 119232600 |C  0.00000000 -2.22853400 -102713605 H 166353462 -173130164 0.00000000
H 000000000 216991900 119232600 H  0.00000000 -2.86387800 -L87700105 H  -2.47302713 -0.39903737 0.00000000
H 000000000 -2.16991900 -119232600 |C  0.00000000 -0.67372200 107563195 |H 242180201 0.60644014 0.00000000
H  -0.00000000 216991900 -119232600 H  0.00000000 -1.18437000 2.03144795
(2)-61 (2)-62 63
C 059574807 108120311 000000000 C 058574164 109098530 0.00000000 |C  0.00000000 0.00000000 2.47904906
H 107978647 2.05307574 000000000 H 104161460 207426759 0.00000000 [N  0.00000000 1.19630700 187735606
C 144195842 -0.05882435 000000000 C  L46559005 -0.01270844 000000000 |C  0.00000000 117944200 055060106
C 217961778 -100809050 000000000 | C  2.24236767 -0.92996123 0.00000000 |C  0,00000000 0.00000000 -0.20111194
H 282107676 -185436046 000000000 H  2.91430476 -L75197117 000000000 |C  0.00000000 -L17944200 055060106
C 141187105 003623503 0.00000000|C  -149279925 -0.19352378 0.00000000 N  0.00000000 -119630700 1.87735606
C 217873185 -0.96653922 0.00000000|C  -0.75703049 1.02044587 000000000 |H  0.00000000 0.00000000 356702206
H  -134108095 193083605 0.00000000|H  0.00000000 0.00000000 -128407694
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H -2.82862964 -1.80402971 0.00000000 | N -2.12543658 -1.15779412 0.00000000 | I 0.00000000 3.06186100 -0.46076194
N -0.69036597 1.07660441 0.00000000 | 0.00000000 -3.06186100 -0.46076194
64 (2)-66 (E)-66

C 1.08415181 2.61594053 0.00000000 |C -0.75440163 0.97387041 0.00000000 |C -0.49299930 -0.40558642 0.00000000
N -0.05477235 3.33930092 0.00000000 | N -1.38924547 -0.25254042 0.00000000 | N -1.82682762 -0.06432107 0.00000000
C -1.16398650 2.67763431 0.00000000 |C -1.91212699 -1.30001777 0.00000000 |C -2.97807631 0.14329588 (0.00000000
C -1.28433022 1.29196681 0.00000000 |C 2.13492061 -0.81132319 0.00000000 |C 2.86067530 -0.08923896 0.00000000
C -0.04029761 0.64186138 0.00000000 |C 1.32922996 0.07671974 0.00000000 |C 1.68418717 0.14188047 0.00000000
N 1.12387493 1.28290211 0.00000000 |N 0.50149691 1.12917230 0.00000000 | N 0.39147947 0.49738303 0.00000000
H 2.02985049 3.15264785 0.00000000 |H -1.41160288 1.83301604 0.00000000 | H -0.29668618 -1.47507519 0.00000000
H -2.22975976 0.76219198 0.00000000 | H 2.84011112 -1.60493435 0.00000000 |H 3.90140207 -0.29846442 0.00000000
| 0.02156540 -1.50254112 0.00000000

