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SYNOPSIS

Computational study of chemical reactions is of fundamental importance to understand the
atomic-level mechanisms. It gives us information about the geometrical parameters, stability,
and reactivity of molecules, which help in designing new molecules, maximize product yield
and control chemical reactions to get desired products. Computing the potential energy surfaces
(PESs) for various possible reaction pathways and their corresponding stationary points -
reactants, products, intermediates, and transition-state structures, enable us to estimate rate
constant that can be compared with experiments. To this end, transition state theory (TST) and
Rice-Ramsperger-Kassel-Marcus (RRKM) theory have been used to model the rate constants.
However, there are some reactions that do not follow minimum energy path (MEP) and
deviations from statistical behaviour are observed. In such cases, dynamical calculations are
essential to understand the atomic-level mechanisms and calculation of rate constants. Hence it
is important that the popular statistical theories need to be tested to have a better understanding
of chemical reactions in general.

The present thesis is focused to understand the atomic-level mechanism of photoinduced
excited state intramolecular double proton transfer (ESIDPT) in diformyl dipyrromethanes,
thermal denitrogenation of 1-pyrazolines, and denitrogentaion of 1-pyrazolines in the presence
of an external force. The thesis is organized as follows: a general introduction to computational
study of chemical reactions is discussed in Chapter 1, Chapters 2 to 6 discuss the various results
obtained from different studies.

In Chapter 1, a general introduction of current status of computational studies of chemical
reactions is discussed. Computationally, information about the structures, relative energies,
electron density distribution, vibrational frequencies, reactivity of molecules and spectral
information can be obtained by solving the time independent Schrddinger equation HU =
EW. Several ab initio methods such as HF, DFT, MP2, CASSCE, CI are available to solve this
Schrddinger equation. The dynamic properties of molecules can be obtained either quantum
mechanically by solving the time dependent Schrodinger equation ih%\ll (r,t) = HU (r,t)
or classically by integrating the Newton’s equation of motion F' = %. In this chapter, a brief

description of all these methods will be given.
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Chapter 2 discusses the mechanism of photoinduced ESIDPT in diformyl dipyrromethanes.
Experimentally, it was observed that photoinduced enolization occurred in 1,9-diformyl-5,5-
diaryldipyrromethane (DAkk) by excited state dual proton transfer resulting in a red shifted
absorption, a phenomena not observed in 1,9-diformyl-5,5-dimethyldipyrromethane (DMkk),
and 1,9-diformyl-5-aryldipyrromethane (MAkg). The observation was supported by preliminary
Density Functional Theoretical (DFT) calculations. In the work reported here, a detailed and
systematic study was undertaken considering four molecules, 1,9-diformyldipyrromethane
(DHkk), DMkk, MAkk, and DAkx and their rotational isomers using DFT methods. Different
processes, namely, cis-trans isomerization, single and double proton transfer processes and their
mechanistic details were investigated in the ground and excited states. From the simulation
studies, it was seen that the presence of different substituents at the meso carbon does not
affect the \,ps values during cis — trans isomerization. However, enolization by proton transfer
processes were found to be influenced by the substituents as seen in the experiments. Enolization
was observed to follow a step-wise mechanism i.e. diketo — monoenol — dienol. While
monoenols showed negligible substituent effects on the A\, values, a large red shift in A,
was seen only in DAkk in agreement with the experimental findings. This observation can be
attributed to the lowering of keto — enol activation barrier, stabilization of DAgg in the S; state,

and the charge transfer nature of the transitions involved in DAgg.

Quantum chemical investigation of thermal denitrogenation of 1-pyrazolines is discussed
in Chapter 3. The mechanism of denitrogenation of azo compounds has been a subject of
study for both experiment and theory due to its unusual stereochemical preference in product
formation. Thermal denitrogenation of 3,5-dimethyl-1-pyrazoline, exo- and endo-2-methyl-
3,4-diazabicyclo[3.3.0] oct-3-enes, and 4-methyl-2,3-diazabicyclo[3.2.0] hept-2-ene result
in major single inverted cyclopropane. Several mechanisms have been proposed to account
for the inversion of stereochemistry however the studies are still inconclusive. In the present
work, a detailed investigation on mechanism of thermal denitrogenation of 1-pyrazoline was
undertaken using CASSCF and CASPT2 methods and 6-31+G* basis set. CASSCF calcu-
lations were performed with a series of different active spaces and it was found that the
energetics obtained from CASSCF(4,4), where both the C-N o-0* orbitals were included in
the active space is similar to that obtained from CASSCF energies with larger active spaces
and CASPT2(4,4)//CASSCF(4,4) calculations. Three different denitrogenation paths were
obtained: (1) a synchronous path where a simultaneous breaking of both the C—N ¢ bonds lead
to a planar trimethylene diradical intermediate, (2) an asynchronous concerted path involving
the unsymmetrical breaking of C—N ¢ bonds resulting in the single inverted cyclopropane

formation, and (3) an asynchronous step-wise path which involves the unsymmetrical breaking
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of the C—N o bonds leading to diazenyl diradical intermediates. The barrier for synchronous
denitrogenation path was found to be lower in energy than that of the asynchronous paths
which is in contrast to the previous reports where asynchronous paths were more favourable. To
check the validity of DFT and MP2 methods for this reaction, the potential energy profile for
denitrogenation paths were mapped with different DFT functionals (B2LYP, B2PLYP, M06-2X)
and MP2 method. However, DFT and MP2 methods failed to provide a correct description of
PES in the diradical region. In addition, the energetics of denitrogenation paths were found to

be remain unaffected with the increase in basis sets.

In Chapter 4, ab initio chemical dynamics of denitrogenation of 1-pyrazoline is discussed.
The detailed mapping of potential energy profile for denitrogenation of 1-pyrazoline using
CASSCF and CASPT2 methods does not explain the experimentally observed stereochemical
preference in cyclopropane formation. So, to understand the atomic-level mechanism of thermal
denitrogentaion of 1-pyrazoline, ab initio classical trajectory simulations were performed at the
CASSCF(4,4)/6-31+G* level of theory. Trajectories were integrated from transition states and
reactant regions. A microcanonical sampling of initial state was constructed at the experimental
temperature (510.45 K). The amount of energy available to system at this temperature was found
to be 119.10 kcal/mol. 150 trajectories were integrated from the synchronous transition state and
100 trajectories were integrated from each asynchronous transition states by giving an excess
energy corresponding to a total of 119.10 kcal/mol. It was observed that, most of the trajectories
dissociates directly from transition states with out following the minimum energy path (MEP).
Similarly, 3000 trajectories were integrated from reactant by giving a total energy of 119.10
kcal/mol. Out of 3000 trajectories, 262 trajectories were reactive with in the 1.5 ps time scale.
Among 262 reactive trajectories, 117 trajectories lead to single inverted cyclopropane (SI), 88
trajectories lead to double inverted cyclopropane (DI), 57 trajectories lead to cyclopropane with
retention of configuration (Ret) of configuration. So the product stereochemistry obtained from
trajectory simulation are in reasonable agreement with the experimentally observed product
stereochemistry. The simulations indicate that the denitrogenation follow both synchronous
and asynchronous paths and most of the trajectories did not follow MEP. Interestingly, some of

the synchronous trajectories dissociate through second-order saddle point region.

In Chapter 5, the effects of substitution on the energetics and dynamics of denitrogenation
of 1-pyrazoline is discussed. The potential energy profiles for the denitrogenation of four
different substituted pyrazolines, trans- and cis-3,5-dimethyl-1-pyrazoline and exo- and endo-2-
methyl-3,4-diazabicyclo[3.3.0]oct-3-ene were mapped at the CASSCF(4,4)/6-31+G* level of
theory. No significant effects of substitution on the energetics of denitrogenation paths were

observed. To understand the effect of substitution on the dynamics of the denitrogenation of
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1-pyrazoline, 500 trajectories were integrated from trans-3,5-dimethyl-1-pyrazoline. From the
trajectory simulation results, a preference for formation of single inverted cyclopropane over
double inverted cyclopropane and cyclopropane with retention of configuration was observed as
seen in the experimental studies. The dissociation of trajectories happen via both synchronous
and asynchronous paths. Most of the synchronous trajectories follow MEP whereas the majority
of the asynchronous trajectories do not follow MEP.

In Chapter 6, quantum chemical investigation of effects of external force on 1-pyrazoline,
cis- and trans-3,5-dimethyl-1-pyrazoline, and the denitrogenation of cis- and trans-3,5-dimethyl-
1-pyrazoline are discussed. In mechanochemistry, an external force (mechanical) is exerted
on the system and the response of the system to the force is investigated. Recently studies
show that mechanochemistry can be used to promote forbidden chemical reactions [Nature,
2007, 446, 424, Nat. Chem., 2015, 7, 323]. In the present study, constrained geometry simulate
external force (COGEF) method was used to model the effect of external force. In COGEF
method, two atoms of a molecule are considered as pulling points (PPs) and mechanical stress
is simulated by increasing distance between the two PPs gradually in a step-by-step process.
For 1-pyrazoline, two ring carbon atoms were considered as PPs whereas for trans- and cis-3,5-
dimethyl-1-pyrazoline, the two methyl carbon atoms were considered as PPs. For 1-pyrazoline,
a synchronous increase in C—N and C—C distances were observed with the increase in PPs
distance up to 0.8 A beyond which the molecule dissociates to form diazomethane and ethene.
For cis- and trans-3,5-dimethyl-1-pyrazoline, two different approaches were used to calculate
the effect of external force: (1) symmetrical stretching of both the C—CH; covalent bond
and (2) asymmetrical stretching of the C—CHj; bond. For symmetric stretching of both the
C—CHj bonds, a significant changes in geometrical parameters of cis- and trans-3,5-dimethyl-
1-pyrazolines were observed with the increase in PPs distance whereas for the asymmetrical
stretching pathway, no significant changes in geometrical parameters were observed except the
C—N and C—CHj distances associated with the stretching. The potential energy profiles for
denitrogenation of cis- and trans-3,5-dimethyl-1-pyrazoline were also mapped in the presence
of external force of magnitude 0.5, 1.8, 4.6, and 10.2 nN. It was observed that for cis-3,5-
dimethyl-1-pyrazoline, the barrier for denitrogenation paths initially increase with the increase
in external force upto 4.6 nN and then decreases. However, for trans-3,5-dimethyl-1-pyrazoline
the barrier for denitrogenation paths decreases with the increase in external force. Thus, external

force are expected to affect the mechanism and the dynamics of denitrogenation.
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CHAPTER

INTRODUCTION

ver the last few decades, computational chemistry has extended the range of phe-

nomena that can be investigated within the framework of chemistry and physics.

The ranges of systems that are studied vary from a single atom to as large as proteins.
Much of this advance can be attributed to the development in the field of computers, both
in terms of hardware and software. Computational chemistry has been successfully used to
understand experimental results. Different methods namely classical, quantum, semiclassical,
and statistical theories have been used to study the various systems depending on the nature
of the system and the properties of interest and have been discussed in several reviews and
books. "> Two different approaches have been used to understand chemical reactions: (1) static
approach and (2) dynamic approach.
(1) Static approach - It involves understanding the static properties of chemical reactions
such as stability, reactivity, and the nature of the potential energy surface (PES) by solving the

time-independent Schrodinger equation (TISE):
HY = BV (1.1)
where H is the Hamiltonian operator, W is the wavefunction, and £ is the energy of the system.
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The wavefunction W is a function of the positions of electrons and nuclei of the system :

—

HY(7, R) = EV(F, R) (1.2)

where 7 and R represent the coordinates of the electrons and nuclei respectively. The molecular

Hamiltonian for a time-independent multielectron system can be written as:

hQ electrons 9 nuclei 2 electrons nuclez 2 electrons electrons
He—5— ) Vi- Z > Z Z >
A
2m, 4 ! M A drrey 4 47760 -
) (3 Z>j
nuclei nuclei
Yy A
47T€ R
0 B A>B AB
(1.3)

where Z 4 is the nuclear charge, M 4 is the mass of nucleus A, m. is the mass of the electron,
R 4B 1s the distance between nuclei A and B, r;; is the distance between electrons i and j, ;4
is the distance between electron i and nucleus A, ¢, is the permittivity of free space, and 7 is
the Planck constant divided by 27. The first two terms of the equation represent the kinetic
energy of electrons and nuclei respectively, the third term represent the electrostatic interaction
between the nuclei and the electrons, the fourth and fifth terms represent the electron-electron
and nucleus-nucleus repulsive interactions. Since motion of the nucleus is much more slower
than the electrons, we can assume the nuclei to be stationary from the perspective of the
electrons which is known as the Born-Oppenheimer (BO) approximation. BO approximation

allows the separation of electronic and nuclear coordinates. Within the BO approximation,

(7, R) = Y (R)tba (7 R) (1.4)

where )y (R) is the nuclear wavefunction and 1. (7; R) is the electronic wavefunction. The
nuclear kinetic energy term in equation 1.3 can be set to zero and the nuclear-nuclear repulsive

term is a constant. The Hamiltonian now becomes:

electrons electrons nuclez electrons electrons nuclei nuclei

~ 2 o~
IR MDD WD WD FDIE bl A

i>] B A>B
(1.5)
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where
h2 electrons electrons nuclez electrons electrons
ZVQZZ +ZZ (1.6)
] i>7
and
nuclei nuclei
~ VA,
Vv = > Y (1.7)
B ASB Rap
The potential energy surface of the system is then separated as:
V(R) = Eq(r; R) + Vn(R) (1.8)

where F; is the electronic energy obtained by solving the electronic Schrodinger equation and

Vi 1s the nuclear-nuclear repulsion energy. The electronic Schrodinger equation is
HoWa () = EqVal(F). (1.9)

This equation cannot be solved exactly for multielectron systems and hence approximate
methods are used. Some common approaches are the Hartree-Fock (HF) method, configuration
interaction (CI) method, Mgller-Plesset perturbation theory, and density functional theory
(DFT). A brief description of the different approaches are discussed below.

(i) Hartree-Fock Theory (HF)

In the Hartree-Fock method, the Hamiltonian is divided into two parts: a core Hamiltonian H;
describing the kinetic energy and the electron-nuclei attraction potential and a part describing

the electron-electron repulsion:
, 1
H=) [HG)+) —] (1.10)
with

Za

TiA

H(i) = —%Vf — (1.11)

A
The core Hamiltonian can be solved exactly whereas the electron-electron repulsion part is

treated in an average way, i.e. each electron is considered to be moving independently of the

others in an average field created by the other electrons. The energy obtained from the HF

3
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method is always higher than the actual energy because Hartree-Fock wave function takes the
interactions between the electrons in an average way. The difference between Hartree-Fock

energy Fyr and the exact non-relativistic energy Fonre 1S called the correlation energy Fioy.
Ecorr = Enon—rel - EHF (112)

The correlation energy can be separated into two parts: (1) Static correlation (2) Dynamic
correlation. The correlation energy arising from long-range correlation effects observed on
molecular dissociation is referred as static correlation. The correlation energy arising from
overestimation of short-range electron repulsion in Hartree-Fock wavefunctions is referred
as dynamic correlation. When static correlation is weak, Hartree-Fock method provides a
reasonably correct description of the wave-function. However, when chemical reactions involve
bond-breaking then Hartree-Fock is a poor approximation. The Hartree-Fock theory can be
improved in two different ways (a) by adding the excited state wave function to the Hartree-
Fock wave function associated with the ground state (the configuration interaction models)
and (b) by introducing an explicit term in the Hamiltonian to account for the electron-electron
repulsion (Density functional models).

(ii) Configuration Interaction Models

The wave function in a full configuration interaction model (full CI) is obtained by the linear
combination of ground-state electronic wavefunction (1) obtained from HF theory and all pos-
sible excited-state electronic configuration state functions (CSFs, 1) formed by the promotion

of one or more electrons from occupied to unoccupied molecular orbitals.

Y= agth + Y asts (1.13)

In the limit of a complete basis set, the energy obtained from full CI will be same as that
obtained by solving the full many electron Schrodinger equation. Since the number of excited-
state electronic CSFs are infinite, it is practically impossible to solve the wave function for a

full CI model. So, the number of excited state CSFs of full CI are restricted in such a way that

4
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the approximate CI wavefunction and energy are as close as possible to the exact values. There
are several different approaches to restrict the number of CSFs.

The CIS Method- 1t involves generation of CSFs by single electron promotion to unoccupied
MOs and leads to no improvement of the HF energy or wave function.

The CID Method- 1t involves double-electron promotions and leads to improvement over

Hartree-Fock method. The wave function for CID method can be written as:

OCcC ocCcC unocc unocc

Yorp = agth + ZZ Z > atty (1.14)

1<j a<b

The CISD Method- 1t considers both single and double electron excitations. The wave function

for CISD method can be written as:

occ unocc occ unocc

Yersp = aoo + Z Z At + > > NN asy (1.15)

1<j a<b

In both CID and CISD methods, the expansion coefficients are determined variationally. The
energy obtained from both the methods are larger than the exact energy. CISD recovers around
80-90% of the correlation energy for molecules built from atoms of the first row. However,
the correlation energy obtained by CISD decreases drastically as the size of the molecule
increases. Two desirable properties of a method which is used to study bond dissociation are
size consistency and size extensive. A method is size-consistent if the energy computed for
two fragments of a molecule infinitely separated are same as the sum of energy of both the
fragments calculated separately. A method is size-extensive if the computed energy of a system
composed of nnoninteracting identical systems equals ntimes the energy of one subsystem
computed using the same methods. Both CIS and CISD methods are neither size-consistent nor
size-extensive.

The MCSCF Method- In multiconfiguration self-consistent-field (MCSCF) methods,? the

molecular wave function is written as a linear combination of CSFs (¢;) generated from using
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a subset of the HF MOs.
M
Y=Y 0 =10+l + -+ eydy (1.16)

where c; is the coefficient associated with CSF ®; and the summation extends over all possible
M CSFs. Thus, for MCSCEF calculations the SCF calculation is performed in concert with the
variational calculation of the linear combination of electronic states. This differ from CISD,
where the HF MO’s are used to form the excited states.

If all the important CSFs for the chemical reaction under study are included in the set of ®;,
then this method gives a correct description of the electronic structure. The most commonly
used MCSCF method is complete active space self consistent field (CASSCF) method.* In the
CASSCF method, the orbitals ¢; used in the CSFs is written as linear combinations of basis

functions:
b
r=1

The orbitals used to generate CSFs are divided into three groups: (i) the active orbitals (ii) the
inactive occupied orbitals, and (iii) inactive unoccupied orbitals. The inactive occupied orbitals
are doubly occupied throughout the calculation and the inactive unoccupied orbitals remain
unoccupied. The occupation number for the active orbitals which consist of a combination
of occupied and unoccupied orbitals is allowed to vary from O to 2. The wavefunction for
CASSCEF calculation is written as linear combination of all CSFs ¢; that can be formed by

distributing the active electrons among the active orbitals in all possible ways:

=) b (1.18)

CASSCEF calculations are then performed to get the optimum coefficients C,; and c¢;. The
CASSCF method can take into account the static electron correlation by allowing for partially
occupied orbitals and describes the chemical reaction which involves bond breaking but it
cannot take into account the dynamic electron correlation. The dynamic electron correlation

can be accounted for either perturbatively or variationally.
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The CASPT2 Method - In the CASPT2 method, dynamical electron correlation is treated
perturbatively using the CASSCF wavefunction as the reference wavefunction. The Hamiltonian

for CASPT2 method can be written as:
H = Hy+ \H, (1.19)

Here, }AIO is the zeroth order Hamiltonian, ) is a small parameter which defines the perturbation
H,.

The MRCI Method - The MRCI method combines MCSCF and CI methods. MRCI calculation
uses MCSCF wave function as the reference and a CISD calculation starting with the MCSCF
wavefunction is performed. Because of the complexity and computational cost, MRCI uses
only single and double excitations. The wave function for the MRCI method that includes only

the single and double excitations (MRCISD) can be written as:

v= g+ Y adi+> > Bhoy (1.20)
I S a P ab
here, a and b refer to external orbitals those are not included in the reference configurations.
(iii) Mgller-Plesset Perturbation Theory
The simplest alternative to configuration interaction models are the second-order Mgller-plesset
perturbation theory (MP2). Here, the correlation energy is calculated as a perturbation to the
Hartree-Fock Hamiltonian and solving the Schrodinger equation using perturbation theory. The

exact Hamiltonian }AI for MP2 method can be written as:
H=Hy+\V (1.21)

Here, PAIO is the Hartree-Fock Hamiltonian, V is a small perturbation, and A is a dimensionless
parameter. Using perturbation theory, the exact wavefunction and energy are expanded in terms

of the Hartree-Fock wave function and energy and can be written as:
¥ = o+ MW + Xp® 4 A3 4 (1.22)

E=FE9 3 AED £ N2E@ L 3p6) 4 ... (1.23)
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Here, 11, 19, 15 are the first, second, and third order corrections to the wave function. Similarly,
EM, E® and E® are first, second, and third order corrections to the ground state energy.
Substituting the equations 1.18, 1.19, and 1.20 into the Schrodinger equation and equating \’s

of the same order gives:

ﬁowo _ E(O)wo (1.24)
f/'\f(ﬂ,b(l) + ‘7¢0 _ E(O)w(l) + E(1)¢0 (1.25)
]’—_\[Ow(Z) + ‘//\'w(l) _ E(O)w@) + E(l)i/J(l) + E(Q)Q/JO (1.26)

Multiplying equation 1.21, 1.22, and 1.23 by v, and integrating over all space yields the

expression for nth-order (MPn) energy:

RO _ /.,,/%ﬁo%dﬁd@...dm (1.27)
E(l) :/--'/wo‘/}@bodTldTg"'dTn (128)
2O _ / / LoV Wdridrs - - - dr, (1.29)

Here, the Hartree-Fock energy is the sum of zero and first order Mgller-Plesset energies:
EO® 4+ gV = / . / Wo(Hy + V)odrdry - - - dr, (1.30)

and E® is the first perturbation to HF energy.

Unlike configuration interaction models, MP2 is size consistent in nature. The predicted
energy for every order of perturbation in MP2 scales with the number of non-interacting
particles in the system. However, MP2 method is not variational and therefore the calculated
energy may be lower than the exact value.

(iv) Density Functional Theory
The second approach for moving beyond the HF model is Density Functional theory (DFT)>¢
which is based on electron density rather than on wavefunction.

The DFT energy can be written as:

EPYT — Er+ Ey + E; 4+ Exc (1.31)
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Where, Er is the kinetic energy, Ey the potential energy, £/; the Coulomb energy, and E'x¢ the

exchange-correlation energy. Except £, all components depend on the total electron density,

p(r):
orbitals
=23 [} (1.32)
Within a finite basis set, the components of density functional energy, EP'T can be written as:
L) h2e2
Er=33" [ 6.0)(- 5 Vo0 (r)dr (1.33)
o v

ny nyg nuclei

Evz%jgj Y [ o N1 (134

ny Np

ZZZZ vPro(uv|Ao) (1.35)

Excz/f(p(r),vp(r)---)dr (136)

where, Z is the nuclear charge, |r — R 4| is the distance between the nucleus and the electron
density, P is the density matrix, n, is the number of basis functions and (uv|\o) are the two
electron integrals. Accuracy of the DFT method strongly depends on the quality of exchange-
correlation functional Fx ¢ used for the calculations. If exact exchange-correlation functional is
known for a problem, then the density functional approach would be exact. So, the challenging
task in DFT is the development of an accurate functional for expressing the exchange correlation
energy E'xc in terms of density. Several functions have proposed for the same.

The different theoretical approaches used to get information about the static properties of
chemical systems are summarized in Figure 1.1.
Potential Energy Surface (PES)
The potential energy surface of a chemical reaction is a function of 3/N-6 variables. The
important features of PESs are stationary points such as reactants, products, transition states,

and intermediates of the chemical reactions. For the stationary points, the first derivative of the
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Schrodinger equation
Born-Oppenheimer Approximation

Electronic Schrodinger equation

! |

“Guess” how electrons affect each Electrons move independently; Molecular
other from an idealized problem solutions written in terms of atomic solutions
Hartree-Fock

“molecular orbital” model

“Parameterization” Mix in “excited states”

|

Configuration Interaction
Density Functional Theory and Moller-Plesset models

“Exact” solution

Figure 1.1: Schematic diagram showing relations between different quantum chemical models
used for understanding static properties’

potential energy with respect to each geometric (3N-6) independent coordinates (R?;) are zero:

ov
OR;

=0, i=1,23--.3N—6 (1.37)

The stationary points can be distinguished by looking at the second derivatives of the potential
energy with respect to the coordinates. A stationary point can be characterized as a minima or a

maxima by computing the eigenvalues of the Hessian matrix and the eigenvectors (Cj). In the
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set of orthogonal normal coordinates (();), for a minima,

o0*V

TQ2>O; 1=1,2,3,--- ,3N — 6 (1.38)
and for a transition state

o*V .

8_QZ>O; 1=1,2,3,--- , 3N =7 (1.39)

except along the reaction coordinate ((;), for which

0*V

TQ? <0 (1.40)

Thus, the stationary points on the PES can be characterized by computing the classical vibra-
tional frequencies. Similarly, if one assumes a statistical distribution be maintained during a
reaction then the information about rate of the reaction can be obtained from the potential

energy surface using statistical rate theories. For example, consider a chemical reaction
aA+bB — cC+dD (1.41)

The rate of the reaction r = k[ A]%[ B]°. The rate constant &’ can be obtained from transition

state theory (TST):%?

kT ast —ant
fp = BTe%e RT () (1.42)

Here, AS? is the entropy of activation, AH* is the enthalpy of activation, kp is the Boltzmann’s
constant, c° = 1 mol L™!, n is the molecularity, and T is the temperature of the reaction.

(2) Dynamic Approach - In the static approach, the evolution of the system with time was not
considered in the study. However, the real system is dynamic in nature and can adapt dynamical
effects during the course of the reaction such as localization of energies in certain vibrational
modes, redistribution of excitation energy to different vibrational or rotational modes. The
dynamic properties of the system can be understood by solving equations of motion (EOM) by

either using quantum mechanics or classical mechanics. In quantum mechanics, the change
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in state ¢ (r, t) of the system with time is given by solving the time-dependent Schrodinger

equation:

m%&(r, t) = Hy(r,t) (1.43)

where H is Hamiltonian of the system. However, quantum dynamical simulations are com-
putationally expensive due to large dimensional problem. Quantum dynamics can be used to
study systems containing upto 4-5 atoms. In classical mechanics, the evolution of system as a
function of time can be obtained by numerically integrating the Newton’s classical equation of
motion:

d*q; _ _3‘/(@1)

where F; is the force, m,; the mass, and a; the acceleration associated with the coordinate
¢;. Integration of the Newton’s EOM results in p;(t) and ¢;(t) called the trajectory. In the
studies reported here classical trajectory simulations are used to understand the dynamics of
chemical reactions. In trajectory simulations, an ensemble of trajectories are integrated. '° Each
trajectory in the ensemble is specified by the system’s initial coordinates ¢; and momenta p;
which are choosen randomly by using different sampling procedure such as microcanonical
normal mode sampling or sampling a Boltzmann distribution. The Newton’s equation of motion
is then integrated by using different integration algorithm such as Verlet algorithm, leap-frog
algorithm, or velocity-Verlet algorithm. The velocity-Verlet integrator is most commonly used
to integrate Newton’s equation of motion because it is time reversible and symplectic in nature.
The trajectories are followed with time and once the reaction is complete the final coordinates
and momenta thus obtained can be used to understand the product distributions and their
energies. While it is desirable to have an analytical description for the PES for the system under
study, it is not possible for systems of large number of atoms. In such cases, for systems with
“reasonable” size ab initio classical trajectory method can be employed.'! In ab initio classical
trajectory method, the forces necessary for the integration of the EOM are obtained directly by

solving the TISE for a given level of theory.
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In the work reported in the thesis, DFT and ab initio methods such as HF, MP2, CASSCEF,
and CASPT2 were used to investigate the electronic structure properties and the nature of the
potential energy surface of various chemical reactions. The dynamics of the reactions were

studied using ab initio classical trajectory methods.
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CHAPTER

TDDFT INVESTIGATION ON PHOTOINDUCED EXCITED
STATE INTRAMOLECULAR DUAL PROTON TRANSFER IN

DIFORMYL DIPYRROMETHANE

2.1 Introduction

nderstanding of the excited-state proton transfer (ESPT) process is of fundamen-
tal importance because of its relevance in various chemical and biological pro-
cesses 1271° and has been a topic of research for several years.!”->? In ESPT process,
a molecule initially gets excited to an energized state and the photoexcited molecule then
transfers a proton from a proton donor, usually a —OH or —NH group, to the proton acceptor,
generally —C=0 or —N=N group. Several experimental and theoretical studies have been
reported that address different aspects of this elementary process including the mechanisms, dy-
namics, and the role of solvent and electronic effects on the proton transfer (PT) processes.>*28

Proton transfer can happen within a molecule (intra) or between two molecules (inter) via a

dimer or complex, with one monomer being the proton donor and the other proton acceptor.
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Hydrogen bonding interactions, H- - - O or H-: - - N, between the proton donor and the acceptor
are ubiquitous to PT processes and act as the driving force for them. Hence, the role of hydrogen
bonds on PT processes has been studied extensively. It was found that strengthening of the
hydrogen bond in the excited-state resulted in red shifts while weakening of the hydrogen
bond strength resulted in a blue shift in the electronic spectra.?*~33 Excited state intramolecular
proton transfer (ESIPT) is observed in molecules with intramolecular hydrogen bond between
the donor and the acceptor atoms. The processes are unimolecular in nature and are usually

T34 involve

enol — keto or imine — enamine tautomerizations. Most reported cases of ESIP
six membered ring type structures with strong intramolecular hydrogen bonds, where the
barrier for proton transfer is very less. However, there are a few reports on systems such as

50-60

3-hydroxychromones and their derivatives where ESIPT occurs involving weak O—H- - - O

hydrogen bonded five membered ring type structures. The ESIPT dynamics in these systems

were found to be highly sensitive to the solvent properties and substituents>*%37,

Since ESIPT commonly occurs in ultrafast time scale, experimental understanding of
the correlation between hydrogen bond strength and ESIPT dynamics is not easy. So, to
understand the potential energy surface (PES) and dynamics of ESIPT experimentally, Chou

61-63 gynthesized weak N-H- - - N hydrogen bonded five membered 2-pyridyl

and coworkers
pyrazole systems where excited-state proton transfer is associated with a barrier of ~2 kcal/mol.
From the studies of a series of 2-pyridyl pyrazole derivatives®?, they concluded that electron
withdrawing groups at pyrazole C(3) increase the intramolecular hydrogen bond strength and
facilitates the ESIPT process, while electron donating group on pyridine facilitates ESIPT
process by strengthening the intramolecular hydrogen bond due to increased nitrogen basicity.
In a series of experimental and theoretical studies on pyrrole derivatives Chowdhury and
coworkers proposed the possibility of intra or intermolecular proton transfer in the excited-state

64,65

in pyrrole-2-carboxaldehyde and 2-acetylpyrrole®. An important photophysical property

of molecules that undergo ESIPT is that their emission spectra exhibit large Stokes shifts due to
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the formation of the new proton-transferred species. Exploiting this property, several molecules
have been strategically synthesized to explore their use as luminescent materials,2-2!:67:68
fluorescence probes 20671 light emitting diodes?*">""#. Spectroscopic evidence for a similar
situation was found while carrying out absorption and emission studies for 1,9-diformyl-5,5-

diaryldipyrromethane (DAgk).”