1-m-(2,4)-T 1-p-(2,5)-S 1-p-(2,5)-T

C -0.95074244 -0.91524653 0.00000000 |C 0.00000000 0.00000000 -1.21338380 |C 0.00000000 0.00000000 -1.24622900
N -1.31456542 0.32971422 0.00000000 | N 0.00000000 1.16245500 -0.76992680 | N 0.00000000 1.19812000 -0.71739700
C -0.30545110 1.22204565 0.00000000 |C 0.00000000 1.17817300 0.66271520 |C 0.00000000 1.20735800 0.62767700
C 1.03100764 0.83326979 0.00000000 |C 0.00000000 0.00000000 1.32718820 |C 0.00000000 0.00000000 1.28748500
C 1.23499806 -0.53976539 0.00000000 |C 0.00000000 -1.17817300 0.66271520 |C 0.00000000 -1.20735800 0.62767700
N 0.27021148 -1.39054768 0.00000000 | N 0.00000000 -1.16245500 -0.76992680 | N 0.00000000 -1.19812000 -0.71739700
H -0.58234633 2.27006975 0.00000000 | H 0.00000000 2.17601800 1.07178320 |H 0.00000000 2.16561700 1.13194900
H 1.83395093 1.55394335 0.00000000 |H 0.00000000 -2.17601800 1.07178320 |H 0.00000000 -2.16561700 1.13194900
1-0-(4,5)-S 1-0-(4,5)-T 1-m-(4,6)-S

C -1.03411193 -0.70045412 0.00000000 |C -0.69732190 1.01876184 0.00000000 |C 0.00000000 0.00000000 -1.32487418
N 0.16595247 -1.23008188 0.00000000 | N 0.61547870 1.14629672 0.00000000 | N 0.00000000 1.14317900 -0.62850517
C 1.25339174 -0.43423869 0.00000000 |C 1.32554209 -0.00040703 0.00000000 |C 0.00000000 1.09869800 0.63934883
C 1.13428169 0.98181186 0.00000000 |C 0.70259437 -1.22379230 0.00000000 |C 0.00000000 0.00000000 1.48673783
C -0.12009791 1.18129584 0.00000000 |C -0.68192475 -1.27104294 0.00000000 |C 0.00000000 -1.09869800 0.63934883
N -1.26644337 0.67188450 0.00000000 | N -1.32879366 -0.16749038 0.00000000 | N 0.00000000 -1.14317900 -0.62850517
H 2.21426646 -0.93363220 0.00000000 |H 2.40543807 0.09381149 0.00000000 |H 0.00000000 0.00000000 -2.40552117
H -1.91161173 -1.32947551 0.00000000 | H -1.30557226 1.91342671 0.00000000 | H 0.00000000 0.00000000 2.56122583
1-m-(4,6)-T 2-0-(3,4)-S 2-0-(3,4)-T

C 0.00000000 0.00000000 -1.27088985 | N -1.41358926 0.41373407 0.00000000 | N -1.28913531 0.24107149 0.00000000
N 0.00000000 1.17852600 -0.63871285 |C -0.37186738 1.11657618 0.00000000 |C -1.02026013 -1.00396101 0.00000000
C 0.00000000 1.14630700 0.65313715 |C 0.89824723 1.17324887 0.00000000 |C 0.30221212 -1.39596382 0.00000000
C 0.00000000 0.00000000 1.42896315 |C 1.37245007 -0.13527779 0.00000000 |C 1.26525618 -0.43055053 0.00000000
C 0.00000000 -1.14630700 0.65313715 |C 0.35226003 -1.13093537 0.00000000 |C 0.83518245 0.91438226 0.00000000
N 0.00000000 -1.17852600 -0.63871285 |N -0.94944021 -0.92004517 0.00000000 | N -0.44783387 1.24648159 0.00000000
H 0.00000000 0.00000000 -2.35248285 |H 2.41915452 -0.41559230 0.00000000 |H 2.32518320 -0.65298936 0.00000000
H 0.00000000 0.00000000 2.50837715 |H 0.61551212 -2.18190128 0.00000000 |H 1.53925732 1.73667644 0.00000000
2-m-(3,5)-S 2-m-(3,5)-T 2-p-(3,6)-T

N -0.57901754 1.16885473 0.00000000 | N -0.42445838 1.30127255 0.00000000 | N 0.00000000 0.67862000 -1.21963015
C 0.65353375 1.00513101 0.00000000 |C 0.83208536 1.02129344 0.00000000 |C 0.00000000 1.27696700 -0.09957015
C 1.54041487 -0.07442158 0.00000000 |C 1.40781704 -0.24772370 0.00000000 |C 0.00000000 0.68809700 1.17548585
C 0.64734830 -1.08543130 0.00000000 |C 0.49389657 -1.25769421 0.00000000 |C 0.00000000 -0.68809700 1.17548585
C -0.72868425 -1.03331929 0.00000000 |C -0.86779084 -0.99156510 0.00000000 |C 0.00000000 -1.27696700 -0.09957015
N -1.41261126 0.13002674 0.00000000 | N -1.29507339 0.27043909 0.00000000 | N 0.00000000 -0.67862000 -1.21963015
H -1.35106473 -1.91717637 0.00000000 |H -1.63880260 -1.74864954 0.00000000 | H 0.00000000 -1.27676300 2.08191685
H 2.61679030 -0.04674694 0.00000000 |H 2.47947616 -0.39919460 0.00000000 |H -0.00000000 1.27676300 2.08191685
2-0-(4,5)-S 2-0-(4,5)-T 3-0-(2,3)-S

N 0.00000000 0.63603500 -1.07731195 |N 0.00000000 0.60669800 -1.08293575 |C 0.05424430 1.19085607 0.00000000
C 0.00000000 1.38469700 0.05967905 |C 0.00000000 1.36327000 0.04030025 |C 1.22631239 0.43240127 0.00000000
C 0.00000000 0.63008400 1.20686505 |C 0.00000000 0.67276100 1.24214725 |N 1.07081349 -0.92986564 0.00000000
C 0.00000000 -0.63008400 1.20686505 |C 0.00000000 -0.67276100 1.24214725|C -0.15168567 -1.13621582 0.00000000
C 0.00000000 -1.38469700 0.05967905 |C 0.00000000 -1.36327000 0.04030025 |C -1.37961183 -0.72720546 0.00000000
N 0.00000000 -0.63603500 -1.07731195 |N 0.00000000 -0.60669800 -1.08293575|N -1.19090136 0.69223444 0.00000000
H 0.00000000 -2.45647200 -0.05808095 |H 0.00000000 -2.43258200 -0.11413475|H 0.11576534 2.27238298 0.00000000
H -0.00000000 2.45647200 -0.05808095 |H -0.00000000 2.43258200 -0.11413475|H 2.22929462 0.83201899 0.00000000
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3-0-(2,3)-T 3-p-(2,5)-S 3-p-(2,5)-T

C  0.00000000 0.69151000 1.04504610 |C  1.38620466 0.17939851 0.00000000 |C  1.28444614 0.44014851 0.00000000
C  0.00000000 -0.69151000 104594610 |C  0.47027008 1.22393666 0.00000000 |C  0.17007806 1.27156949 0.00000000
N 0.00000000 -1.35475800 -0.12748790 |N  -0.76881430 1.02983906 0.00000000 N  -1.06083925 0.88059649 0.00000000
C  0.00000000 -0.69647200 -1.22404290 |C  -1.38620466 -0.17939851 0.00000000|C  -1.28444614 -0.44014851 0.00000000
C  -0.00000000 0.69647200 -1.22404290 |C  -0.47027008 -1.22393666 0.00000000|C  -0.17007806 -1.27156949 0.00000000
N  -0.00000000 1.35475800 -0.12748790 |N  0.76881430 -1.02983906 0.00000000 N  1.06083925 -0.88059649 0.00000000
H 000000000 1.26765300 1.96099610 |[H  2.46118282 0.24244518 0.00000000 |H  2.30169073 0.80354863 0.00000000
H  0.00000000 -1.26765300 1.96099610 |H  -2.46118282 -0.24244518 0.00000000 |H  -2.30169073 -0.80354863 0.00000000
3-m-(2,6)-S 3-m-(2,6)-T