When DAk was irradiated with 310 nm light, a new peak at
390 nm was observed in the absorption spectrum after irradiation. In case of emission spectrum,
the weak peak at 560 nm enhanced continuously with irradiation. However, the additional red
shifted peak observed for DAgk in the absorption spectrum was not observed for dimethyl and
monoaryl substituted compounds.

In the study reported here, a detailed systematic DFT study on the ground and excited-
state PES of dipyrromethanes: (i) 1,9-diformyldipyrromethane (DHkk) (i1) 1,9-diformyl-5,5-
dimethyldipyrromethane (DMgg) (iii) 1,9-diformyl,5-aryldipyrromethane (MAkx), and (iv)
1,9-diformyl-5,5-diaryldipyrromethane (DAky) is reported.’® The complete potential energy
profile, that covers all the stationary points considering the different rotamers, cis-trans iso-
mers, and enol tautomers (mono and dienols) of DHky, DMkk, MAkk, and DAgk and their
interconversion mechanisms were mapped in both the ground and excited-states to understand
the experimental observations. The results are compared with the experimental observations

considering both the monoenol and dienol tautomers. ’®

2.2 Methodology

To understand the experimentally observed photophysics of dipyrromethanes, the potential
energy profile was mapped using DFT methods. The stationary points on the ground state
were calculated at B3LYP7780/6-31+G*31-84 ]evel of theory while those on the excited-states
were calculated using time-dependent density functional theoretical (TDDFT) method®3-8¢ at
the same level of theory. The stationary points were characterized by performing frequency

calculations. All transition states (T'S) and intermediates were connected by following the
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11
diketo (KK) mono-enol (KE) dienol (EE)

Figure 2.1: Molecules considered in the study: R; and Ry are [-H, —H], [-CH3, —CH3], [—H,
—C6H5CH3] and [—C6H5CH3, —C6H5CH3].

intrinsic reaction coordinate (IRC) only in the ground state. For the excited-states, IRC could
not be performed and the TS structures were confirmed by computing the frequencies and
inspecting the TS eigen vectors. The effects of basis sets and DFT functionals were examined by
computing the stationary points on the ground state potential energy surface with 6-311++G**
basis set®#* and M05-2X functional.®” Vertical excitation energies were computed by using
ground state stationary point structures using TDDFT method. All calculations were performed

using GAMESS software package.3®

2.3 Results and Discussions

The four analogues of dipyrromethane with different substituents that were considered in the
study are given in Figure 2.1. In the rest of the chapter, KK, KE, and EE refer to keto-keto
(diketo), keto-enol (monoenol), and enol-enol (dienol) forms respectively. The labels for excited-
state (S;) stationary points are appended with ‘*” symbol. The four molecules considered in the
study differ in the substituents R; and R, attached to the methylenic carbon atom (C6). The

numbering scheme shown in Figure 2.1 is used for defining geometrical parameters.
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2.3.1 Ground state studies
2.3.1.1 Rotational and Conformational Isomers

Due to free rotation of groups attached to the methylenic carbon atom about the C—C bond,
diformyl dipyrromethanes can exhibit rotational isomerism. A potential energy surface scan by
varying the dihedral angles Z/N4C5C6C7 (¢1) and ZC5C6CTN8 (¢2) was carried out to locate
the stable rotational isomers of DHgg. The potential energy contour plot with respect to the
dihedral angles is shown in Figure 2.2. Eight isomers (KK1 to KK8) with different orientations
of the two —NH groups with respect to each other were identified from the PES scan and their
minimum energy structures are given in Figure 2.3. Interestingly, the eight rotamers can be
related to each other by operations: reflection plane (o) containing the methylenic atoms (C,

H, H), or a 180° rotation (C5) about the methylene carbon atom (C6) or a reflection plane (o3)

350 - 1 0

300 N Fd s0

250 - L 4
8 200 g
m ~
§ ™ 30(—(g
& 150 - <

L 20

100 -

L ] 1

50 0

0 Eo

0 50 100 150 200 250 300 350
¢4 (degree)

Figure 2.2: Potential energy contours showing the existence of different rotational isomers of
DHxg for different values of ¢; and ¢,. Labels KK1 to KKS8 correspond to different rotational
isomers in the respective regions.
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KK4 KK5
KK7 KK8

Figure 2.3: Minimum energy structures representing different rotational isomers of DHgx.

(a)

(b)

antil anti2 syn
(KK1, KK5) (KK2, KK6) (KK3, KK4, KK7, KK8)

Figure 2.4: (a) Illustration depicting operations used to relate and group the rotational isomers
(b) Three stable rotational isomers of DHgk.

containing C5, C6, and C7 atoms as illustrated in Figure 2.4(a). It can be seen in Figure 2.2
that the PES is symmetrical about the diagonal through ¢, = 0°, ¢ = 360°. The pairs (KK1,
KKS), (KK2, KK6), (KK3, KK4), and (KK7, KK8) are mirror images and are related by
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the o, operation. The cross pairs (KK3, KK7) and (KK4, KK8) are related by o5 operation.
The PES is also symmetrical about the diagonal through ¢, = ¢ = 0° and the rotamers (KK4,
KK?7), and (KK3, KK8) are related by C operation. Hence, the structures KK3, KK4, KK7,
and KKS8 are isoenergetic and represent identical arrangement of atoms. DHgk can then be
thought of as existing in three stable (rotational) isomeric forms as illustrated in Figure 2.4(b).
In isomers KK1 and KKS, the —NH groups of both pyrrole rings are anti and face towards
each other. In isomers KK2 and KK6, the —NH groups are anti and face away from each
other and in KK3, KK4, KK7, and KKS8, the —NH groups of both pyrrole rings face the same
side. The three stable forms are hence labeled as antil, anti2, and syn respectively (Figure
2.4(b)). The energetics and different photophysical processes involved in dipyrromethanes
can be understood with respect to these three forms only. Isomers KK1, KK2, and KK3 were

considered as representative structures for antil, anti2, and syn forms in further studies.

The relative energies for the three forms of DHgg, DMk, MAkk, and DAkg are given in
Table 2.1. The N—H bond distances (1.0 A) and N—H—O bond angles (~ 92°) of the pyrrole
rings are similar for all the isomers of the four molecules. In DHggx, DMgg, and MAgk antil
is the most stable isomer, whereas in DAk, anti2 is the most stable isomer. However, it is
important to note that the PES is shallow for variations in ¢; and ¢, with the energy varying
within 2 kcal/mol for the rotational isomers. The transition state structures (r-TS1) connecting
antil and syn and structures (r-TS2) connecting syn and anti2 were calculated and the barriers
for isomerization from antil to syn and syn to anti2 are also given in Table 2.1. The barriers
are similar in DHgg, DMk, and MAkg, (~ 1.3 kcal/mol and ~ 2 kcal/mol) and DAk has the
highest barrier of 3.72 kcal/mol for antil to syn due to constraints induced by aryl rings. It is
to be noted that antil and anti2 are not connected directly by a transition state. The relative
population of the different diketo isomers computed using Boltzmann distribution at 300 K
with degeneracies for antil, anti2, and syn taken as 2, 2, and 4 respectively are also given in

Table 2.1. It can be seen that anti2 is more populated for DAgx compared to that of DHy.
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Table 2.1: Relative energies (kcal/mol) for antil to syn and syn to anti2 isomerization in DHkg,
DMk, MAkk, and DAk in the ground state. Values in parentheses indicate relative percentage
population of each isomer assuming Boltzmann distribution at 300 K

Molecule Relative Energy“

antil r-TS1 syn r-TS2 anti2
DHgy 0 (62) 1.35 0.77 (34) 1.82 1.64 (04)
DMk 0 (64) 1.34 0.82 (33) 2.27 1.78 (03)
MAgk 0(28) 1.14 0.06 (51) 2.15 0.17 (21)
DAkx 0 (18) 3.72 —0.15 (47) 3.32 —0.40 (35)

¢ Relative energies are with respect to antil isomer for each molecule.

2.3.1.2 Ab initio Classical Trajectory Simulation

To get an insight into the possible isomerization processes that can happen at room temperature,
ab initio molecular dynamics simulations were carried out at B3ALYP/6-31+G* level of theory.
The trajectories were initiated at antil form of DHgx (KK1) using microcanonical sampling
method with 7.4 kcal/mol excess energy above the zero-point-energy which is the average
thermal energy (vibration and rotation) at 300 K. 10 trajectories were integrated for 1.5 ps and
5 of them exhibited isomerization reaction from KK1 (antil) to KK8 (syn). The simulations
indicate the possibility of rotational isomerization between the conformers at 300 K. Figure 2.5

shows a representative trajectory (white line) that exhibits antil to syn isomerization.

2.3.1.3 Cis-Trans Isomerization

In addition to the rotational isomers formed by the rotation of methylenic C—C bonds,
dipyrromethanes can also exist in cis and trans forms defined by the orientation of —NH
and —CHO groups with respect to each other. Here, cis refers to CO of formyl group syn to
—NH group of pyrrole ring (ZO1C2C3N4 = 0°) and trans refers to the CO of formyl group anti
to —NH (ZO1C2C3N4 = 180°). Three isomers are possible considering the positions of —NH
and —CHO groups : (i) cis-cis (CC), (ii) cis-trans (CT), and (iii) trans-trans (TT). The three

isomers can transform from one form to the other. Two possible cis-trans isomerization paths
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Figure 2.5: Potential energy contours of DHkk for different values of ¢; and ¢- and a sample
trajectory (white line) showing antil to syn isomerization.

were considered in this study (i) a stepwise path where one of the formyl groups isomerizes
to trans via c-TS1 first and then the other formyl group isomerizes via c-TS2 (ii) a concerted
path where both the formyl groups isomerize to trans simultaneously. The relative energies and
isomerization barriers of stepwise and concerted isomerization paths for all the three isomers
of DHky, DMkk, MAkk, and DAk are given in Table 2.2. The CC form is the most stable
isomer for all the the four molecules considered in this study. The relative stabilities of isomers
follow the order CC>CT>TT. However, the relative energies of CT and TT isomers for all the
four molecules are similar. The isomerization of one formyl group results in a destabilization
of ~ 3-5 kcal/mol and isomerization of second formyl group results in a further destabilization
of ~ 3-5 kcal/mol. The higher stability of CC isomer compared to CT and TT isomers is

possibly due to the presence of two weak hydrogen bonds (N—H- - - O=C) between pyrrole
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Table 2.2: Relative energies (kcal/mol) for stepwise and concerted cis-trans isomerization paths

Molecule Isomer Relative Energy“
CC c-TS1 CT c-TS2 TT AE?
DH antil 0.00 16.15 3.81 19.82 7.50 34.55
anti2 1.64 18.66 5.81 22.82 10.07 37.74
syn 0.77 17.59 5.10 21.37 8.83 36.08
DM antil 0.00 16.13 3.79 19.77 7.45 34.50
anti2 1.78 19.06 6.00 23.08 10.30 38.34
syn 0.82 17.75 5.13 21.45 8.78 36.22
MA antil 0.00 16.19 4.02 19.92 7.35 34.58
anti2 0.17 16.60 3.81 20.52 7.45 35.84
syn 0.06 16.37 3.85 20.34 7.68 34.90
DA antil 0.00 16.20 3.61 19.56 6.66 33.57
anti2 —0.40 15.86 2.98 19.23 6.44 32.90
syn —0.15 15.82 3.40 19.60 6.66 34.23

® Relative energies are with respect to antil isomer for each molecule.
Y AE? is the barrier for concerted CC—TT isomerization.

N-H and formyl C=0 groups that are absent in trans isomers. The transition state structures
(c-TS1 and c-TS2) connecting the cis and trans forms were also calculated. The barriers for
CC to CT and CT to TT isomerization paths for the molecules with different substituents were
found to be 16-20 kcal/mol and 19-22 kcal/mol respectively. The substitution at the methylenic
carbon does not exhibit any significant effect on the relative stabilities and isomerization
barriers for cis-trans isomerization. In transition states structures c-TS1 and c-TS2, the angles
Z01C2C3N4 and ZN8C9C10011 were found to be 90°. For the concerted isomerization of
both the formyl groups, a second order saddle point that is 34-36 kcal/mol higher than that of
the CC isomer was obtained by constrained geometry optimization by fixing ZO1C2C3N4 =
90° and ZN8C9C10011 = 90° for each. This barrier (AE?) for the concerted isomerization
path was found to be 14-16 kcal/mol higher in energy than the step-wise isomerization path for

the compounds considered in this study.
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2.3.1.4 Keto-Enol Tautomerization

The IR spectra of DAk after irradiation showed an intense broad band at 3436 cm ™! in addition
to a weak N—H band at 3227 cm™~!, which indicates possible formation of enolic species after
irradiation.” Formation of enol is a tautomerization process involving proton transfer from
—NH group to C=0 group often called as ground state intramolecular proton transfer (GSIPT).
So, to understand enol formation in DAy and the role of diaryl substitution at the meso carbon
atom in the enolization process, potential energy profile and energy barriers for intramolecular
keto-enol tautomerization paths were mapped for the three rotameric forms antil, anti2, and
syn of DHkg, DMkk, MAkk, and DAgk. Two possible keto-enol tautomerization paths were
considered in this study : (i) a step-wise path where proton transfer from the pyrrole N—H
group to C=0 of formyl group in one ring happens first resulting in a monoenol (KE) followed
by another proton transfer in the other ring forming a dienol (EE) (ii) a concerted path where
proton transfer from pyrrole N—H group to formyl C=0 group happens simultaneously in both
the pyrrole rings. The relative energies of the enols and tautomerization barriers for stepwise
and concerted proton transfer processes in the isomers of DHggx, DMgg, MAkg, and DAk

obtained from B3LYP/6-31+G* level of theory are given in Table 2.3.

In the step-wise proton transfer process, the stability of the tautomers follow the order
KK>KE>EE. Enolization of one pyrrole ring results in a destabilization of 15-18 kcal/mol and
in the formation of monoenols. The KE form is very interesting in that it exhibits the existence
of N—H- - - N intramolecular hydrogen bond between the pyrrole rings. The formation of KE is
associated with significant changes in the nature of the PES compared to that for KK due to
the formation of hydrogen bond. Figure 2.6 gives the potential energy surface for DHgg as a
function of ¢, and ¢. In addition to the changes in the position of the rotamers, the number
of rotamers is reduced from eight to six compared to that for DHgk. The six stable rotamers
are given in Figure 2.7. It can be seen that the PES is symmetrical about the diagonal passing

through ¢; = 40° and ¢, = 340°. Of the six isomers (KE1 to KE6), the pairs (KE1, KE4),
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Table 2.3: Relative energies (kcal/mol) for stepwise and concerted intramolecular keto-enol
tautomerization in the ground state

Molecule Isomer Relative Energy®
KK tTS1 AE® KE tTS2 AE, EE AEY
DH antil 0.00 28.80 28.80 17.85 46.84 28.99 3550 58.36
anti2 1.64 29.16 27.52 17.45 4540 2795 34.00 57.13
syn 0.77 28.28 27.51 15.89 46.10 30.21 35.58 58.36
DM antil 0.00 28.85 28.85 18.29 47.01 28.72 3579 58.49
anti2 1.78 29.10 27.32 17.51 4530 27.80 34.01 56.96
syn 0.82 28.23 27.41 1641 46.15 29.73 35.83 58.08
MA antil 0.00 28.27 2827 17.10 45.89 28.79 3477 57.87
anti2 0.17 2832 28.15 16.75 46.41 29.66 35.65 58.16
syn 0.06 28.49 2842 17.16 46.66 29.50 36.14 58.36
DA antil 0.00 29.25 29.25 1835 47.02 28.67 35.89 58.64
anti2 —0.40 29.07 29.47 18.30 47.80 29.50 36.87 59.23
syn —0.15 29.25 29.40 18.04 48.17 30.13 37.71 59.55

“ Energies are relative to antil isomer for each molecule.

*AE; = E.1s1 — Ex.

‘AFy = Fyrs) — Exe.

4 A E* is the barrier for concerted KK—EE double proton transfer.

(KE2, KES), and (KE3, KE6) are related by o,. It is to be noted that rotamer pairs (KK3,
KK4) and (KK7, KK8) are merged to form single minimum hydrogen bonded structures KE3
and KE6 respectively in KE. Similar to KK, in KE the rotamers can be identified as antil
(KE1, KE4), anti2 (KE2, KES), and syn (KE3, KE6) with the syn form being the most stable
due to the presence of N—H: - - N intramolecular hydrogen bonds. The H- - - N distance is 2.26
A. However, the three forms are within a maximum energy range of 2 kcal/mol. The relative
energies for the three forms of DHgg, DMkg, MAkg, and DAkg in the ground state is given
in Table 2.3. The O—H bond distances (~ 0.98 A) and N—H—-O angles (~ 114°) of the enol

groups are similar for all the isomers of DHgg, DMgg, MAgg, and DAgg.

In addition to the monoenols KE1 to KE6, enolization of the second ring results in further
destabilization of 16-19 kcal/mol and in the formation of dienols. The PES contours of EE with

respect to ¢, and ¢, for DHgg are given in Figure 2.8. The nature of the PES is very different
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Figure 2.6: Potential energy contours showing the existence of different rotational isomers of
DHgg for different values of ¢; and ¢,. KE1 to KE6 correspond to different rotational isomers
in the respective regions.

KE1 KE2 KE3

KE4 KES KE6

Figure 2.7: Minimum energy structures of different rotational isomers of the monoenol DHgg.
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Figure 2.8: Potential energy contours showing the existence of different rotational isomers of
DHgg for different values of (¢;) and (¢2). EE1 to EE10 correspond to different rotational
isomers in the respective regions.

from that for KK and KE forms. The dienols exist in rotameric forms EE1 to EE10 (Figure
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Figure 2.9: Minimum energy structures of different rotational isomers of the dienol DHEg.
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2.9). As can be seen in Figure 2.8, the PES is symmetric about the diagonal through ¢; = 0° and
@2 = 360°. The pairs (EE1, EE6), (EE2, EES), (EE3, EE4), (EE7, EE10), and (EES8, EE9)
are related by o, operation. Cross pairs (EE2, EE7), (EE3, EES), (EE4, EE9), and (EES,
EE10) are related by a (5 rotation about the methylenic C atom. The PES is also symmetric
about the diagonal through ¢, = ¢ = 0°. The symmetric pairs (EE2, EE10), (EE3, EE9),
(EE4, EES), and (EES, EE7) are related by o5 operation. The rotamers are thus identified as
antil (EE2, EES, EE7, EE10), anti2 (EE1, EE6), and syn (EE3, EE4, EES8, EE9) forms. The
relative energies for the three forms of DHgg, DMgg, MAgg, and DAgg, is also given in Table
2.3. The O—H bond distances (~ 0.98 A) of enol groups of both the pyrrole rings are similar.
The rotamers of each form are isoenergic.

The destabilization effect due to formation of enol can be thought of as a result of loss
of aromaticity in the pyrrole rings by the removal of amine H-atom. No significant effect
of substitution at the methylenic carbon on the relative stabilities of KK, KE, and EE forms
was observed in the ground state. The transition state structures t-TS1 and t-TS2 for keto-
enol tautomerization processes were also obtained. The keto-enol tautomerization barriers for
different substituted dipyrromethanes are also nearly same; 27-29 kcal/mol for KK to KE and
28-33 kcal/mol for KE to EE processes. A direct conversion from KK—EE can also happen by
a concerted dual proton transfer path. However, the saddle points for concerted paths could not
be obtained. To get an insight about the barrier heights for concerted double proton transfer
paths, second order saddle points were obtained by performing relaxed optimization with N-H
(1.34 A) and O-H distances (1.24 A) fixed at single proton transfer transition state structures.
The barriers thus calculated for concerted double proton transfer paths are about 11-14 kcal/mol

higher in energy than the step-wise single proton transfer paths.

2.3.1.5 Effects of Basis sets and DFT functionals

The effects of basis sets and DFT functionals were investigated by optimizing antil isomers of

DAkk, DAkg, and DAgg at B3LYP/6-311++G**, M05-2X/6-31+G*, and M05-2X/6-311++G™**
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Table 2.4: Relative Energies (kcal/mol) of antil forms of DAgk, DAkxg and DAgg using B3LYP
and M05-2X functionals

Molecule B3LYP MO05-2X
6-31+G* 6-311++G* 6-31+G* 6-311++G**
DAxx 0.00 0.00 0.00 0.00
DAxg 18.35 17.21 18.62 17.27
DAEgg 35.89 33.38 35.94 33.27

levels of theory and the results are given in Table 2.4. Changing the functional from B3LYP
to M05-2X resulted in a deviation less than 1 kcal/mol for the relative energies of DAkg and
DAGgEg isomers. Increasing the basis set to 6-311++G** results in lowering of relative energies,

with the maximum lowering seen in the EE form (~2.6 kcal/mol).

2.3.2 Photophysics

To understand the photophysics exhibited by the different substituted dipyrromethanes, excited-
state calculations were also performed using TDDFT method at B3LYP/6-31+G* level of
theory. The excited-state properties were investigated for both cis-trans isomerization and

keto-enol tautomerization processes for the four molecules DHgx, DMkk, MAkg, and DAkk.

2.3.2.1 Cis-Trans Isomerization

To investigate the origin of the observed red shifted peak in the absorption spectra, vertical
excitation energies (Aaps) from Sq to Sy, So, and S3 states were computed for antil, anti2 and syn
forms for CC, CT, and TT isomers and are reported in Table 2.5. For all the compounds, S; and
S, transitions are n — 7" (C=0) while S3 is m — 7" (pyrrole ring) in nature. The n — 7* states
(S; and S,) for CC and TT are degenerate while for the CT isomers, these are non-degenerate.
A mild red shift of ~ 8 nm is seen due to isomerization from CC—TT for n — 7* transition.
However, m — 7* transition remains unaffected due to cis-trans isomerization. In addition, the

excitation wavelengths for S; and S, states (n — 7*) and S3 state (m — 7*) are similar for the

30



ESIPT IN DIFORMYL DIPYRROMETHANE

Table 2.5: Vertical excitation wavelengths(nm) and transition type types for S;, So, and S3
states for CC, CT, and TT isomers of DH, DM, MA, and DA.

Molecule Isomer State CC CT TT

Aabs  transition A, transition A, transition

DH antil St 316 n —7n* 322 n —7* 324 n —>7a*
S 316 n —7n* 317 n —7* 323 n —>a*

S 293 w® —-7n* 305 7w —7* 294 @7 —n*

anti2 S1 314 n —7* 321 n —7a* 321 n —7n*

S, 314 n —-7n 314 n —7° 321 n —>a*

S 295 7w > 296 7w —> 7 293 7 —7*

syn Sy 316 n —-7* 322 n —7* 322 n —7n°

S 315 n —a* 316 n —a* 322 n —7n*

S 293 7 —»>x* 305 w® > 294 7 —x*

DM antil St 316 n —7n* 322 n —7* 323 n —>a*
S 316 n —7n 317 n —7 323 n —>a*

S 295 7w —-n* 307 w —7w* 295 @w —n*

anti2 S1 314 n —7* 320 n —7a* 321 n —7n*

Se 313 n —7* 314 n —>a" 320 n —7*

Ss 298 7w —>7a* 299 7 —>7a* 295 7w —7*

syn St 315 n—7m 321 n —7* 322 n —>7a*

S 314 n —-a* 316 n —a* 322 n —7n*

S 294 7w —7n* 298 7w —7* 297 @w —n*

MA antil St 316 n —7n* 323 n —7* 324 n —>a*
S, 316 n —7n* 316 n —7* 322 n —>a*

S 303 7w —»>x* 300 ® —>a* 305 7w —>x*

anti2 St 316 n —wa* 322 n —a" 323 n —7n*

So 315 n -7 314 n -7 320 n —7t

Ss 297 @ —->a* 296 w7 —>a* 299 7 —7*

syn St 316 n —7n* 323 n —7* 324 n —>7a*

S, 316 n —7n* 316 n —7* 323 n —>a*

S 296 7 —7n* 300 7w — 7 300 w —7a*

DA antil St 318 n —7n* 324 n —7* 325 n —>a*
So 318 n —7n 319 n —-7* 325 n —>a*

S 302 7w —»a* 309 w7 —->a* 301 7w —x*

anti2 St 315 n —-a* 321 n —a* 321 n —7n*

S 315 n —a* 315 n —a* 321 n —7n*

Ss 295 7w —»>a* 297 @ —>a* 293 7 —x*

syn St 317 n —7n 321 n —7* 323 n —>a*

S 316 n —7n 317 n —7° 322 n —>a*

S 295 w® —-7n* 301 7w —7* 298 @w —7n*
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Figure 2.10: Stepwise cis-trans isomerization paths for DH in ground and first excited-state.

CC, CT, and TT isomers, indicating clearly the absence of substitution effects in the absorption
properties. From the above results, it is evident that conformational isomerism does not cause
any significant red shift in absorption spectra for any of the compounds considered here and no

effect of substituents is observed in the absorption spectra.

To gain knowledge about the barriers involved during the CC—TT isomerization processes,
a series of relaxed geometry optimizations along cis-trans isomerization path in the first excited-
state was carried out by fixing the dihedral angles ZO1C2C3N4 and ZN8C9C10011 at an
interval of 30°. The relative energies of stepwise isomerization path obtained from the relaxed
PES scan are given in Figure 2.10 for DH. It can be seen from Figure 2.10 that the potential
energy profile of cis-trans isomerization path in S; state is very different from that in the ground
state. The energetics of cis-trans isomerization processes relative to CC* in S; state for the four
molecules DH, DM, MA, and DA are reported in Table 2.6. In S; state, the maximum of energy
was found for the structures, CC60* with ZO1C2C3N4 = 60° and CC120* with ZO1C2C3N4
= 120°. The structures CC90* with ZO1C2C3N4 = 90°, which were transition states in Sy,
were found to be minima and lower than CC* by ~ 2-4 kcal/mol in S; state. Clearly, CC90*

structures are the most stable conformers in the S; state. The transformation from CT* —TT*
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Table 2.6: Relative energies (kcal/mol) of stationary points along the CC—TT isomerization
paths in the first excited-state for the diketo forms of DH, DM, MA, and DA

Molecule Isomer Relative Energy®
cC* CC90* CT* CT90* TT*
DH antil  0.00 —-3.13 3.57 093 5.03

anti2 216 224 643 2.05 8.28
syn 090 —-2.68 3.11 1.59 6.72

DM antil 0.00 —-3.78 1.55 041 495
anti2 244 =295 4.29 1.37 8.37
syn 094 =324 3.16 1.44 6.68

MA antil 0.00 —-336 1.63 0.33 524
anti2  0.82 —-3.86 1.75 —-0.03 5.24
syn 021 -3.16 1.81 022 545

DA antil 0.00 —-3.66 1.54 0.18 4.71
antiz 028 —4.20 1.67 —-0.66 4.97
syn 027 -=3.61 3.60 —-0.05 4091

“Energies are relative to antil isomer for each molecule.

in S; state takes place via minima structures CT90* with ZO11C10C9N8 = 90°. The barriers
for CC* —CT* 1somerization paths in S; state were found to be 14-20 kcal/mol. It is to be
noted that the isomerization barriers in excited-state (S;) are slightly lower than in the ground
state. However, no significant effect of substituents R; and R, on the relative stabilities of CC*,

CT*, and TT* isomers and isomerization barriers was observed in excited-state also.

2.3.2.2 Keto-Enol Tautomerization

As seen in the ground state, dipyrromethanes can exhibit keto-enol tautomerization in the
excited-state too. To understand the substituent specific red shifted peak observed in the
experiments for DAk, vertical transition energies for the different tautomers (KK, KE, EE) of
DH, DM, MA, and DA were computed using TDDFT method and at B3LYP/6-31+G* level of
theory and the results are given in Table 2.7. The important orbitals involved in the vertical
transitions are shown in Figures 2.11 and 2.12 for DH and DA respectively. In diketo forms,

the S; and S, states are degenerate with )\, in the range 313-318 nm and correspond to a
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LUMO (7*) LUMO (7*) LUMO (7*)

HOMO-2 (1) HOMO-1 ()

HOMO-3 (1) HOMO-3 (1) HOMO-2 (7)

Figure 2.11: Molecular orbital diagram of anti2 isomer of DHgx, DHgg, and DHgg calculated
at the B3LYP/6-31+G* level.

n — 7" transition, while the S3 states correspond to a m — 7* transition of the pyrrole ring
with A,ps in the range 293-303 nm. This is in good agreement with the experimental absorption
AP value of 300 nm for DM, MA, and DA. As seen above, in the excited-state enolization

can also follow a stepwise (KK*—KE*—EE*) or a concerted (KK*—EE*) path. A stepwise
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HOMO-5 (n) HOMO-5 (n) HOMO-2(r)

Figure 2.12: Molecular orbital diagram of anti2 isomer of DAgk, DAkg, and DAgg calculated
at the B3LYP/6-31+G* level.
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Table 2.7: Calculated vertical excitation wavelengths (nm) and transition types of Sq, So, and

S5 states for different tautomeric forms of DH, DM, MA, and DA

Molecule Isomer State KK KE EE Al @
Aaps  Transition A, Transition A, Transition
DH antil S 316 n —a* 375 @ —>a* 321 @ =7
S 316 n —-7n* 312 n —7* 303 7 —x*
S 293 w1 —-a* 302 @ —n* 301 @7 —7*
anti2 Sq 314 n —7n* 349 7w —>a* 317 7w —>7n*
S 314 n —»>a* 315 n —7° 309 7 —x*
S 295 w7 —-a* 299 7 — 7 306 w7 —7*
syn Sy 316 n —-7* 389 7w —>a* 322 7w —7*
S 315 n —>n* 314 n —7n* 307 7 —=n*
S 293 7w —»>a* 306 7w —7* 304 7w —x*

DM antil St 316 n —a* 382 @ —a* 328 @ =7t 300
S, 316 n —a* 313 n —>a* 313 7 —>7*
S 295 7w —-a* 308 @ —a* 307 @7 —7*
anti2 Sq 314 n —7n* 351 @ —>a* 319 7 —>7n*
S, 313 n —»>a* 314 n —7° 310 7w —x*
S 298 7w —a* 298 7w — 7 306 @7 —7*
syn Sy 315 n —-7n* 352 7w —n* 333 7w —7*
S 314 n —»>n* 316 n —7n* 303 7 —=n*
S 294 7w —»a* 297 @ =7 300 w7 —x*

MA antil Si 316 n —»a* 375 7w —7° 335 @7 —x* 300
S, 316 n —a" 321 @ —a* 314 7 =7
S 303 7w —»>a* 313 n —7n* 306 7w —>7*
anti2 Sy 316 n —n* 35 7w —>n* 347 7w — 7
S 315 n —>n* 315 n —7* 322 @7 —=n*
S 297 7w —»a* 309 7 —7 316 w7 —x*
syn Sy 316 n —-7n* 358 7w —a* 339 71 —7*
S 316 n —-7a* 319 7 —7° 318 w7 —x*
S 296 7w —a* 315 n —-a* 311 @ —7*

DA antil S 318 n —a* 378 7 —a* 345 «w — 7 300,390

S, 318 n —a* 328 a —a* 330 7 —> 7
S 302 7w —»a* 323 wm —=7w* 327 w7 —n*
anti2 St 315 n —w* 352 7w —>a* 385 w —7t*
S 315 n —»>a" 342 7 —7* 332 @7 —x*
S 295 w7 —»a* 316 n —7* 331 @7 —x*
syn Sy 317 n -7 350 7w —a* 358 7w —7*
S 316 n —-=n* 348 7w — 7 344 7w —7*
S 295 7 —a* 319 n —-7* 333 7 —7*

@ Experimental absorption maximum.’

5
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enolization first results in the formation of monoenols (KE*), an excited-state intramolecular
proton transfer (ESIPT) process. In monoenols, the S; states are 7 — 7* in nature. However,
Aabs t0 S1 state for the different forms of all the molecules (350-390 nm) are similar. For the
four molecules considered here, A\, to S; state for antil, anti2, and syn forms are in the range
375-382 nm, 349-356 nm, and 350-389 nm respectively. The A, to the S; states are red shifted
(~ 50-95 nm) compared to \,,s (m — 7* transition, S3) of KK forms for all the molecules
considered here. For antil and anti2 forms of DH, DM, MA, and DA, the red shifts are similar
ca. 74-82 nm and ca. 53-59 nm respectively. While the syn forms of DM, MA, and DA also
show similar red shifts ca. 55-62 nm, a larger red shift seen in syn monoenol of DH can be
attributed to a formation of hydrogen bonded structure. The above observations suggest the
absence of effect of the substituents on the absorption wavelengths for monoenols; the red

shifts are similar for all the four molecules.

Enolization of monoenols result in their respective dienols (EE*) by ESIPT processes. In
the dienol forms, S;, S,, and S5 states are 7 — 7* in nature. The A\, to S; state for DH and
DM isomers for antil, anti2, and syn were found to be only ~ 20-40 nm red shifted with respect
to the KK forms. However, by introduction of a aryl group at the methylenic (C6) carbon as in
MAGEg, the red shift was further increased with a maximum shift of 50 nm seen in anti2 isomer.
For two aryl substituted (DAgg) molecule, A, to Sy state for antil is 345 nm, anti2 is 385
nm, and for syn it is 358 nm showing a red shift of 43, 90, and 63 nm for antil, anti2, and syn
forms respectively with respect to the m — 7* (S3) transitions of KK. The observed red shift
of ~ 90 nm in )\, seen in DA (anti2) molecule due to dienol formation clearly demonstrates
the effect of substitution (aryl) at the methylenic carbon on the absorption wavelengths. This
is consistent with the appearance of a red shifted new peak at 390 nm in the experimental
absorption spectrum of DA after irradiation. The new absorption peak seen in the experiment
is close to calculated A, of 385 nm for anti2 (DAgg) isomer. It is worth pointing out that

anti2-DAgx is expected to be more populated in the ground state at equilibrium.
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Table 2.8: Relative energies (kcal/mol) of stepwise intramolecular keto-enol tautomerization in
S; state

Molecule Isomer Relative Energy“
KK* tTS1* AFE KE* TS2* AE; EE* AAFE*
DH antil 0.00 14.18 14.18 —-0.74 36.10 36.84 28.17 22.66

anti2 2.16 21.54 19.39 5,65 36.03 3038 2791 11.00
syn 090 12.64 11.74 —-5.87 38.51 4438 27.67 32.65

DM antil 0.00 13.18 13.18 —2.12 35.74 37.87 2699 24.68
anti2 244 2005 17.62 551 3690 3139 27.61 13.77
syn 094 11.71 1078 —6.90 39.85 46.75 29.13 3597

MA antil 0.00 13.78 13.78 —1.32 34.08 3540 2643 21.62
anti2 0.82 1796 17.14 3.82 36.52 3271 2540 15.56
syn 021 11.75 11.54 1.38 40.27 38.89 26.61 27.35

DA antil 0.00 12.60 12.60 —2.28 33.23 35.51 2655 22091

anti2 0.28 20.08 19.80 5776 32.62 2686 1995 07.06
syn 0.27 18.16 17.89 3.58 33.62 30.03 21.23 12.15

“ Energies are relative to antil isomer for each molecule.
"AE; = FEyrsie — Fxke.
‘AE; = Eyrsys — Fxge.
INAE* = AE; — AE;.

To understand the energetics of the formation of enols in S; state, the KE* and EE*
structures for syn, antil, and anti2 isomers of DH, DM, MA, and DA were optimized in the
first excited-state using TDDFT (B3LYP/6-31+G*) method. In addition, the transition state
(t-TS1* and t-TS2*) structures were also optimized in S; state to obtain the barrier heights for
KK*—KE* and KE*—EE* proton transfer processes (tautomerization). The relative energies
and tautomerization barriers for different isomers obtained are given in Table 2.8. It can be seen
that for all the isomers, KE* forms are significantly stabilized in the excited-state compared
to that in the ground state. The antil-KE* forms are lower in energy than the respective antil-
KK* forms and anti2-KE* isomers are higher in energy compared to that of anti2-KK* forms.
However, syn-KE* forms are more stable than syn-KK* forms only in DH and DM. In MA and
DA, syn-KE* forms are higher than syn-KK* by 1.2 and 3.3 kcal/mol respectively. The barriers

for KK* to KE* tautomerization decrease by 9-19 kcal/mol in the excited-state compared to
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that in the ground state. Once a KE* is formed, it can isomerize to an EE* through a transition
state t-TS2*. The relative energies of EE* forms with respect to KK*, are lowered by 6-17
kcal/mol in the excited-state compared to that in the ground state. In S; state, for DH, DM, and
MA, EE* forms are higher in energy than the respective KK* by ~ 25-29 kcal/mol that can be
compared to EE energies of 33-35 kcal/mol relative to KK in S, state. However, introduction of
aryl groups further stabilizes the dienols (EE*) in S; state compared to that in Sy state. A large
lowering of energy was observed for syn and anti2-DA (~17 kcal/mol) indicating a significant

effect of the aryl substituent on the stability of dienol form in the excited-state.

It is interesting to compare the barriers KK* to KE* and KE* to EE* tautomerization
processes in Sy state to that in Sy state. In S state, the barriers for both KK—KE and KE—EE
processes are similar, ~ 28 kcal/mol for all isomers in all the four molecules. However, in S;
state, the barriers for KK*—KE* processes are different from that for KE*—EE* processes. For
KK*—KE* processes, the barriers for the respective isomers of DH, DM, and MA are similar:
~ 13, ~ 18, and ~ 11 kcal/mol for antil, anti2, and syn respectively. Due to stabilization
of KE*, the barrier heights for KE* to EE* are higher than that for KK* to KE* by ~ 22-25
kcal/mol for antil forms in DH, DM and MA. In syn forms of DH, DM, and MA the barriers
for KE*—EE* ESIPT processes are 33, 36, and 27 kcal/mol higher than KK*—KE* barriers
respectively. In anti2 forms, the barriers for KK*—KE* processes for DH, DM, and MA are
higher than those of antil and syn forms. However, due to destabilization of the anti2-KE*
forms, the barriers for KE*—EE* processes are less compared to those of DH, DM, and MA.
The energetics of DA in S; state is quite different compared to that of DH, DM, and MA. In
DA, the barriers for KK*—KE* processes are 13, 20, and 18 kcal/mol for antil, anti2, and syn
isomers respectively. The barriers for KE*—EE* conversion are 36, 27 and 30 kcal/mol for
antil, anti2, and syn isomers respectively. In DA, while the KE*—EE* barrier for antil form
is similar to that of the antil forms of DH, DM, and MA, the barriers for anti2 and syn are

lower than their respective forms of DH, DM, and MA. For anti2 form of DA, the KE*—EE*
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barrier is ~ 4-6 kcal/mol lower than that for anti2 forms of DH, DM, and MA. In addition, this
barrier for syn form is 14, 17, and 9 kcal/mol lower than the syn forms of DH, DM, and MA
respectively. This lowering in the barriers for KE*—EE™ in anti2 and syn forms of DA, is in
accord with the lowering of anti2 and syn-EE* energies with respect to that of DH, DM, and
MA (by ~ 5-6 and ~ 5-7 kcal/mol respectively). Stationary points corresponding to concerted
dual proton transfer (KK* — EE*) in the excited-state could not be calculated. However, to
get insight about the barrier heights, single point vertical excitation energies were calculated
using ground state saddle point structures for the concerted paths. These barriers were found to
be high and similar for all the four molecules (~ 55 kcal/mol) indicating the infeasibility of
concerted proton transfer processes.

To understand the nature of the potential energy surface along the proton-transfer reaction
path, single point potential energy surface scan (TDDFT/6-31+G*) was performed by using a
set of (1, 61) and (9, 05) coordinates obtained from the geometries along the ground state IRC
paths for KK—KE— EE processes. Here, r; and r, are N4—H12 and N8—H13 distances, 6,
and 65 are the angles ZO1N4H12 and ZO11N8H13 respectively. Thus, the set of coordinates
faithfully represent both stepwise KK—KE—EE and concerted KK—EE processes. The
resulting PES for Sy, S1, S, and S5 states of DH and DA 1is given in Figure 2.13. The figures
depict the possiblity of two equivalent paths from KK—KE—EE where the order of the proton
transfer in the rings are reversed. As pointed earlier, enolization can follow a concerted path

involving a very high barrier as seen in Figure 2.13.

2.3.2.3 Solvent Effect

To investigate the effect of solvent on photophysical process, DFT calculations were performed
using polarizable continuum model (PCM)*® at B3LYP/6-31+G* level of theory using
acetonitrile and cyclohexane as solvents for anti2 isomers of DH and DA. The geometries were
optimized in the ground state and vertical excitation energies were computed at the ground

state geometries using TDDFT method. The results of the calculations are given in Table 2.9. It
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Figure 2.13: Potential energy surface along the reaction paths for proton transfer processes
using (11, 61) and (5, 6) as sets of coordinates. (a), (b), (c), and (d) represent Sy, S, So, and
S; states for DH and (e), (f), (g), and (h) represent Sy, S1, So, and S3 states for DA. r; and
are in A and 6, and 0. 41
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Table 2.9: Vertical excitation wavelengths (nm) for anti2 isomers of DH and DA in acetonitrile
and cyclohexane solvents

Acetonitrile Cyclohexane

Molecule State KK EE KK EE

Aaps  transition Ay, transition Ay, transition A, transition

DH Sq 309 n -7 318 ® —7a* 311 n —7° 321 7© —7n*
S 307 n —>x 308 7w —>7n* 310 n —>7n* 308 7w —7*
S 305 7w > 304 7w o> 304 w o7 306 7w —>7t
DA Si 311 n —>7n 35 7 —>7 312 n —>7 376 7 —7*
S, 310 n —7* 329 7w —7* 311 n —>a* 333 71 —>7*
S 302 7w —->7n* 318 7w —o>7x* 300 7w —o>7n* 327 7w —>7t

can be seen that ), values for KK and EE are slightly blue shifted compared to the gas phase
values for both DH and DA. However, the )\, values (red shifts) follow similar trends for
the KK—EE process as seen in the gas phase. A red shift of 48 and 64 nm in A\, for Sg—S;
transition was seen during KK—EE processes in acetonitrile and cyclohexane respectively.

Interestingly these red shifts are less compared to the red shift of 70 nm seen in the gas phase.

2.3.2.4 Intermolecular Proton Transfer

The possibility of intermolecular proton transfer via a dimer formation was also investigated
using the DFT method for DA and DH. Here only the antil isomers are expected to form closed
symmetrical dimers. The optimized structures of diketo (KK- - - KK) and dienol (EE-: - - EE)
dimers formed from antil monomers for DA are given in Figure 2.14. The dimerization energies
and KK - - KK — EE. - - EE enolization (intermolecular dual proton transfer processes) energies
are listed in Table 2.10. The KK. - - KK and EE- - - EE dimers of DH are more stabilized than
that of the DA counterparts due to stronger intermolecular hydrogen bonds. The intermolecular
NH- - - OC bond distances are ~1.88 and ~1.93 A for DH and DA respectively. However, the
enolization energies of the dimers are similar for both DH and DA. The calculated \,,s values

for the dimers (Table 2.11) are red shifted compared to their respective monomers for both DH
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KK-: - - KK dimer EE- - - EE dimer

Figure 2.14: Ground state minimum energy structures of KK. - - KK and EE- - - EE dimers of
DA.

Table 2.10: Relative energies (kcal/mol) for diketo and dienol dimers of DH and DA and their
respective enolization energies for diketo-dimer — dienol-dimer processes in the ground state

Molecules Dimerization energy Enolization energy*®
ARk KK AIIZ:E--.EE KK---KK — EE- - -EE

DH -18.71 -25.71 61.00
DA -13.31 -21.44 63.65

* Exk..xkk — 2 Exk.
® Exg..gg — 2 Exk.
¢ EEEEE — EKK~~~KK-

and DA. Due to stronger hydrogen bonds, a slightly larger red shift in A\, is seen for KK - - KK
dimer of DH. The A, values for EE- - - EE dimers are red shifted compared to the KK - - KK
dimers and are similar for both DH and DA, in contrast to that seen in the experiment. Hence,
intermolecular proton transfer via a dimer formation does not explain the substituent specific

red shifts seen in the experiments.

2.3.2.5 Emission Spectra

The vertical emission wavelengths (\.,) were also computed using the minimum energy
geometries of the isomers in the excited (S;) state. The calculated Ay, for the different isomers
are compared with AZP in Table 2.12. The A, of KK* are similar ~ 381-386 nm for all
the four molecules. However, the )., of KE* and EE* vary depending on the isomers. The

emission wavelengths for anti2 forms of MAgg and DAgg are in reasonable agreement with the
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Table 2.11: Vertical excitation wavelengths (nm) for KK and EE dimers of DH and DA

Molecule State KK. .- KK EE- - -EE

Aabs  transition A, transition

DH Sq 333 7 — 7 351 @w™ —7*
So 325 ® — 7 340 @7 — 7
S3 318 @ —7w* 337 @ —7*
DA Sq 320 ©@ —7* 355 @ —7*
So 319 ©® -7 346 w —7*
Ss 313 7 —»a* 339 7 —7n*

experiments.

Table 2.12: Emission wavelengths (nm) obtained from theory and experiments >

Molecule Isomer Aem AExP*
KK* KE* EE*
DH antil 386 535 545

anti2 382 470 518 -
syn 385 644 515
DM antil 385 555 628

anti2 381 479 522 No emission
syn 385 642 569

MA antil 386 543 561
anti2 382 483 457 442
syn 385 542 477

DA antil 386 603 495
anti2 383 532 527 560

syn 385 533 524

¢ Experimental emission maximum.

2.4 Discussion

The experimental study75 on DMxkk, MAxk, and DAkk revealed that irradiation at 310 nm
resulted in the appearance of new absorption peak and an increase in the emission intensity only

for DAk and not for DMgg and MAkg. The present computational study on the photophysics
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of DHkk, DMk, MAkk and DAk explains the experimental observation. The study reveals
that substituent specific red shifted peak seen in absorption and emission spectra of DA is due
to the formation of dienol by ESIPT processes. The complete processes involved leading to
the formation of dienol is as follows. The synthesized dipyrromethanes (DH, DM, MA, and
DA) are expected to exist in three rotameric forms antil, anti2, and syn in the ground state.
Due to low energy separation between them and low energy barriers for conversion between
them, isomerization between them is possible as observed in the trajectory simulations. The
different KK forms of all the four dipyrromethanes exhibit similar absorption maximum as
observed in experiments and calculated A, values (~ 300 nm). Now, upon irradiation at 310
nm’>, the KK forms are excited to higher excited-states. Although the )\, values of the KK
forms of the four molecules are similar, the fate of the excited forms (KK*) are quite different
depending on the substituent present in the dipyrromethane. This can be inferred from the fact
that upon irradiation of DAgk using 310 nm light source, an additional peak in the absorption
spectra at 390 nm and increase in the intensity of the emission maximum are seen in DAgg
and not in DMy, and MAkg. This is also clearly supported by the fact that the energetics of
keto-enol tautomerization processes in Sy and S; are similar for DH, DM, and MA, and that for
DA they are different. Once DAk is excited, the excited diketo form KK* can relax back to S
or undergo isomerization (cis-trans) or proton transfer (keto-enol tautomerization) processes in
the excited-state and then relax to Sy state. DFT investigation of the ground and excited-state
energetics of the different processes and absorption properties shed light on the fate of KK*
forms. Absence of the effect of substituents on the calculated \,,s values during cis—trans
isomerization cannot explain the experimental observations. However, proton transfer processes
were found to be influenced by the substituents. While proton transfer can follow a stepwise
(KK*—KE* —EE") or a concerted path (KK*—EE* ), high barriers involved in the direct dual

proton transfer (KK*—EE*) rules out the possibility of a concerted mechanism.

The potential energy profiles for keto-enol tautomerization processes in the ground and
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Figure 2.15: Potential energy profile depicting the absorption and keto-enol isomerization
processes for anti2 isomers of (a) DA and (b) DH. The dots represent points for which DFT
energies were calculated. Dots representing minima/maxima on the potential energy profile
of Sg and S, states are stationary points while all other dots represent single point vertical
excitation energies from S,. The optimized diketo, monoenol, and dienol structures in S; states
for DA and DH are shown for clarity.

excited-states for DA and DH are compared in Figure 2.15. ESIPT of KK* results in KE* which
can undergo another ESIPT process to form EE*. Now both KE* and EE* can relax to Sy state.
Since in the ground state, at equilibrium KK, KE, and EE are expected to coexist, the observed
photophysical properties arise due to all the three forms. From the calculated A, values, it
can be seen that vertical excitation wavelengths of KE and EE forms are red shifted compared
to the KK forms. The similar red shifts (78 - 82 nm) seen in A\, for KE (antil) forms of all
the four molecules, negates the effect of substituents. However, that EE (anti2) forms a large
red shift of 90 nm in A\, seen only for DA in accord with the experiments, explains that the
changes seen in the absorption spectrum after irradiation are due to the formation of dienol
(DAgg) by ESIPT. The large shift seen in the anti2 form of DA also indicates the importance of
the contribution of anti2 form to the absorption spectra of the equilibrium mixture. It should be

noted that in the ground state, anti2-KK form is populated more (35%) for DA compared to
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DH (4%).

The relevant orbitals involved in the transitions to the excited-states for anti2 forms of DH
and DA are shown in Figure 2.11 and 2.12. It can be seen that the 7 — 7* (S3) transitions in
KK forms of DH and DA involve the pyrrole groups. However, in DHgg and DAgg the nature
of the orbitals involved are different. While in DHgg, the 7 — 7* transition involves orbitals of
the pyrrole rings, in DAgg, the 7 — 7* transition has characteristics of charge transfer nature,
involving orbitals of aryl group (7) and pyrrole rings (7*) illustrating the influence of the aryl

groups on the photophysical properties.

2.5 Conclusion

In present study’®, TDDFT calculated at B3LYP/6-31+G* level of theory were carried out to
understand the energy of substituent specific red shift seen in the experimental absorption of 1,9-
diformyl-5,5-diaryldipyrromethane (DAkg) upon irradiation. From the simulation results, it was
found that DAgk undergoes proton transfer in the excited-state to form dienol (DAgg) that ex-
hibit a large red shifted \,,; compared to DAgg. The red shift in A, attributed to charge transfer
nature of transitions was seen only for DAgk and not for 1,9-diformyldipyrromethane (DHky),
1,9-diformyl-5,5-dimethyldipyrromethane (DMkk), and 1,9-diformyl-5-aryldipyrromethane
(MAkg) consistent with experimental observations. The calculations also reveal that the proton

transfer process follows a step-wise mechanism, i.e. diketo — monoenol — dienol.
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CHAPTER

THERMAL DENITROGENATION OF 1-PYRAZOLINE:

ENERGETICS

3.1 Introduction

hermal denitrogenation of 1-pyrazoline gives cyclopropane and olefin.?® This re-

action has been used in the preparation of cyclopropane derivatives®' and radical

species.”>?? It is of fundamental interest to understand the mechanism of the den-
itrogenation reaction since some substituted pyrazolines give highly stereospecific products
while others do not. Several mechanisms have been proposed to explain the stereochemistry of
cyclopropane formed from the denitrogenation of 1-pyrazoline. The major single inverted prod-
uct (cyclopropane) observed in 3,5-dimethyl-1-pyrazoline was explained by conrotatory ring
closure of a planar trimethylene diradical.”® However, the formation of major single inverted
product in the decomposition reaction of exo- and endo-2-methyl-3,4-diazabicyclo[3.3.0]oct-3-
enes® and 4-methyl-2,3-diazabicyclo[3.2.0]hept-2-enes*> suggested that denitrogenation may

not go through a planar intermediate diradical due to the ring strain. It has been proposed that

49



CHAPTER 3

SCHEME |
2N\
¢N “' '

{Lafafﬂmﬁmz

SCHEME I

Ny
L
SCHEME IIl

N N
N¢ 2. °
- - . + N
.Nz

SCHEME IV

\A\\?\—»%\/—FM

Figure 3.1: Mechanism proposed for the thermal denitrogenation of 1-pyrazoline.”’

the denitrogenation can happen by a stepwise asynchronous breaking of C—N bonds. Bergman
et al®® later studied the denitrogenation of cis and trans forms of 3-ethyl-5-methyl-1-pyrazoline
and proposed a non-linear extrusion of Ny by a pseudo-conrotation of C-C bonds. A detailed
ab initio study at 3x3 configuration interaction (CI) /STO-3G level of theory was undertaken
by Hiberty and Jean®’. Four paths (Figure 3.1) were investigated: (i) simultaneous breaking of
C—N bonds via a planar trimethylene diradical, (ii) simultaneous breaking of C—N bonds via
a pyramidal trimethylene diradical, (ii1) asynchronous stepwise breaking of C—N bonds via
diazenyl diradical, (iv) non-linear extrusion of Ny by a pseudo-conrotation of C-C bonds. To
explain the experimental observations, they proposed that the low barrier asynchronous path

(Scheme III) involving a trans or gauche diradical would result in a single inverted product.

In contrast, denitrogenation of the bridged bicyclic analogues, 2,3-diazabicyclo[2.2.1]hept-
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2-ene(DBH) and 2,3-diazabicyclo[2.2.2]oct-2-ene(DBO) results in major double inverted
products.**~1%7 Computational studies at the CASPT2/6-31G* level of theory revealed a syn-
chronous breaking of C—N bonds and the absence of step-wise mechanism in the denitro-
genation of DBH.!*® However, theoretical investigations on a series of substituted DBOs
and DBH at UB3LYP/6-31G* and CASPT2 levels of theory suggested the existence of both
synchronous and asynchronous mechanisms at high temperature(400-500 K). % Denitrogena-
tion of 4-spiro analogous of 1-pyrazoline showed interesting features.!®-!'" Pyrolysis of
4-spirocyclopropane-1-pyrazoline ' resulted in spiropentane while 3-carboalkoxy-substituted
4-spirocyclopropane-1-pyrazoline '’ gave methylenecyclobutane derivatives. However, the
percentage of spirocyclopentane product could be increased by adding substituents at C5 in
4-spirocyclopropane-1-pyrazoline. ''° DFT calculation at UB3LYP/6-31G* level of theory on
4-spirocyclopropane-1-pyrazoline indicated a concerted cleavage of C—N bonds followed by a
conrotatory ring closure as the minimum energy path. However, ab initio classical trajectories
showed direct formation of alkylidene cyclobutane in addition to the cyclized product.'!* Re-
cently, Izadyar and Harati ' reported a DFT study on 1-pyrazoline using B3LYP, MPW1PW91,
and PBEPBE functional and 6-311+G(d,p) basis sets and proposed two molecular mechanisms:
one that resulted in the cyclopropane formation through a four centered cyclic transition state
and another involved a six-centered cyclic TS resulting in propene formation. In addition, a
radical mechanism involving trimethylene diradical that resulted in both cyclopropane and

propene was proposed.