C  0.00000000 1.16617700 0.61412107 |C  0.00000000 1.14827800 -0.653082288

C  0.00000000 1.18404100 -0.83467793 |C  0.00000000 1.11059000 0.75886613

N 0.00000000 0.00000000 -1.19062292 [N 0.00000000 0.00000000 1.43076012

C  0.00000000 -1.18404100 -0.83467793 |C  0.00000000 -1.11059000 0.75886613

C  0.00000000 -1.16617700 0.61412107 [C  0.00000000 -1.14827800 -0.63082288

N 0.00000000 0.00000000 1.23005808 |N  0.00000000 0.00000000 -1.31027288

H  0.00000000 2.08087200 1.18531808 |[H  0.00000000 2.07261200 -1.18996488

H  0.00000000 -2.08087200 1.18531808 |[H  0.00000000 -2.07261200 -1.18996488

TSi1a4 TSas6 TSs7

C  -0.26124001 -1.25761240 0.00000000 |C  1.37156796 -0.10865471 0.00000000 |C  0.03538699 -0.67726992 0.00000000
N -1.35003217 -0.48871731 0.00000000 |N  0.83654886 1.10547524 0.00000000 N  -0.21710302 0.64051338 0.00000000
C  -1.04987916 0.77943491 0.0000000 |C  -0.36561717 1.42582214 0.00000000 |C  0.31609963 1.82168573 0.00000000
C  0.28739632 1.33924349 0.00000000 |C  -2.01491503 -0.17579600 0.00000000 | N  0.06273297 -1.83431098 0.00000000
c 139211384 0.59589844 0.00000000 |C  -1.52769694 -1.28867396 0.00000000 | H  -1.02832943 1.49008833 0.00000000
N 090648886 -1.43947946 0.00000000 [N  1.96813005 -1.10128666 0.00000000

H  -1.88920221 1.46703552 0.00000000 |H  -0.68853626 2.46984211 0.00000000

H 034588054 2.42731569 0.00000000 |[H  -2.78604610 0.55828193 0.00000000

H 243777896 0.86123953 0.00000000 |H  -0.93820286 -2.17362891 0.00000000

TSs-12,9 TSs13,11 TS789

C  -0.24452135 0.90810020 0.00000000 |C  0.00325729 -0.72564412 0.00000000 |C  0.26627630 0.86454607 0.00000000
N 043608229 -0.84876151 0.00000000 [N  -0.15395279 0.56862020 0.00000000 N  0.37987568 -1.03371976 0.00000000
C  -0.15146564 -1.84524457 0.00000000 |C  -0.29023292 1.74032502 0.00000000 |C  -0.63740441 -1.67767367 0.00000000
N 001215353 2.04073907 0.00000000 |N  0.14074633 -1.87152764 0.00000000 N  -0.25855828 1.89800092 0.00000000
H  -0.76172878 -2.72097673 0.00000000 |H  1.81429905 3.03226672 0.00000000 H  1.37754684 -1.17120251 0.00000000
TSa1011 TSib-14 TS14-1512

C  -1.42306809 -0.05902518 0.00000000 |C  -1.22017494 -0.86658440 -0.04572419 |C 150109551 -1.25452222 0.02352876
N -0.73206544 1.07751663 0.00000000 [N  -1.18113710 1.17585474 -0.07471508 N  -1.87471147 -1.14149435 0.01153473
C 055294957 1.09299869 0.00000000 |C  -0.01148860 1.31909184 0.02741795 |C  -1.36395820 -0.10727248 -0.01174715
C 138585394 -0.06719757 0.00000000 |C  1.23265970 0.66212920 0.06951294 |C  -0.72815387 1.16841536 -0.05027700
C 176285272 -1.21880880 0.00000000 |C  1.12250847 -0.69650718 -0.08635714|C  0.56786517 1.33184001 0.15994603
N -2.12550266 -0.97960275 0.00000000 |N  -0.07203831 -1.33084738 0.05524281 |[N  1.78504080 -0.13307227 -0.13472911
H 102881396 2.06618264 0.00000000 |H  -2.13565256 -1.26170663 0.38344177 |H  -1.37747965 2.01660655 0.25794392
H 310611367 0.94992219 0.00000000 |H  2.17751393 1.16548050 0.18992998 |H  1.15302140 2.23535286 0.13122214
H 219715023 -2.18930478 0.00000000 |H 198933868 -1.32760213 -0.22616315 H  0.98476127 -2.16075711 0.26037865
TSw1711 TSi516,11 TSib-18