Thus far ab initio studies to understand the mechanism of predominant single inverted
cyclopropane obtained from the thermal denitrogenation of 1-pyrazoline are still inconclusive
and need further investigations. Here, we report a detailed investigation on possible mechanisms
of denitrogenation of 1-pyrazoline and its substituted analogues using CASSCF method with
different active space, CASPT2, DFT, and MP2 methods. !> The role of basis set was examined

by computing CASSCEF potential energy surface at 6-31+G*, 6-311+G*, cc-pVDZ, aug-cc-
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pVDZ, and cc-pVTZ level of theory. 13116

3.2 Methodology

The mechanism for the thermal denitrogenation of 1-pyrazoline was investigated by using
Complete Active Space Self-Consistent-Field (CASSCF) method* with 6-31+G* basis set.
The CASSCEF calculations were performed with (4,4), (6,6), (10,8), (12,10), and (12,12)
active spaces. The orbitals used for the different CASSCF calculations are given in Table
3.1 and Figure 3.2. The active space for CASSCF calculations were systematically varied
to understand their effect on the calculated reaction pathways. To account for the dynamic
electron correlation, single point energy calculations at CASPT2/6-31+G* level of theory !’
were performed for the CASSCF(4,4)/6-31+G* geometries. To check the validity of DFT and
MP2 methods for this reaction, DFT functionals UB3LYP, UB2PLYP, UM06-2X, and UMP2
method were used to map the potential energy surface for denitrogenation of 1-pyrazoline. All
the stationary point structures including transition states(TS) were characterized by computing
the harmonic vibrational frequencies. All the transition states and corresponding intermediates

they connect were confirmed starting at the TS by following the intrinsic reaction coordinate

SUR MR G

01(C-C) 02(C-C) O3(N-N) T7T1(N-N) O4(C-N) O5(C-N)

LRI RTE Lt

o4 (C-N) o; (C-N) 5 (N-N) og (N-N) oy c-c 9 10 (C-0)

Figure 3.2: Orbitals used in the active space for CASSCF calculations.
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Table 3.1: Orbitals used for the different CASSCEF calculations

Active space Orbitals used

CASSCF4.,4) 04(C-N)» 0% (©N)> 06 (C-N)» lop (CN)

CASSCF(6,6) 04Ny T35 Ny T6(CN)» T Ny TN T (NN

CASSCF(10,8)  04(cNys 05 c.ny» 76 (C-N)s 07 (C.Ny» TT1 (N-N)s T3 (nony» LP1, LP2
CASSCF(12,10) 04 (c-x0r 0% @ 6 (€80 T3 oy T1 NN 75 vy O3 (NN 5 s L1, LP2

CASSCF(12,12) o4 (C-N)> O';k (C-N)> 06 (C-N)» 0';( (C-Ny> TT1 (N-N)» 77'; (N-N)> 93 (N-N)> U§ (N-N)> 01 (C-C)»
03 (c-c)» 79(C-C)> Tl (C-C)

(IRC). The CASSCEF, B3LYP, B2PLYP, and MP2 calculations were performed using Gaussian
09! and the CASPT?2 calculations were done using MOLPRO software ''°. The numbering
scheme for defining geometrical parameters is shown in Figure 3.3. Some of the important
geometrical parameters considered are the distances d;: C(1)-N(5) and ds: C(3)-N(4), angle 6:
C(1)-C(2)-C(3), and dihedral angles ¢;: C(1)—C(2)—C(3)—N(4), ¢o: C(2)—C(3)—N(4)—N(5),
¢3: C(3)—C(2)—C(1)—H(6), ¢4: C(3)—C(2)—C(1)—H(10), ¢5: C(1)—C(2)—C(3)—H(7), d¢:
C(1)—C(2)—C(3)—H(8), ¢7: C(2)—C(1)—N(5)—N(4), and ¢g: C(3)—C(2)—C(1)—N(5).

Figure 3.3: Structure of 1-pyrazoline with atom labels and atom numbers used to define
geometrical parameters.
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3.3 Results and Discussions

The thermal denitrogenation of 1-pyrazoline is expected to follow two types of C—N bond
cleavage : (1) synchronous cleavage of the two C—N bonds (2) asynchronous cleavage of the

two C—N bonds.

3.3.1 Synchronous Cleavage of the Two C—N Bonds

For the synchronous cleavage of C—N bonds, two reaction pathways as proposed earlier were
examined.’’ The energetics and geometrical parameters of the stationary points along the
synchronous denitrogenation path are given in Tables 3.2 and 3.3. The potential energy profiles
for the reaction paths are given in Figure 3.4. In the first path, a synchronous cleavage of both

C—N bonds results in a planar trimethylene diradical intermediates (Intl, propane-1,3-diyl)

60 7 6

50 1
SO1
40 : .
i TSla
= .:. ”‘%
S 301
E .~' z'@dg%@
= s ",
§ § “‘." +
= 204 g O ",
> N
% ; .. OO0
o 10 1
0 H
2 R Intl + N2
= 5
<= H
g 07
Reactant
—10 -
_20 _

Figure 3.4: Synchronous denitrogenation paths at CASSCF(4,4)/6-31+G* level of theory.
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Table 3.2: Relative energies (kcal/mol) for synchronous denitrogenation paths obtained from
CASSCEF and CASPT?2 calculations®

Structure CASSCF(4,4) CASPT2(4,4)// CASSCF(6,6) CASSCF(10,8) CASSCF(12,10) CASSCF(12,12)

CASSCF4,4)
TS1a 40.04 (34.17) 38.83 34.52(29.04)  30.72 (25.37) 31.32 (26.01) 36.34 (33.59)
Int1 10.79 (1.0) 35.41 221 (-741) 0.95 (-8.50) 2.89 (-6.09) 9.55 (1.20)
SO1 44.12 (37.99) 45.22 38.32(32.56)  34.54 (28.94) 35.29 (29.69) 39.53 (33.99)

“Numbers in the parentheses are zero point energy corrected values.

through the transition state TS1a. In Intl, one of the H atoms of the terminal methylene
groups are coplanar with the C(1)—C(2)—C(3) plane. Intl then closes to cyclopropane via
a con or dis rotation of terminal methylene group. The second path is a concerted direct
cyclopropane formation involving a simultaneous breaking of the C—N bonds and cyclization
of three membered ring. However, this path is feasible only through a second-order saddle
point (SO1) which is ~ 4 kcal/mol higher in energy than TS1a. One imaginary frequency of
SO1 corresponds to symmetric C—N stretching vibration and the other imaginary frequency
corresponds to out of plane bending mode. The reactant, TS1a, and Intl belong to C's symmetry
and SO1 belongs to 5, point group. The energetics of the paths were found to be quite
sensitive to the active space used for the calculations. Increasing the size of active space
from (4,4) to (6,6), (10,8), (12,10), and (12,12) caused lowering of the relative energies of
TS1a and SO1 by 4-10 kcal/mol. Similarly, the relative energy of Intl was lowered by ~
8 kcal/mol when (6,6), (10,8), and (12,10) active spaces were used. However, Intl energy
obtained from CASSCF(12,12) is only 1.24 kcal/mol lower than the CASSCF(4,4) energy. The
CASPT2(4,4)//CASSCF(4,4) energies for TS1a and SO1 are close to that of CASSCF(4,4)
energies. However, CASPT2/6-31+G* level of theory gave a high Intl energy of 35.4 kcal/mol,
only 3.2 kcal/mol lower then TS1a.

It is of interest here to discuss the energetics of the closing of Intl to cyclopropane via
con or disrotation of the terminal methylene groups'?°!23. The potential energy profile for
closing of Intl to cyclopropane via con and disrotation of terminal methylene group obtained

at CASSCF(4,4)/6-31+G* level of theory is given in Figure 3.5 and the energetics of stationary
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Table 3.3: Geometrical parameters for synchronous denitrogenation path obtained at different
CASSCEF active space and 6-31+G* basis set

Structure ¢1 P2 ®3 P4 ®s 0% 0 di  dy
CASSCF4.4)

REACTANT -17.74 12.04 -98.21 136.33 9821 -136.33 101.59 1.51 1.51
TS1a -40.78 22.19 -61.98 15597 6198 -15597 113.86 2.08 2.08
TS2 0.00 0.00 -110.11 110.11 110.11 -110.11 11840 2.10 2.10
Intl - - -27.19 176.04 27.19 -176.04 115.17 - -
CASSCF(6,6)

REACTANT -20.04 1349 -95.68 138.63 95.68 -138.63 101.68 1.52 1.52
TS1a -39.81 21.84 -63.72 155.12 63.72 -155.12 11348 2.05 2.05
TS2 0.00 0.00 -110.11 110.11 110.11 -110.11 117.98 2.07 2.07
Intl - - -27.17 176.09 27.19 -176.04 115.17 - -
CASSCF(10,8)

REACTANT -19.73 13.24 -95.85 13821 95.85 -138.21 102.04 1.53 1.53
TS1a -39.71 21.64 -63.66 15557 63.66 -155.57 114.06 2.05 2.05
TS2 0.00 0.00 -110.10 110.10 110.10 -110.10 118.22 2.08 2.08
Intl - - -27.17 176.09 27.17 -176.09 115.17 - -
CASSCF(12,10)

REACTANT -2040 13.59 -95.19 13885 95.19 -138.85 102.38 1.53 1.53
TS1a -40.16 21.73 -63.11 156.06 63.11 -156.06 114.33 2.06 2.06
TS2 0.00 0.00 -110.08 110.08 110.08 -110.08 118.89 2.09 2.09
Intl - - -27.16 176.09 27.16 -176.09 115.16 - -
CASSCF(12,12)

REACTANT -17.68 12.01 -9840 136.00 9840 -136.00 101.24 1.52 1.52
TS1a -40.71 22.17 -62.12 15586 62.12 -155.86 113.87 2.08 2.08
TS2 0.00 0.00 -109.82 109.82 109.82 -109.82 118.87 2.11 2.11
Intl - - -25.71 17553 2571 -17553 113.69 - -

point structures are given in Table 3.4. These calculations were performed by keeping the N
atoms at a distance of 10 A from C(2) atom to maintain consistency of the active space used in
other calculations. It can be seen from Figure 3.5 and Table 3.4 that the trimethylene diradical
region of potential energy surface is very flat. Several minima corresponding to rotational
isomers of Intl that differ in the orientation of terminal methylene groups exist on the PES.
The relative energies of all the stationary point structures lies within 1.5 kcal/mol. Disrotatory

closure of Intl via TS1b leads to cyclopropane with retention of configuration. Similarly,
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Figure 3.5: Potential energy profile for conrotatory and disrotatory closure of Intl to cyclo-
propane obtained at CASSCF(4,4)/6-31+G* level of theory.

conrotation of terminal methylene groups of Intl lead to trimethylene diradical intermediate
Intlc via the transition state TS1c. Further conrotation of terminal methylene group of Intlc
leads to cyclopropane with single inversion of configuration via the transition state TS1d.

Intlc also leads to trimethylene diradical intermediate Intle via transition state TS1e. Now,
Intle can close to cyclopropane with double inversion of configuration via disrotation of

terminal methylene group. It should be pointed that the cyclopropane thus formed can further

Table 3.4: Relative energies (kcal/mol) of stationary points along conrotatory and disrotatory
closure of Intl to cyclopropane obtained at CASSCF(4,4)/6-31+G* level of theory

Structure Intl TS1b TSlc Intlec TS1d TSle Intle TSIf

without ZPE 10.79 11.29 10.82 10.30 10.33 10.83 10.79 11.29
with ZPE 099 147 077 070 061 086 1.08 1.49
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Figure 3.6: Potential energy profile for cis-trans isomerization of cyclopropane via TS1g.

undergo ring opening by breaking of one of the C—C bonds and can result in isomerized
cyclopropane with single inverted (SI), double inverted (DI), or double retention (Ret) of
configurations. The isomerized cyclopropane thus formed is dictated by which of the C—C
bonds is/are rotated. Isomerization accompanied by the rotation of C(1)—C(2) or C(2)—C(3)
bond involves a transition state (TS1g) with a barrier height of 73.35 kcal/mol with respect to
cyclopropanes (Figure 3.6). However, this barrier on the complete PES would amount to only

31.14 kcal/mol which is below the energy for TS1a.

3.3.2 Asynchronous Cleavage of the C—N bonds

For asynchronous cleavage of the two C—N o bonds, two different denitrogenation paths
were obtained: (1) asynchronous stepwise elimination of N, and (2) asynchronous concerted

elimination of Nj.
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Figure 3.7: (a) Potential energy profile for asynchronous stepwise elimination of N, through
planar diazenyl intermediates at CASSCF(4,4)/6-31+G* level (b) stationary point structures
obtained at CASSCF(4,4)/6-31+G* level.
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Figure 3.8: (a) Potential energy profile for asynchronous step-wise elimination of N, through
pyramidal diazenyl intermediates at CASSCF(4,4)/6-31+G* level (b) stationary point structures
obtained at CASSCF(4,4)/6-31+G* level.
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3.3.2.1 Asynchronous stepwise elimination of N,

This path involves asynchronous step-wise cleavage of C—N o bonds leading to diazenyl
diradical (DZ) intermediates. Here, one of the C—N bonds break first resulting in DZ. The
asynchronous breaking of a C—N bond can be accomplished by a clockwise or anticlockwise
rotation of the one of the C—N bonds contained in dihedral angle ¢, and ¢;. The potential
energy surface is symmetrical about the values of ¢, and ¢;. Here the energy profiles (Figures
3.7 and 3.8) obtained at CASSCF(4,4)/6-31+G* level are discussed. Anti-clockwise rotation of
C(3)—N(4) bond of the reactant results in Int3a through TS3a. In Int3a, the terminal methylene
groups take a nearly planar structure (¢3 ~ —45° and ¢4 ~ 160°). For simplicity, this path is
noted as path following planar intermediates. Three paths branch out from Int3a. In the first
path, a direct breaking of the second C—N bond from Int3a through TS3d gives the diradical
Int1, that can close by con or dis rotation to give cyclopropane. The second path involves the
direct formation of cyclopropane from Int3a by a concerted C—N bond cleavage along with
ring closure through TS3e. In the third path, a further anti-clockwise rotation of C(3)—N(4)
bonds converts Int3a to a rotational isomer Int3b which then can result in a concerted C—N
bond cleavage and ring closure (Sy2 type) to form cyclopropane or a simple cleavage of C—N

bond giving the diradical Int1.

Clockwise rotation of C(3)—N(4) bond can also result in Int3b by the breaking of C(1)—N(5)
bond. Int3b can now result in Intl or cyclopropane as discussed above. It should be pointed
that a similar Sy2 path was also observed in the photochemical deazetization of DBH. !** An
anti-clockwise rotation of C(3)—N(4) bond can result in another diazenyl diradical intermediate
Int4a which is an isomer of Int3a. Int4a has a pyramidal type methylene group with dihedral
angles ¢3 ~ —72° and ¢4 ~ 90°. Similar to Int3a, Intda can directly form cyclopropane via
TS4b. Int4a can also convert to the rotational isomer Int4b by TS4c¢ which can then give
cyclopropane through TS4d by Sy2 mechanism. In addition, Int4b was also found to isomerize

to a four membered cyclic intermediate Int4f through a transition state TS4f. Cleavage of N,
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Figure 3.9: Relative energies along constrained geometry optimization path of Int4f with fixed
C(2)—N(4) distance.

from Int4f leads to Intl. At CASSCF(4,4)/6-31+G* level, the transition state for this path
could not be located. So, to get an insight into the barrier for denitrogenation from Int4f, a
relaxed PES scan was carried by varying C(2)—N(4) distance (Figure 3.9). The barrier for

denitrogenation from Int4f was found to be 33.55 kcal/mol.

The energetics and geometrical parameters of stationary points along asynchronous step-
wise denitrogenation paths obtained from different CASSCEF levels are given in Tables 3.5,
3.6, and 3.7. It can be seen from Table 3.5, that the DZ intermediate falls in a very flat
region of the potential energy surface. The energies of all the stationary points in this region
of PES are within ~ 2 kcal/mol and with the inclusion of zero point energy they further
decrease. At CASSCF(4,4)/6-31+G* level, four DZ intermediates differing in the orientation

of diazenyl (Int3a, Int3b, Int4a, and Intd4b) are within 1 kcal/mol in energy. The barriers for
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their interconversion are also less than 1 kcal/mol. However, at CASPT2(4,4)//CASSCF(4,4)
(single point energies), Int3a and Int4a energies are higher than their respective transtion states

TS3a and TS4a and do not appear to be minima.

Unlike synchronous denitrogenation paths, the asynchronous step-wise denitrogenation
path is highly dependent on the active space used for the calculations. Some of the stationary
points along asynchronous step-wise denitrogenation path obtained at CASSCF(4,4) could
not be optimized at higher active space. At CASSCF(6,6), the DZ region of PES is described
only by the C—N bond breaking coordinate. DZ intermediates Int3a/Int3b and Int4a/Int4b
could not be optimized. Optimization of these DZ intermediates lead to Intl. The transition
states TS3a, TS4a, and TS4c were optimized; however, they connect to Intl instead of DZ

193 seen in the thermal

intermediates. This is similar to the observation of Carpenter et a
deazetization of DBH. However, all the four transition states TS3a, TS3c, TS4a, and TS4c¢
were obtained at CASSCF(10,8), CASSCF(12,10) and CASSCF(12,12) levels. At these active
spaces the flatness DZ region of the PES is removed. At CASSCF(10,8) and CASSCF(12,10),
Int3a, TS3b, Intda, TS4b, and Intd4b do not exist. Transition states TS3a, TS3c, TS4a, TS4c
exist and they connect to Int3b. Interestingly, CASSCF(12,12)/6-31+G* level energy profile
is comparable with that of CASSCF(4,4)/6-31+G* level. It can be seen that CASSCF(12,12)
captures most of the stationary points obtained at the CASSCF(4,4) level except for Int3a
and Int4a and the TSs connected them. TS3a is connected to Int3b while TS4a results in
Int4b. Similar discrepancies in the nature of the PES for the pyramidalization of alkyl radical
center in DBH diazenyl diradical were reported by Olivucci and co-workers '2* and Khuong
and Houk '* at UB3LYP and CASSCF levels of theory. At UB3LYP level, the alkyl radical
center in diazenyl diradical intermediate was planar in nature where as CASSCF method
predicted it to be pyramidal. So, Olivucci and co-workers '2* categorized it to be Cy-like and

Cs-like diazenyl diradicals. However, based on CASPT2 single point energy calculations

on CASSCF(4,4) using UB3LYP optimized geometries, Khuong and Houk!** concluded
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Table 3.5: Relative energies (kcal/mol) for asynchronous denitrogenation paths obtained from CASSCF and CASPT2 calculations

using 6-31+G* basis set”

Structure CASSCF(4,4) CASPT2 CASSCEF(6,6)

CASSCF(10,8) CASSCF(12,10) CASSCF(12,12)

Asynchronous step-wise elimination of N,

TS3a
Int3a
TS3b
Int3b
TS3c
TS3d
TS3e
TS3f
TS3g
TS4a
Intda
TS4b
Int4b
TS4c
TS4d
TS4e
TS4f
Int4f

45.47 (40.28)
45.24 (40.24)
45.72 (40.39)
44.71 (39.63)
47.07 (41.85)
47.56 (40.70)
48.63 (43.26)
47.13 (40.32)
48.51 (43.26)
45.40 (40.40)
45.33 (40.33)
45.90 (40.55)
44.74 (39.71)
47.08 (41.90)
48.13 (42.98)
47.84 (42.72)
52.84 (49.34)
33.92 (32.86)

45.25
45.74
45.35
43.72
46.45
49.75
49.47
48.49
49.26
45.06
45.61
45.74
44.00
46.06
48.30
48.31
40.57
41.77

44.28 (38.62)

43.51 (37.68)

44.43 (38.75)

45.73(39.64)

38.15

Asynchronous concerted elimination of N,

TSS

48.21 (43.05)

46.37

46.91° (41.76)

39.89 (34.63)

38.57 (33.50)
40.65 (35.12)
38.78 (32.70)

40.05 (34.59)

40.80 (35.42)

41.01 (37.51)
35.70 (34.28)

41.71°(36.90)

41.11 (35.97)

39.81 (34.82)
41.87

39.93 (34.06)
44.63" (39.93)
41.30 (35.99)

42.05 (36.77)

44.41°
42.30 (38.78)

44.55% (40.42)

48.71 (42.48)

47.77 (41.34)
49.83 (43.32)

47.83 (40.65)
51.34 (44.55)
48.63 (41.92)

47.68 (41.47)
49.52 (46.79)
50.42° (44.61)
51.86 (48.64)
(32.76)

50.21° (44.36)

“ Numbers in the parentheses are zero point energy corrected values (kcal/mol)
b Structure obtained by constrained geometry optimization by fixing C—N bond length
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that Cs-like and C-like geometries of DBH were not different mechanistic entities. In this
light, to understand the discrepancies obtained from different CASSCF active spaces on the
existence of planar and pyramidal DZ intermediates for 1-pyrazoline, CASPT?2 single point

energy calculations along Int4b to Int3b conversion pathway were carried out using partially

Table 3.6: Geometrical parameters for asynchronous denitrogenation path (Planar intermediate)
obtained at CASSCF(n, m) levels using 6-31+G* basis set

Structure 03} ®2 ®3 G4 Ps b6 0 di  dy
CASSCF4.4)

TS3a -70.28 97.31 -56.83 140.53 173.65 50.38 113.85 3.30 1.54
Int3a -67.11 12598 -44.61 157.10 17743 5433 113.89 3.63 1.54
TS3b -61.46 171.17 -46.00 155.03 -179.29 -57.42 113.64 4.02 1.55
Int3b -59.35 -132.59 -50.74 147.66 179.11 5560 113.39 4.07 1.53
TS3c -62.59 -54.36 -46.39 15520 177.63 5531 11399 352 1.55
TS3d -66.14 14695 -40.09 163.39 -178.83 50.51 114.67 3.90 1.75
TS3e -123.22 12494 -51.36 150.77 12142 -2.51 11327 4.23 1.54
TS3f -60.21 -142.12 -42.61 160.63 -177.88 51.03 114.74 4.15 1.75
TS3g -118.57 -125.68 -52.76 147.29 120.39 -3.61 11340 4.64 1.54
CASSCF(10,8)

TS3a -68.39 113.89 -4996 151.30 176.13 51.09 11423 341 1.59
Int3b -54.38 -141.49 -51.01 15091 -174.73 59.29 112.86 4.03 1.59
TS3c -63.02 -53.38 -47.86 154.32 178.65 53.76 11430 3.54 1.61
TS3f -54.69 -145.66 -46.84 157.32 -173.37 57.31 11375 4.06 1.68
TS3g -119.43 -128.96 -52.58 148.04 119.92 -4.15 11344 4.69 1.55
CASSCF(12,10)

TS3a -68.61 10398 -49.81 151.63 176.13 50.79 11424 343 1.60
Int3b -57.29 -135.38 -51.58 14793 -178.41 57.23 11298 4.08 1.57
TS3c -63.05 -53.80 -46.93 15553 178.78 5344 11434 3.56 1.63
TS3f -54.51 -145.12 -47.22 15690 -173.30 57.56 113.68 4.08 1.68
TS3g -122.00 -129.22 -54.05 146.79 117.74 -7.06 113.58 4.71 1.54
CASSCF(12,12)

TS3a -68.61 10398 -49.81 151.63 176.13 50.79 11424 343 1.60
Int3b -57.29 -135.38 -51.58 147.93 -178.41 57.23 11298 4.08 1.57
TS3c -63.05 -53.80 -4693 15553 178.78 5344 11434 356 1.63
TS3f -54.51 -145.12 -47.22 15690 -173.30 57.56 113.68 4.08 1.68
TS3g -122.00 -129.22 -54.05 146.79 117.74 -7.06 113.58 4.71 1.54
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Table 3.7: Geometrical parameters for asynchronous denitrogenation path (Pyramidal interme-
diate) obtained at CASSCF(n, m) levels using 6-31+G* basis set

Structure b1 o5 ¢3 G4 ®s o 0 dy dy
CASSCF4.4)

TS4a -69.65 99.58 -71.50  93.61 174.30 51.06 11426 3.33 1.53
Int4a -68.05 119.85 -72.29 90.29 17647 53.30 114.33 3.58 1.53
TS4b -63.16 17147 -67.29 95.85 178.99 55.84 114.11 4.05 1.54
Int4b -59.95 -131.51 -61.76 103.01 178.41 55.01 113.76 4.09 1.53
TS4c -63.70 -53.69 -73.05 89.32 176.63 5429 11456 3.53 1.54
TS4d -118.64 12421 -81.26 78.37 126.03 1.99 113.13 4.18 1.55
TS4e -113.04 -128.99 -77.59 80.17 12599 1.83 113.08 4.62 1.55
TS4f -19.86 162.84 -86.75 127.55 -138.01 91.83 101.36 3.09 1.52
Int4f 0.00 180.00 -113.27 113.28 11327 -113.28 90.62 250 1.52
CASSCF(10,8)

TS4a -64.79 15246 -67.32 96.61 179.29 5436 114.31 395 1.59
Int3b -54.39 -141.02 -50.82 151.14 -174.775 59.30 112.87 4.03 1.59
TS4c -64.67 -53.70 -69.77 9499 176.75 52.48 114.77 3.57 1.59
TS4f -21.87  162.87 -83.95 131.88 -139.85 88.93 102.80 3.17 1.55
Int4f 0.00 180.00 -112.64 112.61 112.64 -112.61 9237 255 1.57
CASSCF(12,10)

TS4a -65.44 15049 -71.21 91.07 179.11 54.01 11429 395 1.59
Int3b -55.13  -137.82 -56.97 14226 -175.36 57.77 113.05 4.05 1.61
TS4c -64.89  -54.13 -69.60 95.16 176.67 51.97 114.79 3.59 1.60
TS4e -113.59 -130.89 -79.02 7891 125.09 2.11 113.28 4.66 1.52
TS4f -22.19 -162.63 -83.35 13247 -140.16 8842 103.09 3.19 1.56
CASSCF(12,12)

TS4a -64.61 161.09 -70.91 95.13 179.71 5396 114.08 4.05 1.61
Int4b -59.14 -132.70 -63.96 105.63 -179.98 54.37 113.55 4.15 1.59
TS4c -64.48 -52.66 -73776  92.93 177.30 51.71 11448 3.58 1.63
TS4e -110.34 -127.78 -78.25 82.01 128.52 4.30 11241 4.65 1.55
TS4f -17.61 -164.37 -90.39 125.67 -135.52 94.31 100.97 3.14 1.51

optimized geometries obtained at the CASSCF(4,4)/6-31+G* level of for various values of ¢,.
The relative energies along Int4b to Int3b conversion pathway obtained at CASSCF(4,4)/6-
31+G* and CASPT2(4,4)//CASSCF(4,4) levels are given in Figure 3.10. It can be seen that

at the CASPT2(4,4)//CASSCF(4,4) level, only one minimum whose angle is intermediate
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Figure 3.10: Relative energies of diazenyl diradical intermediate along the Int4b to Int3b path
obtained at CASSCF(4,4) and CASPT2(4,4)//CASSCF(4,4) levels using 6-31+G* basis set.

between planar and pyramidal angles (¢3 = -55.94, ¢,=131.66 ) was found to exist.

3.3.3 Asynchronous concerted elimination of N,

This path involves a concerted asynchronous cleavage of one of the C—N ¢ bonds with
simultaneous displacement of N, through a diazenyl diradical transition state TSS by Sy?2 like
mechanism. It leads to a single inverted cyclopropane formation with the elimination of Nj.
The energy profile for this path obtained at the CASSCF(4,4)/6-31+G* level is show in Figure
3.11. The transition state (T'SS) for this path could be optimized only at CASSCF(4,4) level. At
higher active spaces (CASSCF(6,6), CASSCF(10,8), CASSCF(12,10), and CASSCF(12,12))
search for the transition state TSS resulted in TS1a. So at higher active spaces, the transition

state for this path was obtained by constrained geometry optimization by fixing C(3)—N(4)
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bond length. The relative energy barriers obtained using different CASSCEF active spaces for
the asynchronous concerted denitrogenation path are given in Table 3.5. The barrier for this

path is about 48 kcal/mol at the CASSCF(4,4)/6-31+G* level.
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Figure 3.11: Energy profile for the asynchronous concerted denitrogenation path at
CASSCF(4,4)/6-31+G* level.

3.3.4 Alkene formation

The thermal denitrogenation of 1-pyrazoline can also result in propene. Alkene formation
is possible from Intl and cyclopropane and the two pathways for propene formation were
obtained at CASSCF(4,4)/6-31+G* level of theory. A schematic representation of the two
pathways are given in Figure 3.12. Path 1 is a [1,2] or [2,3]-shift involving a H-transfer from
the central carbon atoms of Intl to one of the terminal carbon atom leading to the formation
of propene. In path 2, ring opening of cyclopropane followed by a [1,3]-shift, involving a
H-transfer from one of the terminal carbon atoms to the other terminal carbon atom, results in

formation of a carbene. Then a second H-transfer ([1,2] or [2,3] shift) from the central carbon
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Figure 3.12: A schematic representation of the two different paths that lead to formation of
propene.

atom to the carbene carbon atom leads to propene formation. Since both the pathways for
propene formation involve H-transfer, the potential energy profiles for propene formation were
mapped using two different active spaces: CASSCF(4,4) and CASSCEF(6,6) to see the effect of
active spaces. Here, the CASSCF(4,4) active space includes two p-type orbitals of methylenic

C atoms and 7, 7* orbitals of Ny bond and in CASSCF(6,6), the ¢, o* orbitals of C—H bond

Table 3.8: Relative energies (kcal/mol) of stationary point structures obtained for the propene
formation pathways at CASSCF(4,4)/6-31+G* and CASSCF(6,6)/6-31+G* levels of theory”

Method TS1h® TS2a“ Int2a“ TS2b¢
CASSCF4.,4) 20.25(19.49) 76.97 (73.68) 60.31 (57.00) 70.97 (66.49)
CASSCF(6,6) 17.50(16.48) 77.33(74.15) 61.96 (58.61) 70.30 (65.88)

“Numbers in the parentheses are zero point energy corrected values.
bRelative energy of TS1h was calculated with respect to Intl energy.
“Relative energies of TS2a, Int2a, and TS2b were calculated with respect to cyclopropane.
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involved in H-transfer were also included in the active space in addition to the orbitals used for
CASSCF(4,4) active space. The energetics of stationary point structures obtained for propene
formation are given in Table 3.8. At CASSCF(4,4)/6-31+G* level of theory, the barrier for
propene formation via path 1 was found to be ~ 20 kcal/mol with respect to Intl. This barrier
decreases by ~ 3 kcal/mol at CASSCF(6,6)/6-31+G* level of theory. The barrier for propene
formation via path 2 was found to be very high. The barrier for [1,3]-hydrogen shift was found
to be 76.97 kcal/mol. The resulting carbene lies 60.31 kcal/mol above cyclopropane. The barrier
for formation of propene from the carbene intermediate was found to be 10.7 kcal/mol. The
energetics of propene formation via path 2 was also found to be stabilized by ~ 3 kcal/mol

when CASSCF(6,6) active space was used for the calculations.