C 212475726 -0.90459067 -0.31552059 |[N  0.11805230 -1.90613359 0.00000000 |C  1.26674615 -0.51677244 -0.03650713
N -2.16070272 -1.13705731 -0.03827279 |C  0.02480399 -0.75548754 0.00000000 |N  0.21911738 -1.34736275 0.05070469
C  -151502387 -0.18453119 0.02843407 |C  -0.08273767 0.61774004 0.00000000 |C  -0.93152179 -0.76804407 0.01403171
C  -0.76028307 101293995 0.11558189 |C  0.20308202 1.79676983 0.00000000 |C  -1.81586302 0.08909669 -0.00827321
C 057417792 1.07422315 0.02607795 |[H  -2.00382560 0.53410414 0.00000000 |C  0.07432358 1.51269923 -0.10600889
N 138093111 -0.01057576 -0.15846880 |[H  0.30656940 2.85469707 0.00000000 |N  1.08690778 0.79442550 0.02346706
H  -1.31219423 193055989 0.26307068 H 226487726 -0.91995015 -0.09507913
H  1.08891976 2.02222424 0.10124880 H 276985014 0.53064344 -0.13657420
H  3.13990630 -1.90760009 1.88003166 H  -0.19931269 2.34899106 0.53299622
TSi18-19,12 TSi822.11 TS19-20