3.3.5 Effect of Basis sets

The effect of basis sets was investigated by optimizing all the stationary points along syn-
chronous and asynchronous denitrogenation paths obtained at CASSCF(4,4)/6-31+G* level of
theory with 6-311+G*, cc-pVDZ, aug-cc-pVDZ, and cc-pVTZ basis sets and the results are
given in Table 3.9. Increasing the basis set from 6-314+G* to 6-3114+G* results in lowering of
relative energies by ~ 1 kcal/mol. Changing the basis set to correlation consistent basis sets
cc-pVDZ, aug-cc-pVDZ, and cc-pVTZ results in a deviation less than 2 kcal/mol. However,
at 6-31+G* and 6-311+G* basis sets, the reactant was found to have C's symmetry but at

cc-pVDZ, aug-cc-pVDZ and cc-pVTZ it has C; symmetry.

3.3.6 DFT and MP2 methods

To check the validity of DFT and MP2 methods for denitrogenation of 1-pyrazoline, DFT func-
tionals such as B3LYP, B2PLYP, M06-2X, and MP2 methods with 6-31+G* and cc-pVTZ basis
sets were used to map the potential energy profile. The results are given in Figures 3.13-3.15.

For the synchronous denitrogenation path, the transition states TS1a and the second order sad-
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dle point SO1 were obtained with all the DFT functionals (B3LYP, B2PLYP, M06-2X) and MP2
methods. The relative energy barrier for synchronous denitrogenation path (TS1a) obtained
from these methods are comparable with the CASSCF(4,4) and CASPT2(4,4)//CASSCF(4,4)
energies. However, for DFT functionals, IRC calculation from transition state TS1a connects to
propene instead of Intl. In addition, the trimethylene diradical intermediate (Int1) could not be
optimized with all these DFT functionals. However, Intl was obtained with MP2 method, and
its energy was found to be very high, 34 kcal/mol above the reactant similar to that obtained at
CASPT2(4,4)//CASSCF(4,4) level. Similarly, all the stationary points along asynchronous step-
wise denitrogenation path obtained at CASSCF method could not be optimized with DFT and

MP2 methods. Using B3LYP and M06-2X functionals, only TS3¢ was obtained. With B2PLYP

Table 3.9: Energetics of denitrogenation of 1-pyrazoline at CASSCF(4,4) with different basis
sets

Structure  6-31+G* 6-311+G* cc-pVDZ aug-cc-pVDZ cc-pVTZ

TS1 34.16 33.59 32.30 34.14 33.09
Intl 0.99 -0.61 -0.80 1.10 -1.79
TS3a 40.28 39.90 39.75 40.72 40.21
Int3a 40.23 39.77 39.63 40.61 40.10
TS3b 40.39 39.88 39.83 40.66 40.20
Int3b 39.63 39.16 39.08 39.94 39.46
TS3c 41.84 41.33 41.12 42.09 41.58
TS3d 40.69 39.94 39.78

TS3e 43.49 43.09 43.07 43.90 43.36
TS3f 40.31 39.51 39.35 40.39 39.60
TS3g 43.33 42.88 42.90 43.64 43.14
TS4a 40.30 39.91 39.79 40.75 40.24
Int4a 40.32 39.26 39.83 40.79 40.29
TS4b 40.55 40.11 40.15 40.87 40.43
Int4b 39.70 39.26 39.25 39.93 39.48
TS4c 41.90 41.44 41.25 42.19 41.70
TS4d 42.98 42.53 42.54 43.39 42.83
TS4e 42.71 42.24 42.29 43.07 42.53
TS4f 49.33 48.65 49.17 50.30 49.13
Int4f 33.91 33.65 34.66 34.58 33.96
TS5 48.21 47.77 47.45 48.44 47.90

71



CHAPTER 3

—  UMP2
— UB3LYP
60 7 "Q‘&oﬁ — UB2PLYP
— UMO06-2X
40
i)
g Intl
[+
g 20
&
o
o 04
= Reactant
= :
&
—20 - % W
% +
N
—40 1 Alkene

Figure 3.13: Synchronous denitrogenation paths obtained using DFT and MP2 methods.
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Figure 3.15: Asynchronous concerted denitrogenation paths obtained using DFT and MP2
methods.

method, TS3a and TS4c were obtained, and at MP2, only TS4a and TS4c were optimized.
IRC calculations from all these transition states lead to Int4f instead of DZ intermediates
(Int3a/Int3b or Int4a/Int4b). Interestingly, the transition state for asynchronous concerted
denitrogenation path which was obtained only at the CASSCF(4,4) level could be optimized
with DFT and MP2 methods. The barrier energies obtained for this path were similar to that
obtained at CASSCF(4,4) level. The relative energies of stationary points along synchronous
and asynchronous denitrogenation paths obtained at DFT and MP2 methods are given in Table
3.10. Thus, it can be seen that for the thermal denitrogenation of 1-pyrazoline, B3LYP and MP2
methods are not reliable as the reaction paths obtained using this methods are very different
from that obtained using CASSCF and CASPT2 methods and cannot explain the observed

products.
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Table 3.10: Relative energies (kcal/mol) of stationary point structures obtained for the denitro-
genation pathways obtained at the MP2, B2PLYP, and B3LYP levels of theory

Structure ~ MP2 MP2 B2PLYP B2PLYP B3LYP  B3LYP
6-31+g* cc-pVTZ 6-31+4G* cc-pVTZ 6-31+G* cc-pVTZ

(i) Synchronous elimination of N,

TS1a 41.70 38.62 47.80 43.17 50.25 45.40
Intl 41.43 38.30

SO1 51.75 49.05 57.94 54.05 56.62
(ii) Asynchronous step-wise elimination of N,

TS3a 65.62 49.73

TS3c

TS4a 57.14 53.55

TS4c 55.41 51.91 63.26 62.36 68.74 81.20
Int4b 45.43

TS4d 47.40

TS4e 49.99

Int4f 43.03 38.25 38.88 36.57 36.91
(iii) Asynchronous concerted elimination of N,

TS5 52.60 51.72 59.78 58.23 64.26 61.97

3.4 Discussion and Conclusion

The potential energy profile for the thermal denitrogenation of 1-pyrazoline was mapped using
CASSCF, CASPT2, DFT, and MP2 methods.''> CASSCF calculations were performed with
4,4), (6,6), (10,8), (12,10), and (12,12) active spaces and CASPT2(4,4)//CASSCF(4.,4) single
point energy calculations were performed for the CASSCF(4,4) optimized geometries. Two
possible denitrogenation paths were considered in this study: (1) synchronous denitrogenation
path and (2) asynchronous denitrogenation path. For all the different CASSCF and CASPT?2
calculations, the synchronous denitrogenation path was 6-10 kcal/mol lower in energy than
the asynchronous paths which is in contrast to the previous report®’ where asynchronous
denitrogenation paths were found to be more favourable. It was observed that the energetics of
denitrogenation paths were highly sensitive to the active space used for the calculations. The

relative energies of the stationary point structures decrease with the increase in active space
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from (4,4) to (6,6), (10,8), and (12,10). However, the energetics obtained at CASSCF(12,12)
and CASPT2(4,4)//CASSCF(4,4) is closer to that obtained at CASSCF(4,4)/6-31+G* level of
theory. For the synchronous denitrogenation path, all the stationary point structures obtained
at CASSCF(4,4)/6-31+G* level of theory could be optimized with the higher CASSCF active
space used for the calculations. However, for the asynchronous denitrogenation paths, many
stationary point structures at the flat diazenyl diradical region of the PES could not be optimized
with CASSCF(10,8), CASSCF(6,6), CASSCF(12,10) and CASSCF(12,12) active spaces. The
effect of basis set on the energetics of denitrogenation paths were examined by mapping the
potential energy profile using CASSCF(4,4) active space and 6-31+G*, 6-311+G*, cc-pVDZ,
aug-cc-pVDZ, and cc-pVTZ basis sets. It was observed that, with the increase in basis set
from 6-31+G* to 6-311+G* results in lowering of relative energies by ~ 1 kcal/mol. Similarly,
changing to correlation consistent basis sets cc-pVDZ, aug-cc-pVDZ, and cc-pVTZ results
in a deviation less than 2 kcal/mol. To check the validity of DFT and MP2 method for this
reaction, MP2 and DFT functionals such as B3LYP, B2PLYP, and M06-2X were used to map
the potential energy profile. However, DFT and MP2 methods failed to provide an accurate

description of potential energy profile in the diradical region.

For the different CASSCF calculations, synchronous denitrogenation path was lower in
energy than the asynchronous paths. The barrier for synchronous denitrogenation path (40.04
kcal/mol) obtained at CASSCF(4,4)/6-31+G* level of theory agrees well with the experimental
activation barrier of 42.4 kcal/mol for thermal denitrogenation of 1-pyrazoline. Synchronous
denitrogenation of 1-pyrazoline leads to trimethylene diradical intermediate Intl which can
close to cyclopropane via con/dis rotation of terminal methylene group or it can lead to
propene via proton transfer. Conrotatory closure of terminal methylene group of Intl leads to
cyclopropane with single inversion of stereochemistry whereas dis rotatory closure leads to
cyclopropane with retention or double inversion of stereochemistry. The barrier for con and

dis rotation is with in ~ 1.5 kcal/mol. If reaction is to follow MEP, than a racemic mixture of
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cyclopropane is expected. So, from the potential energy surface alone, the major single inverted
cyclopropane obtained from the thermal denitrogenation of 1-pyrazoline could not be explained.
Dynamics calculations are necessary to understand the experimental observation for thermal

denitrogenation of 1-pyrazolines.
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THERMAL DENITROGENATION OF 1-PYRAZOLINE:

DYNAMICS

4.1 Introduction

hermal denitrogenation of cis- and trans-3,5-dimethyl-1-pyrazoline in the gas phase

resulted in trans- and cis-1,2-dimethylcyclopropane as the major product respec-

tively.”® Similarly a predominant single inversion of configuration was observed for
the thermal decomposition of exo- and endo-2-methyl-3,4-diazabicyclo[3.3.0]oct-3-enes.**
To understand this stereochemical preference in the product formation during the thermal
denitrogenation processes, the potential energy profiles for different paths were mapped for
1-pyrazoline and the results were discussed in Chapter 3. It was observed that at CASSCF and
CASPT2 level of theory, the barrier for synchronous denitrogenation path was 6-8 kcal/mol
lower in energy than the asynchronous paths. Synchronous denitrogenation of 1-pyrazoline
leads to trimethylene diradical intermediate (Int1). Int1 can close to cyclopropane via con or
dis rotation of terminal methylene group. Conrotatory closure of terminal methylene group

of Intl leads to cyclopropane with single inversion of stereochemistry whereas disrotatory
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closure of terminal methylene group leads to cyclopropane with retention or double inversion
of stereochemistry. The barrier for closing of Intl to cyclopropane via con and dis rotation is
within 1 kcal/mol. So it is clear that the experimentally observed stereochemical preference in
cyclopropane formation can not be explained following the energetics of the reaction alone.
There are several reports in literature on the denitrogenation of azoalkanes where potential
103,109,110,124 Tpy

energy profiles failed to explain the experimentally observed product selectivity.

such cases, dynamics simulations were necessary to understand the experimental observations.

In the thermal denitrogenation of 4-spirocyclopropane-1-pyrazoline and 3-carboalkoxy-
substituted 4-spirocyclopropane-1-pyrazoline, spiropentane and methylenecyclobutane deriva-
tives were observed as the major products respectively. %! However, DFT calculation at
UB3LYP/6-31G* level of theory for both the molecules indicated a concerted cleavage of
both the C—N bonds to diradical followed by a conrotatory ring closure to spiropentane
as the lower energy path. So to understand the major formation of methylenecyclobutane
derivatives instead of spiropentane from the dentrogenation of 3-carboalkoxy-substituted 4-
spirocyclopropane-1-pyrazoline, Born-Oppenheimer molecular dynamics (BOMD) simulations
were carried out from the synchronous transition state. Although the energy minimum path-
way from the synchronous transition state involves generation of 2-spirocyclopropyl-1,3-diyl
diradical, chemical dynamics simulation showed direct formation of methylenecyclobutane
derivatives from the synchronous transition state along with the diradical intermediate consis-
tent with the experimental observations. Similarly, thermal and photochemical denitrogenation
of 2,3-diazabicyclo[2.2.1]hept-2-ene-exo0,ex0-5,6-ds (DBH-d,) result in inverted bicyclo[2.1.0]-
pentane as the major product. '?>'26 Computational studies'** at CASSCF and CASPT? levels
of theory with 6-31G* basis set for thermal denitrogenation of DBH revealed synchronous
breaking of C—N bond leading to cyclopentane-1,3-diyl diradical to be energy minimum path-
way. The formation of inverted bicyclo[2.1.0]pentanes from cyclopentane-1,3-diyl diradical for

this system was proposed to involve nonstatistical dynamical effects. However, computational
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studies at CASPT2//CASSCEF level of theory for photochemical denitrogenation ** of DBH
indicated asynchronous denitrogenation of DBH to exo-axial diazenyl diradical intermediate.
The formation of inverted bicyclo[2.1.0]-pentane from exo-axial diazenyl diradical intermediate
was proposed to occur via impulsive population of an axial-to-equatorial pathway. Clearly, these
studies indicate the need for dynamical simulations to understand the mechanisms and product
distributions in similar system involving diradical intermediates. In the present study, ab initio
classical trajectory simulations were carried out to understand the atomic level mechanisms of

cyclopropane formation in the denitrogenation of 1-pyrazoline.

4.2 Computational Details

Ab initio classical trajectory simulations were performed by computing the forces on-the-fly at
each step of the trajectory at CASSCF(4,4)/6-31+G* level of theory.*!!>-!16 The active space
for CASSCF(4,4) calculation includes both the C—N o, ¢* orbitals. Two sets of trajectory
simulations were performed: (1) trajectories initiated from transition states regions and (2)
trajectories initiated from reactant the region. The initial coordinates and momenta for the
trajectory simulations were selected by using microcanonical normal mode sampling procedure.
If one assumes that RRKM theory is valid for a unimolecular reaction, the energy levels at
the unimolecular TS will be populated in accord with RRKM theory, which assumes that each
energy level has an equal probability of being populated. For the sampling, the vibrational
energy levels are chosen randomly and the remaining energy goes into reaction coordinate (RC)

translation; i.e. the TS energy above classical potential energy at the TS is
E* = Eyiy + Ezpg + Exr

for the case there is no rotational energy at the TS. In microcanonical sampling, the total amount
of energy available to the system is fixed. The transition state TS4f has the highest barrier in the

potential energy profile for the thermal denitrogenation of 1-pyrazoline (Chapter 3). Therefore,
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Figure 4.1: Procedure used for calculation of total energy used in microcanonical sampling.
(Ethermal = Eyip + Fro + RT)

the total amount of energy available to 1-pyrazoline by assuming Boltzmann distribution at

TS4f at experimental temperature (510.45 K). The total energy can then be expressed by
FEiow = EL(TS4E) + Ezpg + Evip + Ero + RT

where, F,(TS4f) is the classical barrier at TS4f, F7pg is the ZPE of TS4f, F;, and F,, are
the average vibrational and rotational energies at 510.45 K, and RT is the excess energy given
along the reaction coordinate. The ZPE, average vibrational energy, average rotation energy,
and RT energy for TS4f at 510.45 K were found to be 59.19, 4.53, 1.52, and 1.01 kcal/mol
respectively. The total amount of energy (Eio,) available to 1-pyrazoline thus calculated was
found to be 119.10 kcal/mol. A schematic representation of the energy components used to
calculate the total energy in the microcanonical sampling procedure is given in Figure 4.1.
When trajectories were integrated from different transition states, an excess energy of (119—F,)
kcal/mol above classical barrier was given to the TSs, where £, is energy of the respective
TSs. When trajectories were integrated from the reactant, an excess energy of 119.10 kcal/mol
was given to the reactant above its classical minimum. The trajectories were integrated using

velocity-Verlet algorithm with a stepsize of 0.3 fs. 150 trajectories were integrated from TS1 and
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100 trajectories were integrated from each of the five asynchronous TSs, TS3a, TS3c, TS4a,
TS4c, and TSS and 3000 trajectories were integrated from the reactant region. The transition
state trajectories were integrated for 500 fs and trajectories initiated at the reactant region were
integrated for 1.5 ps. The trajectory calculations were performed using VENUS/NWCHEM '%’
software package. It should be pointed that although 1-pyrazoline and cyclopropane cannot
be differentiated as cis and trans, the mechanism of the product formation were followed
with respect to rotation of the terminal methylene groups to compare with the experimental
observations for substituted pyrazolines. Three types of products can be expected as discussed

earlier (Chapter 3)-SI, DI, and Ret.

4.3 Results and Discussion

4.3.1 Trajectories Initiated from the Transition State Region
4.3.1.1 Trajectories Initiated from TS1 Region

The transition state, TS1 connects reactant to trimethylene diradical intermediate (Intl). Intl
can close to cyclopropane via con or dis rotation of terminal methylene groups or can form
alkene via a proton transfer. The barrier for conrotatory and disrotatory closure of Intl to
cyclopropane is ~ 1 kcal/mol and the barrier for alkene formation is 6 kcal/mol (Chapter 3).
TS1 can also isomerize to symmetric TS1’ via a second order saddle point SO1 as shown
in Figure 4.2 from where dissociation of N, can happen. To understand the post-transition
state dynamics of cyclopropane formation from TS1, 150 trajectories were integrated from the
TS1 region. The initial coordinate distribution for the 150 trajectories initiated from TS1 is
given in Figure 4.3. It can be seen from Figure 4.3, the initial (reaction) coordinate distribution
is symmetric about the TS1 coordinate. This shows that the sampling of 150 trajectories are
not from a biased region of the reaction coordinate. 54 out of 150 trajectories lead to the

reactant and 96 trajectories lead to cyclopropane. 11 out of the 96 trajectories first form the
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82



THERMAL DENITROGENATION OF 1-PYRAZOLINE: DYNAMICS

C3-N4 distance (A)

0 50 100 150 200 250 300 350 400 450
Time (fs)

Figure 4.4: Plot of C3—N4 distance (A) vs time (fs) for trajectories that exhibit recrossing.

reactant and then recross the transition state region to form cyclopropane. A plot of C3—N4
distance vs time for the 11 trajectories that recross the ransition state region is given in Figure
4.4. The equilibrium C3—N4 distances for TS1 and reactant are 2.1 and 1.5 A respectively.
It can be seen from Figure 4.4, that all the trajectories start from the transition state region
(C3—N4 distance 1.8-2.2 A ), form reactant and then dissociate to form cyclopropane. Out of
96 trajectories, 56 form single inverted cyclopropane, 30 lead to double inverted cyclopropane,
and 10 form cyclopropane with the retention of configuration. So, a preferential formation of

single inverted cyclopropane was observed for trajectories integrated from the TS1 region.

To understand whether the denitrogenation follows a synchronous or an asynchronous path,
the C3—N4 and C1—NS5 distances for all the trajectories were followed with time and the
plot is given in Figure 4.5. It can be seen from Figure 4.5 that, only two trajectories follow
asynchronous path and the rest follow synchronous denitrogenation path. Along the minimum
energy path (MEP) for synchronous denitrogenation of 1-pyrazoline through Intl, there is an

increase in the C—N distance, and significant changes in the dihedral angles ZC1-C2-C3-N4,
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Figure 4.5: Plot of C3—N4 and C1—NS distance (A) for trajectories initiated from TS1.

ZC2-C3-N4-N5, ZC3-C2-CI1-N5 and ZC2-C1-N5-N4. Both the ZC1-C2-C3-N4 and ZC3-
C2-CI1-N5 dihedral angles change from -17.72 to -40.80 and 17.72 to 40.80° respectively and
/C2-C3-N4-N5 and ZC2-C1-N5-N4, change from 12.0 to 22.2°. So, any of the four dihedral
angles and C—N distances can be followed to understand whether the denitrogenation follows
the MEP. Here, the angle ZC1-C2-C3-N4 vs C3—N4 distance for all the trajectories, transition
states T'S1, TS1’, and the MEP obtained at CASSCF(4,4)/6-31+G* level of theory are plotted in
Figure 4.6. As seen in Figure 4.6, most of the trajectories follow the IRC path. They dissociate
directly from TS1 and form products. However, in two trajectories, isomerization of TS1 to
TS1’ was observed, which then dissociates from TS1’ to form cyclopropane. In addition, three

trajectories dissociate through the second order saddle point region.

To understand the atomic level-mechanism of cyclopropane formation and the involvement
of trimethylene diradical intermediate in the denitrogenation process, the electron densities
of the C—N o orbitals o5 and o4 were followed during the dissociation process for all the

trajectories. The correlation of the orbitals involved in the reaction along the synchronous
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Figure 4.6: Polar plot of ZC1-C2-C3-N4 vs C3—N4 distance for TS1, TS1’, IRC, and all the
trajectories.

denitrogenation path from 1-pyrazoline to cyclopropane through TS1 and Intl is shown in
Figure 4.7. Two types of trajectories were observed: (1) in one type of trajectories (Type 1), the
dissociation of C—N bonds and closing of C1—C3 bond happen simultaneously. The plot of
C1—C3 bond distance and the electron densities of the ocn and oy orbitals vs time are shown
in Figure 4.8(a). The initial electron densities (p5 and pg) in the oc.y and o orbitals are ~ 1.6
and ~ 0.3. During the course of the reaction, p5; decreases and pg increases until the diradical
is formed when p5 and pg are ~ 1.0. During the cyclopropane formation from the diradical,
the oc.n and o orbitals change their character to oc.c (p5) and o (pg) orbitals. p5 and pg
now become ~ 2.0 and ~ 0 respectively confirming closed shell nature of the wavefunction.
Here, in the first type of trajectories, (Figure 4.8a), one can see that the reaction surpasses the
diradical region within 100 fs and the products are formed after 100 fs. Thus the lifetime of

Int1 for this type of trajectories is short ~ 30-100 fs. In the second type of trajectories (Type 2),
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Figure 4.7: Correlation diagram of orbitals along synchronous denitrogenation of 1-pyrazoline
to Intl and cyclopropane formation.

although the diradicals are formed in about ~ 100 fs, the system stays in the diradical region
for longer time before closing to cyclopropane (Figure 4.8(b)). The lifetime of trimethylene
diradical obtained for the synchronous trajectories are is given in Figure 4.9. Since, the barrier
for rotation of the terminal methylene group of Intl is very less, in this set of trajectories,
several rotations of terminal methylene group of the diradical Intl happen before closing to
cyclopropane. These set of trajectories correspond to the formation of Intl that have lifetime
longer than 100 fs. A plot for the number of C—C bond rotations seen in these trajectories is

given in Figure 4.10. It can be seen that Type 2 trajectories exhibit a maximum of 3 C—C bond
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Figure 4.8: Plot of C1—C3 bond distance and electron densities p5; and pg in 05 and o orbitals
vs time for trajectories initiated from TS1: (a) Type 1 trajectories having short Intl lifetime
and (b) Type 2 trajectories having longer Int1 lifetime.

rotations with most trajectories showing one rotation.

4.3.1.2 Trajectories Integrated from TS3a

The asynchronous cleavage of one of the C—N bonds (say C1—NS5) from 1-pyrazoline via

TS3a leads to diazenyl diradical (DZ) intermediate Int3a. The N5 group of Int3a can undergo
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Figure 4.9: Lifetime distribution of trimethylene diradical for Type 1 (light shade) and Type 2
(dark shade) trajectories.
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Figure 4.10: Number of C—C bond rotations in the trimethylene diradical intermediate for
Type 2 trajectories

a 360°rotation about C(3)—N(4) bond and close back to reactant or it can close to form
cyclopropane by the dissociation of C(3)—N(4) bond (Figures 3.8 and 3.9, Chapter 3). The DZ

region of PES is very flat. Several rotational isomers of DZ differ in the orientation of Ny group
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around C(3)—N(4) bond and terminal methylene group exist on the PES. The energetics of all
the rotational isomers lie within 1.5 kcal/mol. As pointed earlier the PES is symmetrical about
C—N bond cleavage i.e asynchronous cleavage of the C3—N4 bond and C1—NS5 bond would
result in similar structures. To understand the post-transition state dynamics of cyclopropane
formation from TS3a, 100 trajectories were integrated from the TS3a region. Out of 100
trajectories, 7 trajectories lead to reactant and 93 trajectories gave cyclopropane. 48 out of 93
trajectories result in single inverted cyclopropane, 29 lead to double inverted cyclopropane and
16 gave cyclopropane with the retention of configuration. From the product distribution, it is

clear that there is a slight preference for single inverted cyclopropane formation.

In going from reactant to Int3a via TS3a along the MEP, a clockwise rotation of Ny group
around C3—N4 bond happens with the dissociation of C1—N5 bond. Now, dissociation of the
second C—N bond (C3—N4) can happen from Int3a or Ny can further rotate around C3—N4
bond to form Int3b from where dissociation of C3—N4 bond is possible or it can close back
to reactant. To understand the atomic-level mechanisms of C3—N4 bond dissociation from
TS3a, the changes in ZC2-C3-N4-N5 angle as a function of C3—N4 distance was followed
for all the trajectories. The plot of change in ZC2-C3-N4-N5 vs C3—N4 bond distance for
MERP, all the stationary points along the MEP, and for all the trajectories are given in Figures
4.11 (a) and (b). The trajectories that do not follow MEP are plotted in Figure 4.11 (a) and the
trajectories that follow MEP are plotted in Figure 4.11 (b). As can be seen from the Figure 4.11
(a), most of the trajectories dissociate directly from the transition state TS3a without going to
the corresponding DZ intermediate Int3a. Only 35 out of 93 trajectories follow MEP (Figure
4.11 (b)). In the 35 trajectories, the dissociation of C3—N4 bond in 16 trajectories happen
from Int3a. A complete 180° rotation of N, group around C3—N4 was observed in two of
the trajectories. One of the two trajectories form reactant and the other trajectory dissociates
from TS3c. In 12 trajectories, the dissociation of C3—N4 bond happens from TS3b and five

trajectories dissociates from Int3b. In three trajectories, first the reactant is formed from which
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Figure 4.11: Plot of ZC2-C3-N4-N5 (degree) vs C3—N4 distance (A) for (a) trajectories that
do not follow MEP (b) trajectories following MEP. The location of the stationary points along
the MEP is given in the box for clarity. The solid thick blue line indicates the MEP.
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N, dissociates to form cyclopropane with out following the minimum energy path.

4.3.1.3 Trajectories Integrated from TS3c

The asynchronous cleavage of C1—NS5 bond from 1-pyrazoline by clockwise rotation of C3—N4
bond via TS3c leads to diazenyl diradical intermediate Int3b. Since, free rotation of Ny group
about C3—N4 bond is possible, the Ny group of Int3b can undergo rotation about C—N bond
and close back to reactant or it can form cyclopropane by the dissociation of the second C—N
bond (Figures 3.8 and 3.9, Chapter 3). To get an atomic-level understanding of denitrogenation
mechanisms from TS3e¢, 100 trajectories were integrated from the TS3c region. Out of 100
trajectories, only 6 trajectories lead to reactant and 94 trajectories gave cyclopropane. 53 out of
94 trajectories gave single inverted cyclopropane, 26 gave double inverted cyclopropane and
15 gave cyclopropane with the retention of configuration. From the product stereochemistry,
we can clearly see a preference for single inverted cyclopropane formation for trajectories
integrated from the TS3c region.

In going from reactant to Int3b via TS3c along the MEP, a clockwise rotation of Ny group
about C3—N4 bond happens with the dissociation of C1—N35 bond. Now, dissociation of the
second C—N bond (C3—N4) can happen from Int3b which is the most stable DZ intermediate
or N can further rotate around C3—N4 bond to form the less stable DZ intermediate Int3a from
where dissociation of C(3)—N(4) bond can happen. To understand the atomic-level mechanism
of C3—N4 bond dissociation from trajectory simulation, the change in ZC2-C3-N4-N5 angle
as a function of C3—N4 distance was followed for each of the trajectories. The plot of change
in ZC2-C3-N4-N5 vs C3—N4 bond distance for MEP, all the stationary points along the MEP,
and for all the trajectories are given in Figures 4.12 (a) and (b). It can be seen from the Figure
4.12 (a) that most of the trajectories do not follow the MEP. They dissociate directly from
transition state TS3c¢ without going to the intermediate Int3b or Int3a. Only 15 trajectories
follow MEP. The dissociation of C3—N4 bond in 11 trajectories happen from Int3b. In two

trajectories, the Ny group rotates 360° around the C3—N4 bond and form reactant, whereas
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Figure 4.12: Plot of ZC2-C3-N4-N5 (degree) vs C3—N4 distance (A) for (a) trajectories that
do not follow MEP (b) trajectories following MEP. The location of the stationary points along
the MEP is given in the box for clarity. The solid thick blue line indicate MEP.
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in another two of the trajectory, TS3c¢ forms reactant and then dissociates via TS3a to form

cyclopropane.

4.3.14 Trajectories Integrated from TS4a

In the above mention pathway for asynchronous denitrogenation via TS3a and TS3c, the
terminal methylene group of DZ is planar in nature. A similar asynchronous denitrogenation
pathway with pyramidal DZ also exists on the PES. The barrier for isomerization from pla-
nar DZ intermediates to corresponding pyramidal intermediates are within 1 kcal/mol. The
asynchronous cleavage of C—N bond from 1-pyrazoline via TS4a leads to diazenyl diradical
intermediate Int4a. Similar to Int3a, the N, group of Int4a can undergo rotation around C—N
bond and close back to reactant or it can form cyclopropane by the dissociation of C3—N4
bond (Figures 3.8 and 3.9, Chapter 3). To understand the post-transition state dynamics of
cyclopropane formation from TS4a, 100 trajectories were integrated from TS4a region. Out of
100 trajectories, 9 trajectories lead to reactant and 91 trajectories formed cyclopropane. 55 out
of 91 trajectories lead to single inverted cyclopropane, 20 lead to double inverted cyclopropane,
and 16 gave cyclopropane with the retention of configuration. From the product stereochemistry
obtained for the trajectory simulation from TS4a, we can clearly see a preference for single
inverted cyclopropane formation. To understand the atomic-level mechanisms of denitrogena-
tion from TS4a, the ZC2-C3-N4-N5 and C3—N4 distance for MEP, stationary points along
MEP, and all the trajectories were plotted in Figures 4.13(a) and 4.13(b). It can be seen from
the Figure 4.13 (a) that, most of the trajectories do not follow the MEP. They dissociate directly
from transition state TS4a without going to the intermediate Int4a or Int4b. Only 16 out of 91
trajectories follow MEP. seven out of 16 trajectories dissociate from Intd4a. Two trajectories
dissociate from DZ intermediate Int4b. In one trajectories, the Ny group rotates 360° about the
C3—N4 bond and form reactant. Four trajectories first form reactant and then dissociate via

TS4c. Two trajectories dissociate from Int4b.
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Figure 4.13: Plot of ZC2-C3-N4-N5 (degree) vs C3—N4 distance (A) for (a) trajectories that
do not follow MEP (b) trajectories following MEP. The location of the stationary points along
the MEP is given in the box for clarity. The solid thick blue line indicate MEP.
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4.3.1.5 Trajectories Integrated from TS4c

Asynchronous cleavage of 1-pyrazoline by clockwise rotation of C3—N4 bond via TS4c leads
to DZ intermediate Intdb. The dissociation of second C—N bond can happen from Int4b
or it can isomerizes to Int4a from where dissociation of Ny can happen. 100 trajectories
were integrated from TS4c region. Out of the 100 trajectories, only 6 trajectories lead to
reactant and 94 trajectories gave products. 49 out of 94 trajectories gave single inverted
cyclopropane, 30 gave double inverted cyclopropane and 15 gave cyclopropane with the
retention of configuration. From the product stereochemistry it can be seen that a slight
preference for single inverted cyclopropane formation was observed. To understand the atomic-
level mechanism of denitrogenation from TS4c, the change in ZC2-C3-N4-N5 vs C3—N4
distance for MEP, stationary points along MEP, and all the trajectories were plotted (Figures
4.14 (a) and (b)) It can be seen from Figure 4.14 (a), most of the trajectories dissociates directly
from transition state TS4c without going to the intermediate Int4b or Int4a. However, 15
trajectories follow MEP. 7 out of 15 trajectories dissociate from Int4b. 8 trajectories dissociate
from DZ intermediate Int4a. Two trajectories dissociate from TS4b; two trajectories dissociate
from TS4a, and in one of the trajectories, the Ny group rotates 360° about the C3—N4 bond

forming reactant and then dissociates via TS3g.

4.3.1.6 Trajectories Integrated from TS5

Asynchronous concerted cleavage of 1-pyrazoline via TSS leads to single inverted cyclopropane.
The barrier for this path is 6-8 kcal/mol higher in energy than the synchronous denitrogenation
path and 4-5 kcal/mol higher in energy than the asynchronous step-wise denitrogenation
paths. To understand the post-transition state dynamics of cyclopropane formation from TSS,
100 trajectories were integrated from TSS region. Out of 100 trajectories, 4 trajectories lead
to reactant and 96 trajectories gave products. 51 out of 96 trajectories gave single inverted

cyclopropane, 27 gave double inverted cyclopropane, and 18 gave cyclopropane with the
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Figure 4.14: Plot of ZC2-C3-N4-N5 (degree) vs C3—N4 distance (A) for (a) trajectories that
do not follow MEP (b) trajectories following MEP. The location of the stationary points along
the MEP is given in the box for clarity. The solid thick blue line indicate MEP.
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Figure 4.15: Plot of ZC2-C3-N4-N5 and C1—N5 distance for MEP and trajectories initiated
from TSS. Thick filled circle represents TS5

retention of configuration. To understand the atomic level mechanism of cyclopropane formation
from TSS, the ZC2-C3-N4-N5 vs C1—NS5 distance was plotted for all the trajectories and are
given in Figure 4.15. MEP is an asynchronous cleavage of C1-N5 ¢ bond simultaneously
accompanied by the displacement of N5 by a backside attack by C(1) radical center resulting in
an inversion at C(3) carbon center. It should be pointed that in the MEP, rotation of terminal
methylene group C(1) of TSS is not observed. The barrier for this rotation is ~ 1 kcal/mol. Of
the 96 trajectories, 7 follow MEP (Figure 4.15). In many of the trajectories, rotation of terminal
methyl (C(1)) group happens along with the cleavage of second C—N bond, which leads to
cyclopropane with double inversion of stereochemistry. Also in many trajectories, retention at

both C(1) and C(3) carbon center was observed.

4.3.1.7 Discussion

The product stereochemistry of cyclopropane obtained from trajectory simulations initiated in

the six transition state regions are given in Table 4.1. As can be seen from Table 4.1, a preference
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in the formation of single inverted cyclopropane (SI) was observed for trajectories initiated
from all the six transition state regions. When trajectories were integrated from synchronous
transition state TS1 region, most of the trajectories follow MEP and form Intl from TS1. Many
trajectories stay in the diradical (Int1) region for about 100 fs and then close to cyclopropane.
Since the barriers for rotation of terminal methylene groups of Intl is ~ 1 kcal/mol, several
rotation of the terminal methylene groups happen before closing to cyclopropane. However,
when trajectories were initiated from the asynchronous transition state regions, most of the
trajectories do not follow MEP and dissociate directly from the transition state region without

going to the intermediate.

4.3.2 Trajectories Integrated from the Reactant Region

To understand the atomic level mechanism of denitrogenation from 1-pyrazoline, 3000 trajecto-
ries were integrated from the reactant region by giving an excess energy of 119.10 kcal/mol to
the classical minimum of the reactant. The trajectories were integrated for 1.5 ps. Out of 3000
trajectories, 262 trajectories were reactive within 1.5 ps of which 117 trajectories lead to single
inverted cyclopropane, 88 trajectories lead to double inverted cyclopropane, 57 trajectories
lead to cyclopropane with retention of configuration. To understand whether denitrogenation

follows a synchronous or an asynchronous denitrogenation path, both the C—N bond distances

Table 4.1: Stereochemistry of cyclopropane obtained in the trajectory simulations initiated from
different transition states

Cyclopropane stereochemistry

Transition state  Single inversion Double inversion Retention

TS1 56/96 (58%) 30/96 (31%) 10/96 (10%)
TS3a 48/93 (52%) 29/93 (31%) 16/93 (17%)
TS3c 53/94 (56%) 26/94 (28%) 15/94 (16%)
TS4a 55/91 (60.4%)  20/91 (22%) 16/91 (17.5%)
TS4c 49/94 (52%) 30/94 (32%) 15/94 (16%)
TSS 51/96 (53%) 27/96 (28%) 18/96 (19%)
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for all the reactive trajectories are plotted in Figure 4.16. As can be seen from Figure 4.16(a),
both the C—N bonds dissociate simultaneously for the trajectories that follow synchronous
denitrogenation path whereas for asynchronous trajectories, the dissociation of one of the
C—N bonds happen first followed by the other one (Figure 4.16(b)). Out of the 262 reactive
trajectories, 149 (57%) trajectories follow synchronous denitrogenation path and 113 (43%)
follow asynchronous path. So, although the barrier for asynchronous denitrogenation paths
were 6-8 kcal/mol higher in energy than the barrier for synchronous denitrogenation path,
from the trajectory simulation it can be observed that both synchronous and asynchronous

denitrogenation paths are almost equally probable.

4.3.2.1 Trajectories Following Synchronous Denitrogenation Path

In the potential energy profile for denitrogenation of 1-pyrazoline, only one minimum energy
path was seen for synchronous denitrogenation. To understand whether the synchronous

trajectories dissociate via the MEP, angles ZC1-C2-C3-N4 and ZC3-C2-C1-N5 along with
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Figure 4.16: (a) Trajectories following synchronous denitrogenation path. (b) Trajectories
following asynchronous denitrogenation path.
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C3—N4 distance were followed for all the trajectories and are plotted in Figures 4.17 and 4.18.
It can be seen in Figure 4.17, that the trajectories which follow MEP dissociate via transition
state TS1. 114 out of 149 trajectories follow MEP and dissociate via TS1 to form trimethylene
diradicals that subsequently close to cyclopropane. However, the rest 35 trajectories do not
follow MEP. 14 out of this 35 trajectories dissociate via a non-linear extrusion pathway where
the N, group cleaves axially without going through TS1 region. The plot of ZC1-C2-C3-N4
and ZC3-C2-C1-N5 angle and C3—N4 distance for all the trajectories that dissociate via non-

linear extrusion pathway are plotted in Figure 4.18. The MEP for the synchronous mechanism

IRC %
TS1,TS1” @ <E TR

180

Figure 4.17: Plot of ZC1-C2-C3-N4 and ZC3-C2-C1-NS5 (degree) vs C3—N4 distance (10%) for
trajectories that follow MEP.

involves the stationary point TS1 and trimethylene diradical Intl. It is of importance to
understand the lifetime of the diradical Intl and its role in the formation of cyclopropane. To
calculate the lifetime of Int1 the electron densities (p; and pg) of the C—N ¢ orbitals (05 and o)
were monitored during the dissociation process for all the trajectories. Where p5 and pg of the
molecule were found to be between 0.5 and 1.5, the system was considered as the trimethylene

diradical. The lifetime of the trimethylene diradical obtained from the synchronous trajectories
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Figure 4.18: Plot of ZC1-C2-C3-N4 and ZC3-C2-C1-N5 vs C3—N4 distance for trajectories
that do not follow MEP.

are given in Figure 4.19. The lifetime of trimethylene diradical obtained for synchronous
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Figure 4.19: Lifetime of trimethylene diradical obtained for the synchronous trajectories

trajectories varies from 35 to 510 fs with an average lifetime of 153 fs.
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Figure 4.20: ZC2-C3-N4-N5 vs C3—N4 distance for all the asynchronous trajectories.

4.3.2.2 Trajectories Following Asynchronous Step-wise Denitrogenation Path

From the potential energy profile for thermal denitrogenation of 1-pyrazoline, two differ-
ent asynchronous paths were observed: (1) asynchronous step-wise denitrogenation path (2)
asynchronous concerted denitrogenation path. To understand the atomic-level mechanisms
of asynchronous trajectories, ZC2-C3-N4-N5 vs C3—N4 distance were followed for all the
asynchronous trajectories and are plotted along with the MEP for asynchronous path and the
stationary points along the MEP in Figure 4.20. 7 out of 113 reactive trajectories follow
asynchronous step-wise denitrogenation MEP (Figure 4.21). Several trajectories go through
TS3a, TS3c, TS4a, and TS4c, however instead of going to the diazenyl diradical intermediates,

the second C—N bond dissociates directly from the transition states and closes to cyclopropane.
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Figure 4.21: ZC2-C3-N4-N5 vs C3—N4 distance for all the asynchronous trajectories that
follow MEP.

4.3.2.3 Trajectories Through Asynchronous Concerted Denitrogenation Path (TSS)

This path involves asynchronous cleavage of one of the oc.y bonds followed by backside
displacement of Ny by carbon radical center leading to cyclopropane with single inversion
of stereochemistry. 6 trajectories go through TSS. Of the 6 trajectories, only 3 trajectories
close to cyclopropane with single inversion of stereochemistry. Two trajectories close to form
double inverted (DI) cyclopropane, and one trajectory form cyclopropane with retention of
stereochemistry. In the two DI trajectories, the rotation of the terminal methylene group of the
radical center and dissociation of second o¢c.n bond from TSS happen simultaneously, resulting
in an inversion at both C(1) and C(3) carbon centers. However, along the MEP, the rotation of
terminal methylene group of TSS was not observed. The plot of ZC2-C3-N4-N5 vs C1—-N5

distance during the trajectory is given in Figure 4.22.
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Figure 4.22: Plot of ZC2-C3-N4-N5 vs C1—NS5 distance for trajectories that dissociate via
TSS.

4.3.2.4 Product Distribution

Distribution of the product cyclopropane along with the stereochemistry of cyclopropane
obtained from the trajectory simulations initiated in the reactant region are given in Table 4.2.
As can be seen from Table 4.2, the major is SI (~45%), followed by DI (~33%) and retention
(~22%). 1t should be pointed that the distribution of the stereochemistry of cyclopropane
formed from trajectories initiated from the reactant region is very similar to the ones initiated
from the TS regions. This clearly indicates that the product distribution is independent of the

mechanism followed and largely governed by the dynamics of the reaction.

4.3.3 Significance of Second-Order Saddle Point on the Dynamics of

Denitrogenation

When trajectories were integrated from the reactant region, it was observed that some of the

trajectories that involved synchronous breaking of C—N bonds adopted a structure similar
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Table 4.2: Distribution of cyclopropane products obtained from the trajectory simulations
initiated from the reactant region

Cyclopropane Stereochemistry
Path® SI DI Ret

Sync (149) 61 (41 %) 55 (37 %) 33 (22 %)
Async (113) 56 (49.6 %) 33 (29.2 %) 24 (21.2 %)

Total (262) 117 (44.7 %) 88 (33.6 %) 57 (21.7 %)

“Values in parentheses indicate the number of reactive trajectories.

to that of the second-order saddle point SO1. This second-order saddle point, SO1 lies ~4
kcal/mol higher in energy than TS1 and has all the five ring atoms lying on the same plane
i.e. ZC1-C2-C3-N4 and ZC3-C2-C1-N5 are 0°. It is of interest to have a clear picture of
the region of the PES involving second order saddle point. 1-Pyrazoline has C; symmetry
with the four atoms belonging two C—N bonds lying on a plane, P. The central CH, lie
either above (R) or below (R’) the plane, P. The barrier for flipping of CH, group from R
to R’ is 0.17 kcal/mol corresponding to a transition state TS0. Denitrogenation can happen
from both the conformers R and R’ of 1-pyrazoline. Synchronous denitrogenation of R leads
to Intl through the transition state TS1 and a synchronous denitrogenation of R’ will also
lead to Intl through the transition state TS1’. The potential energy profile for synchronous
denitrogenation of 1-pyrazoline is given in Figure 4.23. Similar to the reactants, the flipping of
the central CH, group can also happen in TS1 resulting in TS1’. This flipping of CH, occurs
through SO1. SO1 is a second order saddle point characterized by two imaginary frequencies
corresponding to two normal mode vectors. One of the vectors corresponds to a symmetric
C—N stretching vibration and the other corresponds to an out-of-plane bending mode. To
understand the minimum energy paths that follow from SO1, a relaxed potential energy surface
was mapped by simultaneously varying the values of the dihedral angles ZC3C2CINS (¢s)
and ZC1C2C3N4 (¢,) at equally fixed values of C—N distances i.e. Both the C—N distances

and the two dihedral angles were varied equally during the PES scan. The sets of coordinates
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Figure 4.23: Synchronous denitrogenation path for 1-pyrazoline obtained at CASSCF(4,4)/6-
31+G* level of theory.

used to generate the PES can be represented using the combined coordinates ¢s = (¢ — ¢g)/2
and dg = (d; + d»)/2. ¢5 and dg also faithfully represent the PES covering the stationary
points along the synchronous denitrogenation path. The PES thus obtained along with the
MEPs are given in Figure 4.24. It can be seen that SO1 connects to TS1 and TS1’ along the
MEP corresponding to the ZC3C2C1NS5 angles for C—N distance at 2.1 A. Along the C—N
distance coordinate for ZC3C2C1IN5 = 0°, the MEP from SO1 connects TS0 in one direction
and cyclopropane (Cp) in another direction. Hence, it can be seen that starting from SO1, the
MERP in one direction along the ZC3C2CINS5 coordinate reaches TS1 where it bifurcates to
Intl and R and in the other direction the path bifurcates at TS1’ to Intl and R’. The MEP

along the C—N coordinate from SO1, in one direction forms cyclopropane with retention of
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Figure 4.24: Potential energy contours of 1-pyrazoline for different values of ¢g (degree) and
ds (A) and the MEPs connecting the stationary points projected PES for the synchronous path.

configuration and in the other direction reaches TS0 where it bifurcates to R’ and R. Among
the trajectories that followed a synchronous path from the reactant, 21 were found to dissociate
via this second order saddle point region. The trajectories are projected on the PES and are
shown in Figure 4.25. It can be seen that in all of these trajectories, the molecule initially stays
in the reactant region and then passes through the SO1 region. From the SO1 region they either

directly form cyclopropane or form Intl which then converts to cyclopropane.

To understand the dynamics of denitrogenation from the second order saddle point region,
100 trajectories were integrated initialized from the SO1 region. Out of the 100 trajectories,
27 trajectories lead to reactant and 73 trajectories formed products. Of the 73 trajectories that
formed products, 67 formed cyclopropane directly from the SO1 region. To understand the

atomic-level mechanisms for product formation from the second order saddle point region,
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Figure 4.25: Plot of ¢¢ (degree) and dg (A) for 15 trajectories projected on the relaxed PES for
the synchronous denitrogenation path. The trajectories form cyclopropane from the reactants
passing through the SO1 region.

the ¢ and dg coordinates were followed for all the trajectories that lead to cyclopropane.
Figure 4.26 gives the plot of ¢ and dg values for the 67 trajectories projected on the relaxed
PES for the synchronous path. It can be seen from Figure 4.26 that most of the trajectories
dissociate directly from the second order saddle point region and form products. However, three
trajectories dissociate via the TS1’ region. Of the 73 reactive trajectories, 6 trajectories first
form reactant from SO1 and then N, dissociates to form cyclopropane. Interesting dynamics
is exhibited by the six trajectories and they are plotted in Figure 4.27. It can be seen that,
5 of the 6 trajectories are bifurcating trajectories. These trajectories start in the SO1 region
and move towards the TS1 region from where they bifurcate to form the reactant (R). After
spanning the R region for sometime they form Intl passing through the TS1 region. One

trajectory directly reaches the R’ region without following the MEPs from SO1 and then forms
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Figure 4.26: Plot of ¢ (degree) and dg (A) for 73 trajectories projected on relaxed PES for
synchronous path. The trajectories directly form cyclopropane from SO1.

Int1 through TS1’. It should be pointed that these trajectories eventually form cyclopropane.
It is interesting to analyze the product distribution of the calculated trajectories. Out of 73
trajectories that form cyclopropane, 18 trajectories lead to SI cyclopropane, 11 trajectories lead
to DI cyclopropane, and 44 trajectories lead to cyclopropane with retention of configuration.
As seen in Figure 4.26, majority of the trajectories leading to cyclopropane with retention of
configuration is expected because most of the trajectories dissociate directly from SO1 and
close to cyclopropane. However, 29 trajectories that lead to SI and DI cyclopropane dissociate
via trimethylene diradical intermediate region. These findings indicate the role of SO1 in
the formation of cyclopropane with the retention of configuration. It should be noted that,
in several of the trajectories, the Ny group dissociates axially during its dissociation process.

Snapshots of a sample trajectory that dissociates from SO1 region and leading to single inverted
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Figure 4.27: Plot of ¢ (degree) and dg (A) for 6 trajectories projected on relaxed PES for
synchronous denitrogenation path. The trajectories labeled and form reactants first before
forming cyclopropane.
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Figure 4.28: Snapshots of a representative trajectory that lead to SI cyclopropane.

cyclopropane is given in Figure 4.28. It can be seen from Figure 4.28 that with the rotation of
N, group, a rotation of one of the terminal methylene groups happens simultaneously leading
to inversion at the carbon center. The trimethylene group then closes to cyclopropane with SI
of configuration with the dissociation of Ny. The ZC2C1N5N4 angle vs C1—NS5 distance are

plotted in Figure 4.29 for 20 representative trajectories that form diradical from SO1. It can
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be seen from Figure 4.29 that with the increase in the C—N distance, the ZC2C1N5N4 angle
also increases. In many trajectories, a full 360 ° rotation of the Ny group is seen. So, although
the initial cleavage of C—N bond happens from the SO1 region, several rotations of terminal
methylene groups are observed before it closed to cyclopropane. This set of trajectories lead to

formation of racemic mixture of cyclopropane.

4.3.4 Product Energies

During the formation of the products Cp and N, the total kinetic energy available to the system
is distributed among the translational, rotational, and vibrational degrees of freedom of the
products. It is of interest to investigate the internal energies of the products formed. The products
were identified by following the two C—N bonds during the course of the trajectory. Products

were said to formed when the two C—N bonds reached 15 A and C(1)—C(3) bond closed to

270

Figure 4.29: Plot of £ C2CIN5N4 angle (degree) and C1—N5 distance (A) for a few
representative trajectories.
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form the ring. Once, the products are formed, the internal energy of the products, N, and Cp
were calculated as given elsewhere. The vibrational energy of N, was calculated by using the
Morse potential model with Dy = 79868 cm ™! and 3 = 2.6898A. Figure 4.30 gives the relative
translational energy (F\), vibrational energy (£, (N;)), and rotational energies of N, and Cp
(E:(N,) and E(Cp)) for all the reactive trajectories. It can be seen that F, has a gaussian
type distribution with the (E) = 36.6 kcal/mol. The E; and E, for N, show exponential
type distribution. However, F, for Cp is not an exponential with (E;) = 7.8 kcal/mol. It is
interesting to compare the product energies in the context of asynchronous and synchronous

was found to be larger than (Fi) 38.3vs 34.6

async’

paths followed by the reaction. (FEy)

sync
kcal/mol, indicating a larger contribution from direct type mechanisms. While the vibrational
energies of N, are similar for the synchronous and asynchronous paths, the rotational energies
are different. (F.(Ny)) ~ 2(E.(Ny))

consistent with asynchronous mechanism that

async sync

involves rotation about C—N bond during the denitrogenation. The internal energy distribution
for Cp also shows interesting features. A deconvolution of the rotational energies shows very
different distribution for the synchronous and asynchronous trajectories (Figures 4.31 and 4.32).
The synchronous trajectories have low rotational energies exhibiting an exponential decay
distribution, (E,(Cp)) = 4.28 kcal/mol. However, the asynchronous trajectories show a gaussian
type distribution with (F,(Cp)) = 11.72 kcal/mol indicating the transfer of angular momentum
during the dissociation process. Of particular interest in the present product energy distribution
of the trajectories following 2nd order saddle path. These show a larger translational energies,
(Ere) = 39.16 kcal/mol compared to that of (F)

and (Ey) The Ny products are found

sync async*

to have low rotational and vibrational energies compared to that seen in the synchronous and

asynchronous trajectories.
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Figure 4.30: Product energies distributions obtained for total reactive trajectories
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Figure 4.31: Product energies distributions obtained for the synchronous trajectories

4.4 Conclusion

From the experimental studies on thermal denitrogenation of cis- and trans-3,5-dimethyl-1-

pyrazoline, cyclopropane with single inversion of stereochemistry was obtained as the major
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Figure 4.32: Product energies distributions obtained for the asynchronous trajectories

product. To understand the mechanism of thermal denitrogenation, the potential energy profile
for 1-pyrazoline was mapped at CASSCF and CASPT2 level of theory and is discussed in
Chapter 3. However, the major single inverted cyclopropane obtained from experiments could

not be explained from the potential energy profile alone. To understand the post-transition state
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Figure 4.33: Product energies distributions obtained for the trajectories dissociated from second
order saddle region

dynamics, ab initio classical trajectory simulations were carried out from six different transition
states. It was observed that, most of the trajectories integrated from the synchronous transition
state TS1 region follow MEP whereas most of the trajectories integrated from the asynchronous

transition state regions do not follow MEP. A preference for single inverted cyclopropane
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formation was observed when trajectories were integrated from all the six transition state
regions. To understand the atomic-level mechanism of denitrogenation, trajectory simulations
were also performed from the reactant region. From the trajectory simulation results, it was
observed that both synchronous and asynchronous denitrogenation paths are almost equally
probable. While most of the synchronous trajectories follow MEP, majority of asynchronous
trajectories do not follow minimum energy path. Interestingly, some synchronous trajectories
dissociate via a second order saddle point. From the simulations it can be observed that
a major single inverted cyclopropane is formed followed by double inverted cyclopropane
and cyclopropane with the retention of configurations. This is in reasonable agreement with
experimentally observed product distribution.”® The product distribution was not found to
be dictated by the reaction path followed. Both synchronous and asynchronous paths result
in similar stereochemical distribution of the products. Rich dynamics is exhibited in these
trajectories. Most of the trajectories do not follow MEP. Trajectory calculations performed
from the second-order saddle region indicate that this region plays an important role in the

formation of the products with retention of configurations.
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CHAPTER

EFFECT OF SUBSTITUTION ON THE THERMAL

DENITROGENATION OF 1-PYRAZOLINE

5.1 Introduction

hermal denitrogenation of cis- and trans-3,5-dimethyl-1-pyrazoline resulted in trans-

and cis-1,2-dimethylcyclopropane as the major product, respectively.®® A synchronous

denitrogenation of 1-pyrazoline to planar trimethylene diradical intermediate fol-
lowed by conrotatory closure to cyclopropane was proposed by Mishra et al*® to account for the
predominant single inversion of stereochemistry obtained from thermal denitrogenation of cis-
and trans-3,5-dimethyl-1-pyrazolines. To understand the involvement of planar trimethylene
diradical intermediate in the denitrogenation process, Condit and Bergman®* studied the denitro-
genation of bicyclic azo compounds, exo-2-methyl-3,4-diazabicyclo[3.3.0]oct-3-ene (1), endo-
2-methyl-3,4-diazabicyclo[3.3.0]oct-3-enes (2).%*, exo-4-methyl-2,3-diazabicyclo[3.2.0]hept-
2-ene (3), and endo-4-methyl-2,3-diazabicyclo[3.2.0]hept-2-ene (4)(Figure 5.1).%> Formation

of planar trimethylene diradical from these bicyclic azo compounds is expected to be less
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Figure 5.1: exo- and endo-2-methyl-3,4-diazabicyclo[3.3.0]oct-3-enes (1 and 2) and exo- and
endo-4-methyl-2,3-diazabicyclo[3.2.0]hept-2-enes (3 and 4, respectively.)

probable due to ring strain. However, a predominant single inversion of configuration was
observed for the products obtained from the thermal denitrogenation of bicyclic azo com-
pounds.®* An asynchronous denitrogenation pathway was proposed to account for the major
single inverted products obtained from these bicyclic azo compounds. Bergman et al®® later
studied the denitrogenation of cis- and trans-3-ethyl-5-methyl-1-pyrazoline and proposed a
non-linear extrusion of Ny by a pseudo-conrotation of C-C bonds. A detailed theoretical study
for the thermal denitrogenation of 1-pyrazoline and cis- and trans-3,5-dimethyl-1-pyrazolines
at 3x3 configuration interaction (CI) /STO-3G level of theory was carried out by Hiberty and
Jean®’. From the ab initio calculations, two asynchronous denitrogenation pathways were found

be energetically more favourable than the synchronous denitrogenation paths.