C  -0.68957992 -1.22879297 0.20113118 |C  -0.58079908 -1.07515613 0.04404515|C  -0.30947804 -1.87972694 0.00000000
N 052805403 -1.14464693 0.09120000 |N  0.68880292 -1.07017914 0.13297425 |N  0.20111353 -0.68845011 0.00000000
C 134374100 -0.11206890 -0.00790115 |C  1.42730495 0.02889283 0.03825012 |C  -0.02976273 0.62587681 0.00000000
C 216764797 0.77016814 -0.00250429 |C  2.19472098 0.95394580 -0.03153297 |C  -0.04724276 1.82983850 0.00000000
C  -1.48573905 135642999 0.02095924 |C  -2.03788600 0.98311585 -0.33288128 |H  1.02460098 -1.52539409 0.00000000
N  -1.76086503 0.23158997 0.14254369 |N  -1.36416804 0.03703486 -0.15963708 |H  -0.11349452 2.88861465 0.00000000
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H  -1.30055091 -2.10127300 -0.00194471 |H  -1.12204211 -2.00821210 0.12985526
H 289917694 153694417 001429358 |H  2.84781800 1.78699577 -0.09691105
H  -0.98536904 224131002 0.35374714 |H  -3.01826513 2.10843622 1.84640947
TS20-218 TSic23 TS23-24,12
C  -0.72041712 -1.64068898 0.00000000 |C  0.66973479 1.17872901 0.00000000 |C  -1.80709618 -0.39233113 0.15252713
N 036210815 -1.13919430 0.00000000 [N  1.51387694 0.23886736 0.00000000 |N  -1.25647214 -1.36900008 -0.19905594
C 042708074 0.85192170 0.00000000 |C  0.46006301 -1.68048334 0.00000000 |C  2.18716684 -0.79719185 0.07660977
C  -0.24245671 1.86387975 0.00000000 |C  -0.66062265 -1.18670594 0.00000000|C  1.35123778 0.06206609 0.01391686
H  -0.67024333 2.83754456 0.00000000 |C  -1.35832624 0.04776042 0.00000000 |C  0.46700469 117326603 -0.05990704
H 135024478 -1.31385930 0.00000000 [N  -0.74102865 1.17935142 0.00000000 |N  -0.79364231 1.23973995 -0.03168493
H  1.08049087 2.19466112 0.00000000 |[H  -2.69020818 0.07641380 0.53890121
H  -2.44308501 0.07087762 0.00000000 |[H  0.96439062 2.14781307 -0.15172506
H  1.28756259 -2.34887105 0.00000000 |H  2.88673990 -1.59426080 0.12912969
TS23-10,11 TS24-16,11 TS2a-25
C  -1.30374108 -0.15278558 0.05042605|C  -0.07275610 1.85845871 0.00000000 |N  -0.72398318 -1.40501882 0.00000000
N  -2.19096627 -0.97589936 -0.18415009 |C  -0.01183711 0.65971467 0.00000000 |C  0.46930773 -1.26669957 0.00000000
C 225998475 -0.89604837 -0.04893024 [C  0.05954982 -0.71752931 0.00000000 |C  1.40063591 -0.19511814 0.00000000
C 145803295 -0.00109619 -0.02716303 |[N  -0.22859695 -1.85013087 0.00000000 |C  0.83797181 1.03066445 0.00000000
C 054619119 108413001 -0.02441578 |[H  1.88453145 -0.77187431 0.00000000 |C  -0.60816456 1.16318983 0.00000000
N -0.73403882 101786428 0.01744525 |H  -0.13409251 2.91892601 0.00000000 N  -1.48871055 0.24231317 0.00000000
H  -0.67311918 -0.87980805 1.59955588 H 246720410 -0.36098633 0.00000000
H 097227641 2.08228092 -0.06818060 H 143941488 1.92975006 0.00000000
H  2.95307157 -1.70142651 -0.06394342 H  -1.01626829 2.17795645 0.00000000
TSo25-15,12 TS25-26,11 TS2a-27
N 202749105 -1.18957754 0.00000000 [N  -2.21168090 -1.00661491 0.08944670 N  -1.38962442 0.09162238 0.00000000
C 145925361 -0.18746989 0.00000000 |C  -1.50232193 -0.10123188 0.01639480 |C  -0.54919111 1.12076981 0.00000000
C  0.86341474 1.10710076 0.00000000 |C  -0.67818495 1.05180215 -0.07380707 |C  0.48251491 1.77043758 0.00000000
C  -042261026 1.38321417 0.0000000 |C  0.66116305 1.03919419 -0.06663090 |C  1.48168031 -0.38474994 0.00000000
C  -2.05485578 -0.22025229 0.00000000 |C  1.45051108 -0.15359678 0.01785919 |C  0.50003710 -1.28538507 0.00000000
N  -158547124 -1.28188568 0.00000000 |N  1.91932114 -1.20334576 -0.16483877 |N  -0.89296325 -1.08559660 0.00000000
H 157684462 1.93230159 0.00000000 |H  -1.19546298 1.99928313 -0.15004313 |H  1.21306136 2.54283058 0.00000000
H  -0.93478626 2.33426132 0.00000000 |H 120418502 197176521 -0.12344781 H  2.54964874 -0.56096219 0.00000000
H  -2.80741087 053812307 0.00000000 |H  2.45079287 0.48167024 143833933 |H  0.72515628 -2.35048317 0.00000000
TS27-28 TS28-29,30 TS29-31,11
N  -1.30893447 -0.26363387 0.00000000 |N 135516074 -1.37581738 -0.13033429 |C  0.01641102 -0.70640990 0.00000000
C  0.17031065 0.94180688 0.00000000 |C  -1.38355286 0.07363048 0.00349087 |C  0.09230630 -1.90690548 0.00000000
C  -0.01045145 2.18970151 0.00000000 |C  -2.18171249 -0.82405085 0.03030285|C  -0.07497141 0.66400795 0.00000000
C 116092475 -0.08327082 0.00000000 |C  -0.51250332 1.19243684 -0.02112209 |C  0.21613420 1.84662617 0.00000000
C  0.66133523 -1.32779470 0.00000000 |C  0.80899268 1.18167839 -0.04683613 |H  0.16504613 -2.96561589 0.00000000
N -0.76846598 -1.33189442 0.00000000 |N  1.78429133 -0.37793622 0.16057375 H  -1.95267136 0.67543131 0.00000000
H  -0.74325080 296953863 0.00000000 |H  -2.86501215 -1.63573914 0.05012682 |H  0.28834458 2.90627212 0.00000000
H 221392763 0.14770115 0.00000000 |H  -1.00318773 2.16677064 -0.01911602
H 117841126 -2.27119892 0.00000000 |H  1.50469134 2.00307467 -0.03770010
TSob-28 TSob-32 TS32-24,12
N -0.01059546 -152291497 -0.00927103 [N 124550218 -0.60116147 -0.12076125 N  -0.62063237 1.14680525 0.00000000
C  -1.65530338 -0.19617741 0.01155102 |C  0.16118129 -1.36134222 0.05056669 |C  0.64465676 1.07141732 0.00000000
C  -1.08091766 0.90221769 -0.00941407 |C  -1.09704900 -0.75374175 0.05947669 |C  1.49402433 -0.07278688 0.00000000
C  0.25649505 1.35511060 -0.01268118 |C  -1.71716276 0.30670198 -0.02658627 |C  2.30438835 -0.95931551 0.00000000
C 125423463 0.44719604 0.03387480 |C  0.23026268 1.54100671 -0.06926516 |C  -2.42371820 -0.62315172 0.00000000
N 1.02265744 -0.94710460 -0.01905012 |N 110749167 0.67879068 0.06182182 |N  -1.24447809 -0.49205167 0.00000000
H 050122069 2.40986321 -0.05632124 |H  -2.51478597 0.98107093 -0.23355925 |H  2.99380911 -1.76649089 0.00000000
H 220064104 0.71209940 0.05547172 |H  0.25148079 2.50400866 0.43799189 |H  -3.21148627 -1.35050958 0.00000000
H  -2.46934745 -0.88190713 0.05911410 |H  0.32895504 -2.42423242 012299163 |H  1.15734296 2.03674613 0.00000000
TS32-33,11 TS3a-34 TSa34-356
N -0.72850216 111976289 0.02306612 |C  -0.10447449 -1.36620668 0.00000000 |C  -1.85803222 -0.22581765 0.00000000
C 055106783 1.12407799 0.09033518 |C  1.16911262 -0.99633488 0.00000000 |C  -1.34451185 -1.33869040 0.00000000
C 130358193 -0.01083194 0.02031413 |[N  1.28012300 1.17710255 0.00000000 |N  1.99259885 -1.02008424 0.00000000
C 210506801 -0.98156288 -0.03746790 |C  0.12060631 1.35116104 0.00000000|C  1.34114835 -0.06971154 0.00000000
C  -1.91762998 -1.05764819 -0.24303009 |C  -1.17295905 0.72574247 0.00000000 |C  0.62087823 1.17804648 0.00000000
N -1.29753006 -0.07173614 -0.12706399 |N  -1.24337584 -0.55405310 0.00000000 N  -0.62185291 137127860 0.00000000
H 273039308 -1.84063982 -0.08733693 |H  -0.35258021 -2.42727310 0.00000000 H  -2.72061793 0.39964770 0.00000000
H  -2.34421008 -1.98559035 162212683 |H  2.10077851 -1.53626052 0.00000000 |H  -0.69899846 -2.18344193 0.00000000
H 100357975 2.09983302 021228726 |H  -2.07914071 1.31601574 0.00000000 |H  1.26749978 2.06247231 0.00000000
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TSas37,11 TS3a-38 TS38-19,12