In Chapter 3, the detailed potential energy profiles for denitrogenation of 1-pyrazoline
obtained using CASSCF and CASPT?2 methods with various basis sets were discussed. The
ab initio dynamics of denitrogenation of 1-pyrazoline was discussed in Chapter 4. From the
potential energy profile for denitrogenation of 1-pyrazoline, the synchronous denitrogenation
path was found to be 6-8 kcal/mol lower in energy than the asynchronous denitrogenation
paths. The barrier obtained for synchronous denitrogenation path at CASSCF(4,4)/6-31+G*
(40.04 kcal/mol) for 1-pyrazoline agrees well with the experimental activation energy (42.4
kcal/mol). However, ab initio classical trajectory simulations reveal that both synchronous and
asynchronous denitrogenation paths to be equally probable and majority of the trajectories

do not follow MEP. The product distribution obtained from the ab initio classical trajectory
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simulations indicated a major SI cyclopropane formation. However, the fraction of SI products
(~ 45%) were less compared to that of of the experimentally observed SI product distribution
of 66 and 72% for cis and trans-3,5-dimethyl-1-pyrazoline, respectively. The discrepancy in
the simulation results can be attributed to (i) substituent effect (ii) inadequacy of the CASSCF
method to describe the dynamics of the reaction (iii) non-adiabatic effects resulting from
crossing of PESs in certain regions of the PES. In the present study, the effect of substitution
on the denitrogenation process is investigated by considering four systems- cis and trans-3,5-
dimethyl-1-pyrazoline and exo- and endo-2-methyl-3,4-diazabicyclo[3.3.0]oct-3-enes. The
energy profiles for denitrogenation paths were mapped using CASSCF methods. To understand
the substitution effects on the dynamics of denitrogenation mechanism, ab initio classical

trajectory simulations were carried out for trans-3,5-dimethyl-1-pyrazoline.

5.2 Computational Details

The molecules considered in the study are given in Figure 5.2. The potential energy profiles
for the thermal denitrogenation of cis and trans-3,5-dimethyl-1-pyrazoline and exo- and endo-
2-methyl-3,4-diazabicyclo[3.3.0]oct-3-enes were mapped by using CASSCF methods* with
6-31+G* basis set. The CASSCF calculations were performed with (4,4) active space. The
active space for CASSCEF calculation included both the o, o* orbitals of C—N bonds. All the

stationary point structures were characterized by computing the harmonic vibrational frequen-

Figure 5.2: Molecules considered in the present study: (3R, SR) trans-3,5-dimethyl-1-pyrazoline
(1), (3R, 5S) cis-3,5-dimethyl-1-pyrazoline (2), (3S, 5R) cis-3,5-dimethyl-1-pyrazoline (3),
(3R, 5R) exo-2-methyl-3,4-diazabicyclo[3.3.0]oct-3-enes (4), and (3S, 5R) endo-2-methyl-3,4-
diazabicyclo[3.3.0]oct-3-enes (5).
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cies. TSs and intermediates were connected by following the IRC. To understand the effect
of substitution on dynamics of denitrogenation of 1-pyrazoline, ab initio classical trajectory
simulations were performed for trans-3,5-dimethyl-1-pyrazoline at CASSCF(4,4)/6-31+G*
level of theory.*!!>-!16 The initial coordinates and momenta for the trajectory simulations were
selected by using microcanonical sampling procedure. The procedure used for the calcula-
tion of total energy is same as that discussed in Chapter 4 for the thermal denitrogenation
of 1-pyrazoline. The total amount of energy available to trans-3,5-dimethyl-1-pyrazoline at
experimental temperature (493.45 K) was calculated with respect to TS4f by adding the ZPE
(Ezpg), average vibrational energy (L), average rotational energy (), and an excess energy
of RT along the reaction coordinate to the classical barrier of TS4f (F,). The total energy is

then given by

Etotal = Ea + EZPE + Evib + Erot + RT (51)

The ZPE, average vibrational energy, average rotation energy, and RT energy for TS4f at
493.45 K are 100.30, 5.05, 1.47, and 0.98 kcal/mol, respectively and the classical barrier for
E,(TS4f) is 52.36 kcal/mol. The total amount of energy (FEiq,) available to trans-3,5-dimethyl-
1-pyrazoline at experimental temperature is 160.16 kcal/mol. The trajectories were integrated
from the reactant region by using velocity-Verlet algorithm with a stepsize of 0.3 fs for 2 ps. A
total of 500 trajectories were integrated from the reactant (trans-3,5-dimethyl-1-pyrazoline)
region. The energetics and dynamics simulations were performed using Gaussian 09 ''® software

package.

5.3 Results and Discussion: Energetics

To understand the effect of substitution on the energetics of denitrogenation of 1-pyrazolines,
potential energy profile for trans and cis-3,5-dimethyl-1-pyrazoline and exo- and endo-2-methyl-

3.,4-diazabicyclo[3.3.0]oct-3-enes were mapped at CASSCF(4,4)/6-31+G* level of theory. The
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two possible denitrogenation paths were considered in this study: (1) synchronous cleavage of

the two C—N bonds, and (2) asynchronous cleavage of the two C—N bonds.

5.3.1 Synchronous Cleavage of the Two C—N Bonds

Trans-3,5-dimethyl-1-pyrazoline. Trans-3,5-dimethyl-1-pyrazoline contains two asymmetric
carbons atoms (C(3) and C(5)) and can exist as two different stereoisomers (enantiomers): (3R,
5R) and (3S, 5S) trans-3,5-dimethyl-1-pyrazoline that are isoenergetic. Each of the stereoiso-
mer can have two different envelope conformations (R and R’) as seen in 1-pyrazoline with
a barrier of 0.21 kcal/mol corresponding to TS0. A schematic representation of synchronous
denitrogenation of (3R, 5R) and (3S, 5S) trans-3,5-dimethyl-1-pyrazoline leading to cyclo-
propane formation is given in Figure 5.3. As can be seen from Figure 5.3, the synchronous
denitrogenation of (3S, 5S)-trans-3,5-dimethyl-1-pyrazoline leads to the diradical trans-pentane-
2,4-diyl intermediate. Trans-pentane-2,4-diyl intermediate can close to cyclopropane via con or
dis-rotation of terminal methylene group. Conrotatory closure of trans-pentane-2,4-diyl leads
to (1R, 2S) cis-1-2-dimethylcyclopropane or (1S, 2R) cis-1,2-dimethylcyclopropane. In (1R,

2S) cis-1-2-dimethylcyclopropane, inversion happens at the C(1) carbon center and in (1S,

a1t o3HC
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/(\ H.4 ~2..CH3 3HC.. H.
3HC H - -
N=N . H 2 CH3
SI SI

1 2 CH3 H
5
(38, 58) A ot (18, 2R) (IR, 2S)
_— or
or N2

4
3HC.5 ~3.H 5 3 HC. H " o
m 3HC.4~2.H }A ; : + -3
H CH3 3HC H

H yn=N CH3 .{\l.
1 2 H 1CH3 (IR, 2R) (18, 28)

(3R, 5R) pentane-2,4-diyl Ret DI

Figure 5.3: A schematic representation of synchronous denitrogenation of the isomers trans-
3,5-dimethyl-1-pyrazoline leading to cyclopropane.
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2R) cis-1,2-dimethylcyclopropane, inversion happens at the C(2) carbon center. Similarly, two
disrotatory pathways for closing of trans-pentane-2,4-diyl to cyclopropane are also possible.
One pathway leads to cyclopropane with double retention of configuration ((1S, 2S) trans-1,2-
dimethylcyclopropane) and the other pathway leads to cyclopropane with double inversion of
configuration ((1R, 2R) trans-1,2-dimethylcyclopropane). Denitrogenation can also happen
from (3R, 5R) trans-3,5-dimethyl-1-pyrazoline. Since, the energetics of the denitrogenation
paths of both the (3R, 5SR) and (3S, 5S) isomers of trans-3,5-dimethyl-1-pyrazoline are expected
to be similar, in the present study denitrogenation of only (3R, 5R) trans-3,5-dimethyl-1-

pyrazoline was considered. The potential energy profile for the synchronous denitrogenation of

s
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Figure 5.4: Synchronous denitrogenation paths for (3R, SR) trans-3,5-dimethyl-1-pyrazoline
obtained at CASSCF(4,4)/6-31+G* level of theory.
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Table 5.1: Relative energies (kcal/mol) of stationary points along synchronous denitrogenation
path for substituted 1-pyrazolines (1 to 5) obtained at CASSCF(4,4)/6-31+G* level of theory

Structure 1 2 3 4 5
TS0 021 045 027 032 0.30
TS1a 39.57 39.51 3932 37.87 38.82
SO1 4370 43.33 43.14

Intl 10.76 11.24 11.25 10.52 10.38

TS1b 12.18 1229 1231 13.12 12.88
TS1c 11.25 1139 1142 1276 12.45
Intlc 11.18 11.09 11.17 11.57 11.30
TS1d 11.33 1142 11.41 1298 12.69
TS1e 1203 1193 11.86 12.63 12.73
Intle 10.76 11.24 11.25 10.52 10.38
TS1f 12.18 1229 1231 13.12 12.88

(3R, 5R) trans-3,5-dimethyl-1-pyrazoline (1) mapped at CASSCF(4,4)/6-31+G* level of theory
is shown in Figure 5.4 and the energetics are given in Table 5.1. The barrier for synchronous
denitrogenation of 1-pyrazoline via TS1 was found to be 40.04 kcal/mol (Chapter 3). As can
be seen from Table 5.1, with the substitution of methyl group at C(3) and C(5) carbon atoms,
the barrier for this path decreases by ~ 1 kcal/mol. A similar lowering of activation energies by
~ 2 kcal/mol was also observed in the experimental studies for thermal denitrogenation of (3R,
5R) trans-3,5-dimethyl-1-pyrazoline (40.02 kcal/mol) compared to that for 1-pyrazoline (42.04
kcal/mol).? It is to be pointed that the calculated activation energies obtained for synchronous
denitrogenation of trans-3,5-dimethyl-1-pyrazoline agrees well with the experimental energies
(39.57 kcal/mol). A second order saddle point SO1, which is only 4 kcal/mol above TS1a was
also found to exist in the potential energy profile for synchronous denitrogenation path. One
of the normal mode vectors associated with the imaginary frequencies connects SO1 to the
synchronous transition states TS1a and TS1a’ and the other vector connects SO1 to TS0 in
one direction and cyclopropane with retention of configuration in the other direction. The syn-
chronous transition state TS1a connects reactant to Intl. Int1 can now close to cyclopropane

via con or disrotation of terminal methylene groups. The potential energy profile for closing of
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Figure 5.5: Potential energy profile for conversion of Intl to cyclopropane obtained for trans-
3,5-dimethyl-1-pyrazoline at CASSCF(4,4)/6-31+G* level of theory.

Int1 to cyclopropane obtained for (3R, 5R) trans-3,5-dimethyl-1-pyrazoline is given in Figure
5.5 and the energetics are given in Table 5.1. As can be seen from Figure 5.5 and Table 5.1,
the Intl region of the potential energy profile is very flat. The relative energies of stationary
points along the conrotation and disrotation paths are within 2.5 kcal/mol. Barriers obtained for
conrotatory and disrotatory closure of pentane-2,4-diyl to 1,2-dimethylcyclopropane are similar
to that obtained for propane-1,3-diyl to cyclopropane (Chapter 3). No significant substitution

effects on energetics of synchronous denitrogenation paths were observed.

Cis-3,5-dimethyl-1-pyrazoline. Cis-3,5-dimethyl-1-pyrazoline contains two asymmetric car-
bons atoms (C(3) and C(5)). Thus, two different stereoisomers of cis-3,5-dimethyl-1-pyrazoline
are possible: (3R, 5S) and (3S, 5R) cis-3,5-dimethyl-1-pyrazoline (2 and 3). Here again, each
isomer can exist in the two envelope forms with a barrier of 0.18 kcal/mol for their interconver-

sion. In the present study, potential energy profile for the denitrogenation of both the isomers
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Figure 5.6: A schematic representation of synchronous denitrogenation of the isomers of
cis-3,5-dimethyl-1-pyrazoline leading to cyclopropane formation.

were mapped. A schematic representation of the synchronous denitrogenation of the isomers of
cis-3,5-dimethyl-1-pyrazoline leading to cyclopropane formation is given in Figure 5.6. Syn-
chronous cleavage of cis-3,5-dimethyl-1-pyrazoline leads to cis-pentane-2,4-diyl intermediate
that can close to cyclopropane via con or dis rotation of terminal methylene groups. Conrotatory
closure of cis-pentane-2,4-diyl leads to (1S, 2S) and (1R, 2R) 1,2-dimethylcyclopropane. Dis-
rotatory closure of the terminal methylene group of cis-pentane-2,4-diyl intermediate leads to
cyclopropane with DI and Ret of configuration. The potential energy profile for the synchronous
denitrogenation of the two forms (3R, 5S) and (3S, 5R) of cis-3,5-dimethyl-1-pyrazolines were
mapped at CASSCF(4,4) methods. Both the isomers follow similar reaction paths and ener-
getics and stationary point structures are also similar. The energetics of both the isomers (2
and 3) of cis-3,5-dimethyl-1-pyrazolines are given in Table 5.1. It can be seen from Table 5.1,
that the energies of the stationary point structures are within a difference of 1 kcal/mol. The
barrier for synchronous denitrogenation for 2 and 3 were found to be 39.51 kcal/mol and 39.32
kcal/mol, respectively. This barrier energies obtained are close to the experimental activation
energy (ESP = 40.3 kcal/mol) obtained for cis-3,5-dimethyl-1-pyrazoline.” It should be noted

that energetics of cis isomers is also close to that of the trans isomers.

Exo and endo-2-methyl-3,4-diazabicyclo[3.3.0]oct-3-ene. To understand the effect of ring
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strain on the energetics of the synchronous denitrogenation path, the potential energy profiles for
exo and endo-2-methyl-3,4-diazabicyclo[3.3.0]oct-3-ene were also mapped at CASSCF(4,4)/6-
31+G* level of theory. (3R, SR) exo-2-methyl-3,4-diazabicyclo[3.3.0]oct-3-ene and (3S, 5R)
endo-2-methyl-3,4-diazabicyclo[3.3.0]oct-3-ene isomers were only considered in the present
study. The energetics of stationary point structures along synchronous denitrogenation paths
obtained for exo and endo-2-methyl-3,4-diazabicyclo[3.3.0]oct-3-ene are given in Table 5.1.
It can be seen from Table 5.1 that, the barriers for synchronous denitrogenation paths (TS1a)
further decrease by 1-2 kcal/mol with the substitution of alkyl chain at C(3) and C(4) carbon
atom. However, ring strain effect on the relative energies of Intl were not observed. The Intl
energies obtained for both the molecules are comparable to that obtained for cis- and trans-
3,5-dimethyl-1-pyrazoline. A slight increase in barriers ~ 1-2 kcal/mol for conrotatory and
disrotatory closure of Intl to cyclopropane were observed. However, for both the molecules,
the relative energies of stationary points along conrotatory and disrotatory closure of Intl are

within 3 kcal/mol.

5.3.2 Asynchronous Cleavage of the two C—N Bonds

Asynchronous cleavage involves the unsymmetrical breaking of the two C—N o bonds. The
potential energy profiles for two different denitrogenation paths were mapped: (i) asynchronous

step-wise elimination of N» and (i1) asynchronous concerted elimination of Ns.

5.3.2.1 Asynchronous Step-wise Elimination of N,

Asynchronous cleavage of one of the C—N o bonds from the reactant accompanied by a clock-
wise or anticlockwise rotation of N, group around C—N bond leads to diazenyl diradical (DZ)
intermediate. Two different denitrogenation paths that differ in the orientation of methylene
group at C(3) (planar and pyramidal) were obtained for the asynchronous cleavage of C—N

bond. In one path, the terminal methylene group at C(3) is planar in nature (¢3 ~ —45° and ¢,
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~ 160°) and in the other path, the terminal methylene group is pyramidal in nature (¢3 ~ —72°

and ¢4 ~ 90°). Both the paths are discussed below.

The potential energy profiles obtained for trans-3,5-dimethyl-1-pyrazoline at CASSCF(4,4)/6-

31+G* level of theory involving planar and pyramidal intermediates are given in Figures 5.7

and 5.8, respectively, and their energetics obtained for all the five substituted pyrazolines

are given in Table 5.2. The DZ region of the potential energy surface is very flat. Several

rotational isomers of DZ intermediate that differ in the orientation of methylene group at C(3)

and azo group about C(5)—N(1) bond exist on the PES. The energetics of all the stationary

points along the DZ region of PES lie within 3 kcal/mol. Cleavage of the C(5)—N(1) bond

can happen from intermediates Int3a, Int3b, Int4a, and Int4b. For the DZ intermediates

Int3a and Int3b, two different paths were obtained for the cleavage of C(5)—N(1) bond: (1)
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Figure 5.7: Potential energy profile for asynchronous step-wise denitrogenation path (planar
intermediate) for trans-3,5-dimethyl-1-pyrazoline obtained at CASSCF(4,4)/6-31+G* level of

theory.
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a simple stretching of C—N bond which leads to Intl that can close by con or dis rotation
to give cyclopropane or form propene by H-transfer and (2) a Sy2 pathway which leads to a
SI cyclopropane by displacement of Ny. Similarly, for the DZ intermediates Int4a and Int4b,
two different paths were obtained for the cleavage of C(5)—N(1) bond: (1) isomerization of
Int4b to a four membered cyclic intermediate Int4f through the transition state TS4f followed
by a cleavage of Ny from Int4f to give Intl and (2) a Sy2 pathway which leads to a SI cyclo-
propane. All the stationary points along asynchronous step wise denitrogenation path obtained
for 1-pyrazoline could be optimized for all the five different substituted pyrazolines. It can be
seen from Table 5.2 that the relative energies of the stationary point structures obtained for
the different substituents lie within a difference of ~ 3 kcal/mol. No significant substituent

effects on energetics were observed. For all the five substituted pyrazolines, the barriers for
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Figure 5.8: Potential energy profile for asynchronous step-wise denitrogenation path (pyramidal
intermediate) for trans-3,5-dimethyl-1-pyrazoline obtained at CASSCF(4,4)/6-31+G* level of
theory.
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Table 5.2: Relative energies (kcal/mol) of stationary point structures along asynchronous
denitrogenation paths obtained for substituted pyrazolines at CASSCF(4,4)/6-31+G* level of

theory®

Structure

1

2

Asynchronous step-wise elimination of N,

TS3a 45.65 (40.51) 45.60 (41.13) 44.53 (39.94) 46.85 (42.32)
Int3a 45.10 (40.29) 45.37 (40.99) 44.43 (39.91) 46.21 (42.17)
TS3b 46.65 (41.89) 46.45 (41.80) 45.01 (40.32) 47.21 (42.98)
Int3b 46.13 (41.61) 45.93 (41.56) 44.30 (39.80) 44.51 (40.09)
TS3c 49.21 (44.69) 47.59 (43.05) 47.60 (43.01) 48.50(43.71)
TS3d 47.54 (41.49) 47.21 (41.19) 46.47 (40.29) 47.76 (42.40)
TS3e 4795 (43.48) 48.65(44.31) 48.53 (44.19) 52.92 (48.68)
TS3f 47.52(41.59) 47.38 (41.45) 45.92(39.87) 46.47 (40.46)
TS3g 49.85 (45.20) 49.77 (45.38) 49.92 (45.51) 51.72(47.49)
TS4a 45.41 (40.82) 46.09 (41.39) 47.65 (43.31) 49.63 (45.26)
Int4a 45.15 (40.78) 46.00 (41.58) 46.90 (42.78) 48.12 (44.03)
TS4b 46.41 (41.75) 47.34 (42.43) 47.41 (43.29) 48.79 (44.51)
Int4b 45.82 (41.47) 46.61 (42.07) 45.48 (42.07) 46.29 (41.96)
TS4c 47.25 (42.76) 48.15 (43.70) 49.32 (43.38) 48.89 (45.43)
TS4d 47.95 (43.48) 48.50 (44.97) 49.40 (44.99) 54.39 (49.96)
TS4e 49.06 (44.53) 49.49 (44.97) 50.51 (45.82) 52.78 (48.35)
TS4f 52.36 (48.97) 52.27(49.00) 51.41(48.27) 51.98 (48.78)
Int4f 31.46 (30.40) 31.90(30.94) 33.34(32.37) 33.38(32.32)

Asynchronous concerted elimination of N,

TSS

50.74(46.22)

49.14 (44.69)

“Number in the parentheses are zero point energy corrected values.

asynchronous step-wise denitrogenation paths were 6-10 kcal/mol higher in energy than that

for the synchronous denitrogenation paths.

5.3.2.2 Asynchronous concerted elimination of N,

This path involves a concerted asynchronous cleavage of C—N bond accompanied by a displace-
ment of Ny by carbon radical center. It leads to single inverted cyclopropane with the elimination
of No. The transition state for this path could be optimized only for cis and trans-3,5-dimethyl-
1-pyrazoline. The potential energy profiles obtained for cis and trans-3,5-dimethyl-1-pyrazoline

at CASSCF(4,4)/6-31+G* level of theory are given in Figure 5.9 and the energetics of the

131



CHAPTER 5

60
TSS
E——3
%
e %
A
40 -
& %
& % —
~ & )
= & %
K
E 9"“‘ "‘o
= 20 " ..o’ *
< & "'
S & *
R 3
< & %,
2 & %,
- [R— *
5 0
o) %,
3

© Reactant S
2 K
- )
s —20 1 %,
) %
o

A

%

K

—40 - %
Cyclopropane

Figure 5.9: Asynchronous concerted denitrogenation path obtained for cis and trans-3,5-
dimethyl-1-pyrazoline at CASSCF(4,4)/6-31G* level of theory.

stationary points along asynchronous concerted path are given in Table 5.3. As can be seen from
Table 5.2, the barriers (TSS) for asynchronous concerted denitrogenation paths are ~10-11
kcal/mol higher in energy compared to the barriers obtained for synchronous denitrogenation
path and ~ 1-5 kcal/mol higher in energy than the barriers obtained for asynchronous step-wise
denitrogenation paths. No significant substitution effects on the energetics of denitrogenation

paths were observed.

5.3.3 Alkene Formation

Thermal denitrogenation of pyrazolines also lead to the formation of alkenes in addition to
cyclopropanes. As discussed in Chapter 3, no direct path was obtained for formation of alkene
from the pyrazolines. However, alkene can be formed from Intl or cyclopropane. A schematic
representation of the two possible pathways for alkene formation from pentane-2,4-diyl and
cyclopropane are given in Figure 5.10. In path 1, a H-transfer from the central carbon atom to

one of the terminal carbon atom of pentane-2,4-diyl leads to formation of pent-2-ene. In path
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Figure 5.10: A schematic representation of pentane-2,4-diyl to pent-2-ene formation via H-
transfer.

2, ring opening of cyclopropane followed by a H-transfer from one of the terminal methylene
groups to the other terminal methylene group leads to formation of a carbene. A second
H-transfer from the central carbon atom to the carbene carbon atom leads to formation of
pent-2-ene. The energetics of stationary point structures obtained for alkene formation are given
in Table 5.3. It can be seen that, the barrier for propene formation via path 1 is ~ 23 kcal/mol for
cis and trans-3,5-dimethyl- 1-pyrazolines. An increase in barriers of ~ 2 kcal/mol for propene
formation via path 1 was observed for exo- and endo-2-methyl-3,4-diazabicyclo[3.3.0]oct-3-
ene. The barrier obtained for propene formation via path 2 was found to be very high. It can be
noted that, the relative energies of stationary point structures of path 2 were calculated with
respect to cyclopropane which is ~ 52 kcal/mol lower in energy than Intl. The barriers for ring
opening of cyclopropane followed by H-transfer from one terminal carbon atom to the other

terminal carbon atom was found to be ~ 77 - 82 kcal/mol. It leads to formation of carbene
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Table 5.3: Relative energies (kcal/mol) of stationary point structures along the alkene formation
paths obtained for substituted 1-pyrazolines at CASSCF(4,4)/6-31+G* level of theory®

Structure 1 2 3 4 5

TS1h® 23.19 23.47 23.21 25.01 24.89
TS2ac 77.84 77.68 78.10 81.26 81.74
Int2ac 61.66 61.27 61.32 64.38 64.81
TS2b¢ 72.09 71.89 71.16 74.18 74.89

“Numbers in the parentheses are zero point energy corrected values.
bRelative energy of TS1h was calculated with respect to Intl energy.
“Relative energies were calculated with respect to cyclopropane.

which lies 61-65 kcal/mol above cyclopropane. The barriers for formation of propene from the

carbene intermediate was found to be ~ 10 kcal/mol.

5.4 Results and Discussion: Dynamics

To understand the effect of substitution on the dynamics of denitrogenation, ab initio classical
trajectory simulations were performed for trans-3,5-dimethyl-1-pyrazoline. 500 trajectories
were integrated from the reactant region by using velocity Verlet algorithm. The trajectories
were integrated for 2 ps. Out of 500 trajectories, 43 trajectories were reactive within 2 ps.
The mechanism for the denitrogenation were studied by following various bond distances and
dihedral angles in all the reactive trajectories. The product distribution from the trajectories
are given in Table 5.4. 24 trajectories formed SI products, while 7 formed DI and 12 formed

products with retention of configuration.

Table 5.4: Stereochemistry of cyclopropane obtained for the trajectory simulations from trans-
3,5-dimethyl-1-pyrazoline

Cyclopropane stereochemistry

Single inversion Double inversion  Retention
24/43 (56%) 7/43 (16%) 12/43 (28%)
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5.4.1 Trajectories Following Synchronous Denitrogenation Path

In 25 out of 43 trajectories, it was observed that the C—N bonds dissociated simultaneously.
The plot of C—N bond distances for all the trajectories are plotted in Figure 5.11(a). It can be
seen that the trajectories after initially spanning the reactant region, both the C—N bonds break
in a synchronous fashion. To further understand the atomic-level mechanisms followed in the
trajectories that dissociate via synchronous path, the dihedral angles ZC(5)-C(4)-C(3)-N(2)
along with the C(5)—N(1) distances were plotted for all the synchronous trajectories, IRC path
(synchronous denitrogenation), and the transition state TS1a. The plot of angle ZC(3)-C(4)-
C(5)-N(1) and C(5)—N(1) distance is given in Figure 5.12. As can be seen from Figure 5.12,
all the synchronous trajectories dissociate via the transition state TS1a region. In nine out of 25
trajectories, the dissociation of C—N bonds and closing of C—C bond happen simultaneously
whereas in 16 trajectories the dissociation leads to trimethylene diradical intermediate Intl,
that close to 1,2-dimethylcyclopropane. Snapshots of a representative trajectory that dissociates

via synchronous denitrogenation path is given in Figure 5.13. As can be seen from Figure

(a)
5
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S
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1 15 2 25 3 35 4 45 5 1 15 2 25 3 35 4 45 5

C(1)-N(5) distance (A) C(1)-N(5) distance (A)
Figure 5.11: (a) Trajectories following synchronous denitrogenation path (b) Trajectories
following asynchronous denitrogenation path.
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Figure 5.12: Plot of ZC(3)-C(4)-C(5)-N(1) (degree) vs C(5)—N(1) distance (A) for IRC, and
TS1a, and all the trajectories following synchronous path.
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Figure 5.13: Snapshots of a representative trajectory that dissociates via synchronous denitro-
genation path.

5.13, the initial dissociation of C—N bonds from pyrazoline is synchronous, but the Ny group

dissociates axially.

5.4.2 Trajectories Following Asynchronous Denitrogenation Path

Among the 43 reactive trajectories, 18 trajectories dissociate via asynchronous denitrogenation
path. The plot of C—N distances of denitrogenation process for the 18 trajectories are shown in

Figure 5.11 (b). In these trajectories, one of the C—N bonds first breaks followed by the disso-
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ciation of the other C—N bond. To understand the atomic-level mechanisms of asynchronous
trajectories, the dihedral angle ZC(4)-C(5)-N(1)-N(2) along with the C(5)-N(1) distances for
all the asynchronous trajectories, the MEP for rotation of Ny group about C(5)—N(1) bond, and
stationary points along MEP were plotted in Figure 5.14. It can be seen fromFigure 5.14, none
of the asynchronous trajectories follow MEP. 16 out of 18 trajectories dissociate directly from
the reactant region in an asynchronous fashion. 2 trajectories go through TS3c¢, however instead
of going to diazenyl diradical intermediate, the second C—N bond dissociates directly from
the transition state and closes to cyclopropane. The Ny group in all asynchronous trajectories
also dissociate axially. Snapshots of a representative asynchronous trajectory that do not follow

MERP is given in Figure 5.15.

TS3a, TS4a
TS3b, TS4b
TS3c, TS4c @
Int3a, Int4a @
Int3b, Int4db @

270

Figure 5.14: Plot of ZC(4)-C(5)-N(1)-N(2) (degree) vs C(5)—N(1) distance (A) for all the
asynchronous trajectories, IRC for rotation of N,group about C(5)—N(1) bond, and stationary
points along the IRC.
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Figure 5.15: Snapshots of a representative trajectory that dissociates via asynchronous path
leading to single inverted cyclopropane. This trajectory does not follow the MEP.