C  -1.38087805 -0.02349480 0.04614024 |C  0.75719758 -1.13637958 0.00000000 |C  -2.01482920 -0.33217519 0.00000000

C  -2.35723302 -0.72809194 -0.13789270 |C  -0.72083569 -1.11435575 0.00000000 |C  -0.55098915 1.32124878 0.00000000

N 224328800 -1.04812873 -0.08002085 |N  -1.42575185 -0.03415374 0.00000000 |N  0.65918561 1.08812485 0.00000000

C 151168196 -0.15889876 -0.01800485|C  -0.71735732 1.08954747 0.00000000 |C  1.43135777 0.02636688 0.00000000

C  0.68663291 1.01573720 -0.00499786 |C  0.36718261 1.66872660 0.00000000 |C  2.27200214 -0.83760602 0.00000000

N  -0.58943910 1.04885514 0.01394018 |N 154730490 -0.15104165 0.00000000 |N  -1.50683291 -1.38243576 0.00000000

H  -0.48288895 -1.08796481 139784125 |H 119687290 -2.14347991 0.00000000 H  -2.86621903 0.31892497 0.00000000

H  -3.07197199 -1.51005597 -0.21107065 |H  -1.24223448 -2.06578578 0.00000000 H  -0.97283105 2.32940009 0.00000000

H 121669586 1.96142622 -0.03567491 |H 107736720 2.46040096 0.00000000 H  2.94733176 -1.65515536 0.00000000

TS38-37,11 TS19-39,11 TSs8-(2)-59

C 142790211 -0.19960924 0.05718213 |C  -0.28097195 1.79105391 0.00000000 |C  0.00000000 0.96297200 1.20093505

C 062880418 1.00701581 0.03045428 |[N  -0.15328642 0.62020003 0.00000000 |C  0.00000000 1.35689200 0.00384805

N -0.64388081 1.07902790 -0.02625077 |C  -0.00902834 -0.67706825 0.00000000 |C  0.00000000 0.70001500 -1.21564395

C  -1.44535087 0.02436894 -0.03513897 |C  0.12256446 -1.86902406 0.00000000 |C  0.00000000 -0.70001500 -1.21564395

C  -2.28483292 -0.84082200 -0.05892214 |H  1.83839883 3.11253686 0.00000000 |C  0.00000000 -1.35689200 0.00384805

N 227764707 -0.96038425 -0.16790594 |H  0.23922108 -2.92370666 0.00000000 |C  0.00000000 -0.96297200 1.20093505

H 0.39623999 -1.07276039 1.43375795 H 0.00000000 1.23505100 2.23523405

H 119663123 1.93114378 0.03951545 H 000000000 1.20551200 -2.17006895

H  -2.98836997 -1.63460996 -0.07562829 H  0.00000000 -1.20551200 -2.17006895
H 000000000 -1.23505100 2.23523405

TS60-(2)-62 TS60-(2)-61

N -0.90754724 110930387 0.00000000 |C  0.53330839 1.12133234 0.00000000

C 027888500 1.27420083 0.00000000 |C  1.58106379 0.43909083 0.00000000

C  -1.40762434 -0.48875135 0.00000000 |C  0.57653425 -1.39168003 0.00000000

C  -0.39583639 -1.28092570 0.00000000 |C  -0.67050440 -1.21131926 0.00000000

C  0.94954451 -0.94454393 0.00000000 |C  -1.40775783 -0.01563032 0.00000000

C 135734994 0.39676878 0.00000000 |N  -0.74748604 1.14251118 0.00000000

H  -247778682 -0.49013775 0.0000000 |H 139534278 -2.07942854 0.00000000

H 173738794 -1.68748230 0.00000000 |H  2.64770353 0.39089467 0.00000000

H 239931722 0.67200114 0.00000000 |H  -2.48650919 0.04019424 0.00000000
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