5.5 Conclusion

To understand the effect of substitution on the denitrogenation of 1-pyrazoline, the potential en-
ergy profiles for five different substituted pyrazolines ( cis and trans-3,5-dimethyl-1-pyrazoline
and exo- and endo-2-methyl-3,4-diazabicyclo[3.3.0]oct-3-enes) were mapped. For all the five
substituted pyrazolines, the synchronous denitrogenation paths were energetically ~ 6-10
kcal/mol more favourable than the asynchronous step-wise denitrogenation paths and ~ 10-11
kcal/mol more favourable than the asynchronous concerted denitrogenation path. No significant
effect of substitution on energetics of denitrogenation paths were observed. To understand the
effect of substitution on dynamics of denitrogenation of 1-pyrazolines, 500 trajectories were in-
tegrated from trans-3,5-dimethyl-1-pyrazoline. 43 out of 500 trajectories formed product within
2 ps time. Out of 43 reactive trajectories, 24 trajectories lead to single inverted cyclopropane,
7 trajectories lead to double inverted cyclopropane, 12 trajectories lead to cyclopropane with
retention of configuration. From the product distribution, it is clear that there is a preference for
single inverted cyclopropane formation consistent with the experiments. From the trajectory
simulation results, it was observed that both synchronous and asynchronous denitrogenation
paths were equally probable. The synchronous trajectories dissociate via TS1a and follow MEP,

whereas the asynchronous trajectories do not follow MEP.
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DENITROGENATION OF PYRAZOLINES UNDER

MECHANICAL STRESS

6.1 Introduction

echanochemistry is an emerging field which uses mechanical force to activate
chemical reactions.'?®132 The reaction pathways and products obtained from
mechanochemical reactions are often different from that obtained from thermally
and photochemically activated reactions.'** To understand the effects of mechanical force
on chemical reactions, several experimental and theoretical studies have been carried out. '**
Benzocyclobutene-based mechanophores have received a lot of attention recently. '3%!35-13% The
ring opening of benzocyclobutene is governed by Woodward-Hoffmann rules which is based
the on conservation of orbital symmetry.'4%!4! According to Woodward-Hoffmann rules, 44!
conrotatory ring opening of benzocyclobutene is thermally allowed whereas disrotatory ring

opening of benzocyclobutene is photochemically allowed. Thus, the ring opening of cis- and

trans-1,2-dimethyl substituted benzocyclobutene in the presence of heat leads to (£, Z) and
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(E, E)-ortho-quinodimethide (0QDM) and in the presence of light, it leads to (£, £) and (£,
Z)-0QDM respectively. Moore and co-workers '*® recently reported that under sonochemical
conditions, the ring opening proceeds along the formally forbidden pathway and both cis- and
trans-substituted benzocyclobutene lead to (£, £/)-0QDM. A similar observation was reported
by Lenhardt et al'*? for the ring opening of gem-difluoroclopropane (§DFC). The disrotatory
ring opening of gDFC is thermally allowed and conrotatory ring opening pathway is thermally
forbidden. So, ring opening of cis-gDFC happens through an s-trans/s-trans diradical, whereas
the trans-gDFC opens through an s-trans/s-cis diradical. However, when this reaction was
carried out in the presence of mechanical force generated by ultrasound '*?, both cis- and trans-
gDFCs opened via the same s-trans/s-trans diradical transition state. The mechanochemical
cycloreversion of 1,2,3-triazole to azide and alkyne also have gained a lot of attention in
the recent years.'#7146 Several experimental and theoretical calculations have been carried
out to understand the possibility of cycloreversion of 1,2,3-trizole under mechanical stress. A
theoretical work by Smalg and Uggerud '** concluded that mechanical force alone is insufficient
to undergo cycloreversion of 1,2,3-triazoles. However, a recent theoretical study predicted the
possibility of metal-assisted mechanochemical cycloreversion of 1,5-regioisomers of 1,2,3-
triazoles. '*> Based on experimental study using atomic force microscopy (AFM), Khanal et
al 146 concluded that mechanical cycloreversion of 1,2,3-triazoles is possible below 860 pN force.

A recent experimental study '47

reported stereoselective formation of bicyclo-cyclopropane via
ultrasound assisted decomposition of pyrazoline derivatives. A significant increase in rate of
the reaction and yield of bicyclo-cyclopropane were observed in the case of ultrasound assisted
decomposition of pyrazoline derivatives compared to the decomposition via photolysis method.
It is of fundamental interest to understand the mechanism and dynamics of reactions under
mechanical stress. In the present study, the effect of mechanical force on 1-pyrazoline and trans-

and cis-3,5-dimethyl-1-pyrazoline was investigated computationally by using CASSCF method

and 6-31+G* basis set. The effect of mechanical force on the denitrogenation mechanism of

140



DENITROGENATION OF PYRAZOLINES UNDER MECHANICAL STRESS

trans- and cis-3,5-dimethyl-1-pyrazoline was also investigated by mapping the potential energy

profiles of denitrogenation paths at different external force.

6.2 Methodology

The effect of mechanical force on 1-pyrazoline and trans- and cis-3,5-dimethyl-1-pyrazolines
were investigated by using CASSCF methods with 6-31+G* basis set.*!!>!1® The CASSCF
calculations were performed with (8,8) active space. For 1-pyrazoline, the active space for
CASSCEF calculations includes oc.N, o¢ y orbitals of both the C—N bonds and o¢.c and o -
orbitals of both the ring C—C bonds. The orbitals used in the CASSCF active space for
1-pyrazoline are given in Figure 6.1(a). The active space for trans- and cis-3,5-dimethyl-1-
pyrazoline includes oc.n, o orbitals of both the C—N bonds and oc.c and o - orbitals of the
terminal C—CHj; bonds. The orbitals used for the CASSCEF calculations for trans-3,5-dimethyl-
1-pyrazolines are given in Figure 6.1(b). Similar orbitals were used for cis-3,5-dimethyl-1-
pyrazoline. Constrained geometry simulate external force (COGEF) method '*® was used to
understand the effect of external force on 1-pyrazoline, trans- and cis-3,5-dimethyl-1-pyrazoline
and their denitrogenation paths. In COGEF method, two atoms of a molecules are considered
as pulling points (PPs). Mechanical stress is then simulated by increasing the distance between
two PPs gradually in a step-by-step process with a distance constraint between the PPs given
by:

q(x) = [xi = x;| — qo (6.1)

where ¢(x) is the distance constraint as a function of nuclear Cartesian coordinates X, X; is the
position of atom 7, X; is position of atom 7, and ¢ is the target distance between the pulling
points ¢ and j. Due to the constraint imposed on the molecule, the PES of the molecule (COGEF

potential) can be obtained by minimizing the function

VCOGEF<X7 Q) = VBO(X) - )\Q(X) (6.2)
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Figure 6.1: Orbitals used in the active space for the CASSCEF calculations of (a) 1-pyrazoline
and (b) trans-3,5-dimethyl-1-pyrazoline.

with respect to x and the Lagrange multiplier A. Here, Vcoger(X, ¢) is the force-modified
potential energy and Vg is the Born-Oppenheimer potential energy without any constraints.
For stationary points corresponding to each value of PPs distance a restoring force F of
magnitude ' acts on the PPs. The molecules considered in the present study along with
their atom numbering schemes are given in Figure 6.2. For 1-pyrazoline, the two ring carbon
atoms C(1) and C(3), were considered as PPs; for trans-cis-3,5-dimethyl-1-pyrazoline, C(6)

and C(9) were considered and for cis-3,5-dimethyl-1-pyrazoline, C(6), C(8) carbon atoms
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N—N N—N
4 5 4 5
1-pyrazoline cis-3,5-dimethyl-1-pyrazoline  trans-3,5-dimethyl-1-pyrazoline

Figure 6.2: Molecules considered in the study and their atom numbering schemes.

were considered as PPs. The stationary point structures were characterized by computing the
harmonic vibrational frequencies. All the calculations were performed using Gaussian 09
software packages.!!® The important geometrical parameters considered in the study are given

in Table 6.1.

Table 6.1: Important geometrical parameters considered in the present study®

Parameters 1-pyrazoline trans-3,5-dimethyl-1-pyrazoline cis-3,5-dimethyl-1-pyrazoline
¢1 : C(1)-C(2)-C(3)-N4) v v v
P2 1 C(2)-C(3)-N(4)-N(5) v v v
@3 : C(3)-C(2)-C(1)-H(6) v NA NA
@4 1 C(3)-C(2)-C(1)-H(7) v v v
@5 : C(1)-C(2)-C(3)-H(8) v v NA
o6 : C(1)-C(2)-C(3)-H(9) v NA v
@7 : C(3)-C(2)-C(1)-C(6) NA v v
¢s : C(1)-C(2)-C(3)-C(8) NA NA v
@9 : C(1)-C(2)-C(3)-C(9) NA v NA
01 : C(1)-C(2)-C(3) v v v
dy : C(1)-N(5) v v v
dy : C(3)-N(4) v v v
ds : C(1)-C(2) v NA NA
ds : C(2)-C(3) v NA NA
ds : C(1)-C(6) NA v v
ds : C(3)-C(8) NA NA v
dr7 : C(3)-C(9) NA v NA

“NA: not applicable and v denotes that the parameter is considered.
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6.3 Results and Discussion

6.3.1 Effect of External Force on the 1-Pyrazoline

Similar to 1,2,3-triazole, 1-pyrazoline is also formed by the 1,3-dipolar cycloaddition of
diazomethane and ethene. So, application of external force along C(1) and C(3) carbon atoms of
1-pyrazoline may lead to breaking of C(2)—C(3) and C(1)—N(5) bonds and form diazomethane
and ethene as observed in the case of 1,2,3-triazole or it may lead to breaking of C(1)—N(5)
and C(3)—N(4) bonds and form cyclopropane (Figure 6.3). To understand the effect of external
force on 1-pyrazoline, COGEEF calculations were performed by considering C(1) and C(3)
carbon atoms as PPs at CASSCF(8,8)/6-31+G* level of theory. The PPs distance was increased
in a step-wise fashion and the geometry of 1-pyrazoline was optimized at each point by fixing
the PPs distance. The relative energies of 1-pyrazoline and F’ values in nano Newton (nN) for
different displacement of the PPs from the equilibrium distance (ro, Ar = r¢y—c@3) — 7o) are
given in Figures 6.4 (a) and 6.4 (b), respectively. Here, r,=2.38 A. It can be seen from Figure
6.5 (a) and (b), both the relative energy and force along the C(1)—C(3) carbon atoms increase
with the increase in PPs distance. A maximum force of 22.45 nN was observed for the Ar

distance of 0.8 Acorresponding to an energy of 105.99 kcal/mol. The change in geometrical

+ -
H2C:CH2 + HzC:N:NH

Ao
N—N Pay 5~ /\
+

N>

Figure 6.3: The two possible dissociation pathways of 1-pyrazoline in the presence of external
force along C(1) and C(3) carbon atoms.
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Figure 6.4: (a) Plot of relative energy of 1-pyrazoline vs Ar distance (b) force along terminal
C(1)—C(3) carbon atoms in nano Newton (nN) vs Ar distance.

parameters of 1-pyrazoline with the increase in PPs distance is given in Table 2. 1-Pyrazoline
has Cs symmetry. C(1), C(3), N(4), and N(5) atoms of 1-pyrazoline lie on the same plane and
C(2) methylene group can lies above or below the plane containing C(1)—C(3)—N(4)—N(5)
atoms. It can be seen from Table 6.2 that the application of force results in having all the
five ring atoms of the molecules on the same plane (¢; and ¢, = 0 °). It should be pointed

that a similar structure was obtained in the potential energy profile of 1-pyrazoline in the

Table 6.2: Geometrical parameters of 1-pyrazoline for different Ar values obtained at
CASSCEF(8,8)/6-31+G* level of theory”

Ar (A) ®1 o5 th d; dy ds dy

0 -17.68 12.01 101.24 1.52 1.52 156 1.56
0.1 -0.03 -0.02 103.36 1.52 1.52 1.58 1.58
0.2 -0.01 0.00 10592 1.54 1.54 162 1.62
0.3 0.00 0.00 108.13 1.56 1.56 1.65 1.65
04 0.00 0.00 110.02 1.59 1.59 1.70 1.70
0.5 0.00 0.00 111.65 1.61 1.61 174 1.74
0.6 0.00 0.00 113.08 1.64 1.64 179 1.79
0.7 -0.01 0.02 11441 1.67 1.67 183 1.83
0.8 0.04 -0.01 115.95 1.72 1.72 1.87 1.87
0.9 -178.74 043  51.29 5.48 1.30 395 1.36

¢ Distances are in A and angles are in degree.
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absence of external force where all the five atoms of the ring are on the same plane. However,
it was found to be a transition state which lies ~ 0.5 kcal/mol above reactant that connects
two conformational isomers . Thus, the external force stabilizes the TS structure to result in a
minimum. With the increase in PPs distance, a symmetric increase in both the C—N and C—C
distances were observed until Ar = 0.8 A. At Ar distance of 0.9 A, the molecule breaks into

diazomethane and ethene.

6.3.2 Effect of External Force on trans-3,5-dimethyl-1-pyrazoline

To understand the effects of external mechanical force on trans-3,5-dimethyl-1-pyrazoline,
COGEEF calculations were performed by increasing the distance between C(6) and C(9), the
carbon atoms of the substituents at C(1) and C(3). Two different approaches were used to
calculate the effect of external force on trans-3,5-dimethyl-1-pyrazoline: (1) simultaneous
stretching of both the C—CHj covalent bonds and (2) stretching of one of the C—CHj covalent
bonds. A schematic representation of the two paths used to simulate the effect of external force
on trans-3,5-dimethyl-1-pyrazoline at different PPs is given in Figure 6.5. The distance between
the two PPs were increased gradually and the geometries of the stationary point structures
were optimized by fixing the PPs distances and relaxing other geometrical parameters. The
relative energies of trans-3,5-dimethyl-1-pyrazoline and F’ values for different displacements
of PPs from the equilibrium distance (rg, Ar = r¢e—c) — 7o) for both the pathways are
plotted in Figure 6.6. Here, ro = 4.87 A. It can be seen from Figure 6.6, with the increase in
PPs distance, the energy of trans-3,5-dimethyl-1-pyrazoline increases for both the stretching
pathways. At lower PPs distances, the relative energies of stationary point structures of the
simultaneous stretching pathway are lower in energy than that for one bond stretching pathway.
However, at Ar above 1.4 A, the energies of the stationary point structures along the single
C—CHj; stretching pathway was lower than the simultaneous stretching pathway. At larger PPs

distances, the two bond stretching pathway results in the fragmentation of both the terminal
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Figure 6.5: Schematic representation of the two approaches used to simulate the effect of
external force on trans-3,5-dimethyl-1-pyrazoline.

methyl groups and hence the observed larger energies. However, increasing the PPs distance
for single bond stretching would result in the breaking of the stretching bond only. Similarly,
the forces for both the pathway initially increases with the increase in PPs distance and then it
decreases. The single C—CHj stretching pathway attained a maximum force of 10.3 nN at Ar
=0.5 A and simultaneous stretching pathway attained a maximum force of 11.9 nN at Ar = 1.3

A. The changes in important geometrical parameters of trans-3,5-dimethyl-1-pyrazoline for
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Figure 6.6: (a) Plot of relative energies of trans-3,5-dimethyl-1-pyrazoline vs Ar and (b) F’
values vs Ar.
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different Ar values are given in Table 6.3. It can be seen from Table 6.3, for the synchronous
stretching path, with the increase in the PPs distance, the ¢, angle increases and then decreases
while ¢ angle decreases and then increases. At Ar between 0.2 and 0.3 A, trans-3,5-dimethyl-
I-pyrazoline attains a planar structure. This planar structure is a transition state in the potential
energy profile of trans-3,5-dimethyl-1-pyrazoline in the absence of external force. The ¢3 and
¢4 angles increase while ¢5 and ¢ angles decrease with the increase in PP distance. Similarly, a
synchronous increase in d; and dg distances were observed as expected. However, no significant

changes in the C—N distances d; and ds with the increase in PP distance were observed.

For the single C—CHj stretching pathway, no significant changes in ¢1, ¢2, ¢3, ¢4, 01, da,
and d; parameters with the increase in PP distance were observed. Only changes in d; and dj
distances that are related to pulling direction were observed with the increase in the PP distance.
The C—N distance d; decreases and the C—C distance dy increases with the increase in the PP

distance.

Table 6.3: Geometrical parameters of trans-3,5-dimethyl-1-pyrazoline at different Ar values
obtained at CASSCF(8,8)/6-31+G* level of theory“

Ar (A) P1 ®2 ¢3 P4 ®s D6 6 dq do ds dr
Path 1- Simultaneous stretching of both the C—CHj; group

0 -16.52 10.78 -101.43 13198 96.82 -136.91 102.71 152 152 1.55 1.55
0.1 -6.89 48 -113.13 12090 106.60 -127.44 10347 152 152 156 1.56
0.2 -0.51  1.54 -12245 11212 112.02 -122.54 10393 1.52 152 157 1.57
0.3 -0.82 273 -12473 11044 11043 -124.74 10428 152 152 1.59 1.59
0.4 -1.11 374 -126.88 108.93 108.93 -126.88 104.61 152 152 1.61 1.61
0.5 -1.34 453 -128.77 107.76 107.76 -128.77 10493 152 152 1.63 1.63
1.0 -1.83  6.26 -134.77 105.00 105.94 -13476 10594 1.53 153 1.75 1.75
Path 2- Stretching of one of the C—CHj; group

0 -16.5 10.78 -101.43 13198 96.82 -13691 102.71 1.52 152 155 1.55
0.1 -17.12  11.24  -99.68 134.69 96.17 -137.52 102.43 151 152 1.65 1.55
0.2 -17.84 11.75 -97.74 13749 9538 -138.26 102.15 151 152 1.75 1.55
0.3 -18.39 12.18 -96.01 140.16 9476 -138.85 10191 150 1.52 1.85 1.55
0.4 -18.87 12.58 -9443 142775 9421 -139.37 101.67 150 152 195 1.55
0.5 -19.15 12.87 -93.11 145.14 93.87 -139.70 10147 1.49 152 2.05 1.55
1.0 -19.17 1330 -89.44 153.73 93.65 -139.88 100.84 147 152 245 1.55

¢ Distances are in A and angles are in degree.
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6.3.3 Effect of External Force on Cis-3,5-dimethyl-1-pyrazoline

To understand the effect of external mechanical force on cis-3,5-dimethyl-1-pyrazoline, the
energies of cis-3,5-dimethyl-1-pyrazoline at different PPs distances were calculated by using
COGEF method. For cis-3,5-dimethyl-1-pyrazoline also, the two methyl carbon atoms C(6)
and C(8) were considered as the PPs. The two different approaches were used to calculate
the effect of external force on cis-3,5-dimethyl-1-pyrazoline: (1) simultaneous stretching of
both the C—CHj; covalent bonds and (2) stretching of one of the C—CHj covalent bonds. A
schematic representation of the two paths used to simulate the effect of external force on
cis-3,5-dimethyl-1-pyrazoline at different PPs distances are given in Figure 6.7. The relative
energies of cis-3,5-dimethyl-1-pyrazoline and F' values obtained for displacement of different
PPs distances from the equilibrium distance (¢ = 4.827, Ar = r — r) for both the pathways
are plotted in Figure 6.8. It can be seen from Figure 6.8, with the increase in the PPs distance,
the energy of cis-3,5-dimethyl-1-pyrazoline increases for both the stretching pathways. At
lower PPs distances, the relative energies of the stationary point structures for simultaneous
stretching pathway are lower in energy. However, for Ar values larger than 1.5 A, the energies

of stationary point structures along the single C—CHj stretching pathway was lower than that

A
\H3C\ . /CH3

~ s
~ s

H —
~_ /4 W“‘X N=N
H;C. mCHg, /
H N _ N H })\A /CH3

at, .
Cis-3,5-dimethyl-1-pyrazoline h2 H3C /(X

HN:NH

Figure 6.7: Schematic representation of the two approaches used to simulate effect of external
force on cis-3,5-dimethyl-1-pyrazoline.
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Figure 6.8: (a) Plot of relative energies of cis-3,5-dimethyl-1-pyrazoline vs Ar and (b) F' values
vs Ar.

for simultaneous stretching pathway. Similarly, the magnitude of forces for both the pathways
initially increase with the increase in the PPs distances and then decrease. The maximum
force for the symmetrical and asymmetrical stretching occur at Ar values of 1.5 and 0.5
A, respectively. The important geometrical parameters of cis-3,5-dimethyl-1-pyrazoline at
different Ar distances are given in Table 6.4. For the symmetrical stretching path, ¢, angle
decreases and ¢, angle increases with the increase in the PP distance which is in contrast to the
observation for trans-3,5-dimethyl-1-pyrazoline where these angles become 0°. The dihedral
angles ¢3 and ¢, increase whereas ¢5 and ¢ decrease with the increase in the PPs distance.
The distances d5 and ds increase with the increase in PPs distance. No appreciable changes
in d; and d, distances were observed. For single C—CHj3; stretching pathway, no appreciable
changes in any of the geometrical parameters were observed except for dy and dg distances,

where ds was found to decrease while dg increased with increase in PP distance.

6.3.4 Effect of External Force on Energetics of Denitrogenation Paths

Obtained for Trans- and Cis-3,5-dimethyl-1-pyrazoline

To understand the effect of external force on the potential energy profile of denitrogenation

of trans- and cis-3,5-dimethyl-1-pyrazoline, the denitrogenation paths were mapped at four
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Table 6.4: Geometrical parameters of cis-3,5-dimethyl-1-pyrazoline at different Ar distances
obtained at CASSCF(8,8)/6-31+G* level of theory®

Ar(A) ¢ ?2 ¢3 N ?s b6 01 i dy ds  ds
Path 1- Stretching of one of the C—CHj; group

0 -21.32 1432 -91.52 14194 91.52 -141.94 102.17 152 1.52 1.55 1.55
0.1 -25.10 16.85 -87.10 146.42 87.10 -146.42 101.63 1.52 1.52 1.55 1.55
0.2 -28.44 19.08 -83.02 150.66 83.02 -150.66 101.06 1.52 1.52 1.55 1.55
0.3 -31.16 20.88 -79.51 154.45 79.51 -154.45 100.55 152 1.52 1.56 1.56
0.4 -33.20 22.29 -76.71 153.63 76.71 -153.63 100.20 1.53 1.53 1.57 1.57
0.5 -3455 23.12 -74.62 160.17 74.62 -160.17 100.04 153 1.53 1.59 1.59
1.0 -35.62 23.78 -71.64 166.15 71.64 -166.15 101.08 154 1.54 1.74 1.74
Path 2- Simultaneous stretching of both the C—CHj; group

0 -21.32 1432 -91.52 14194 9152 -141.94 102.17 1.52 152 155 1.55
0.1 -21.50 14.62 -92.43 140.21 92.43 -139.72 10221 1.52 1.52 1.55 1.56
0.2 -21.74 14.88 -93.28 139.84 93.28 -137.49 10232 152 1.51 1.55 1.57
0.3 -21.83 15.23 -93.83 13843 93.83 -134.30 102.65 152 1.51 1.55 1.59
0.4 -21.98 1551 -94.42 137.21 9442 -132.66 103.01 1.52 1.50 1.55 1.61
0.5 -22.17 1592 -94.78 136.40 94.78 -130.32 103.03 1.52 149 155 1.64
1.0 -23.01 1645 -95.89 13439 9589 -12549 10400 1.52 146 155 1.71

¢ Distances are in A and angles are in degree.

different magnitude of forces, 0.5, 1.8, 4.6, and 10.2 nN corresponding to the Ar distances 0.2,
0.3,0.5,and 1.0 A, respectively. Both synchronous and asynchronous denitrogenation paths

were considered in this study.

6.3.4.1 Synchronous Denitrogenation Path

Trans-3,5-dimethyl-1-pyrazoline. Synchronous denitrogenation of trans-3,5-dimethyl-1-pyrazoline
leads to trimethylene diradical intermediate Intl via the transition state TS1a. In the present
study, to understand the effect of external force on the synchronous denitrogenation path,
Reactant, TS1a, and Intl were optimized at different fixed PPs distance. Here, C(6) and C(9)
carbon atoms were considered as PPs. The relative energies of the stationary point structures
obtained for the synchronous denitrogenation paths for different /' values are given in Figure
6.9 and Table 6.5. It can be seen from Table 6.5, the relative energies of TS1a decreases

with the increase in F' values. However, the Intl energies increases by ~ 3 kcal/mol with
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Figure 6.9: Synchronous denitrogenation paths of trans-3,5-dimethyl-1-pyrazoline for different
F values.

the increase in F' values. The important geometrical parameters of stationary point structures
obtained at different /' values are given in Table 6.6. It can be seen from Table 6.6, with the
increase in the external force, a significant increase in ¢, ¢5, ¢4, and ¢, angles and d5 and
dg distances and decrease in ¢9, ¢3, and ¢, angles were observed. At a F’ value of 4.6 nN,
the terminal methylene groups of TS1a become close to a pyramidal structure (¢3=-103.49°,

04=116.76°, p5=103.49°, and ¢p4=-116.76°). Similar to TS1a, in Int1 also a significant increase

Table 6.5: Relative energies (kcal/mol) of stationary points along synchronous denitrogenation
path of trans-3,5-dimethyl-1-pyrazoline at different F' values obtained at CASSCF(8,8)/6-
31+G* level of theory

Structure OnN 0.5nN 1.8nN 4.6nN 10.2 nN

TS1a 4030 40.24 3952 36.24  31.81
Int1 10.83 11.01 11.56 12.20 14.12
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Table 6.6: Geometrical parameters for stationary points along the synchronous denitrogenation
path for different /' values obtained at CASSCF(8,8)/6-31+G* level of theory®

Structure F (nN) ¢, $2 ®3 o @5 o th i dy ds  ds

TS1a 0 -3995 1971 -65.83 151.75 65.83 -151.75 115.69 2.11 2.11 153 1.53
0.5 -34.16 1834 -76.58 14698 76.58 -146.98 117.84 2.11 2.11 154 1.54
1.8 -29.23 13.88 -79.27 141.63 79.27 -141.63 118.74 2.12 2.12 155 1.55
4.6 -17.65 14.07 -103.49 116.76 10349 -116.76 120.01 2.13 2.13 1.56 1.56
10.2 -2.36 1062 -131.76 9295 131.76 -9295 12056 2.12 2.13 1.61 1.6l

Intl 0 - - -109.11 135.67 109.11 -135.67 118.42 - - 1.53 1.53
0.5 - - -113.51 121.28 113.51 -121.28 11930 - - 1.54 1.54
1.8 - - -119.34 114.23 11934 -114.23 120.89 - - 1.55 1.55
4.6 - - -126.41 107.18 12641 -107.18 12243 - - 1.57 1.57
10.2 - - -132.32  103.40 13232 -103.40 12540 - - 1.61 1.61

¢ Distances are in A and angles are in degree.

in ¢3, ¢5, and 6, angles and d; and dg distances and a decrease in ¢4, ¢¢ angles were observed.
Cis-3,5-dimethyl-1-pyrazoline. The potential energy profiles for the synchronous denitrogena-
tion path of cis-3,5-dimethyl-1-pyrazoline were also mapped at four different magnitude of
forces, 0.5, 1.8, 4.6, and 10.2 nN corresponding to Ar distances 0.2, 0.3, 0.5, and 1.0 A, res-
pectively. For cis-3,5-dimethyl-1-pyrazoline, C(6) and C(8) carbon atoms were considered as
PPs. The relative energies of stationary point structures obtained at CASSCF(8,8)/6-31+G*
level of theory for different Ar distances are given in Table 6.7 and Figure 6.10. In contrast to
trans-3,5-dimethyl-1-pyrazoline, the relative energy of TS1a for cis-3,5-dimethyl-1-pyrazoline
increases with the increase in the external force up to 4.6 nN and then it decreases at 10.2 nN
force. The Intl energy increases by ~ 3 kcal/mol with the increase in 7' up to 10.2 nN. The
important geometrical parameters of TS1a and Intl obtained in the presence of different F'

values are given in Table 6.8. It can be seen from Table 6.8 that with the increase in external

Table 6.7: Relative energies (kcal/mol) of stationary points along synchronous denitrogenation
path of cis-3,5-dimethyl-1-pyrazoline for different F' values obtained at CASSCF(8,8)/6-31+G*
level of theory

Structure OnN 0.5nN 1.8nN 4.6nN 10.2 nN

TS1a 40.15 41.00 42.06 44.84 2842
Intl 10.79 11.23  11.89 13.18 14.76
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Figure 6.10: Synchronous denitrogenation path of cis-3,5-dimethyl-1-pyrazoline at different

external forces.

force, a slight decrease in ¢; angle and a slight increase in ¢, angle of TS1a were observed

which is in contrast to trans-3,5-dimethyl-1-pyrazoline where a significant increase in ¢; and a

decrese in ¢, angle were observed. No significant changes in ¢3, ¢4, ¢5, and ¢4 angles were

Table 6.8: Geometrical parameters for stationary points along synchronous denitrogenation
path for different /' values obtained at CASSCF(8,8)/6-31+G* level of theory

Structure F' (nN) ¢ ®2 ¢3 o ®s o 01 di  dy ds ds

TS1a 0 -41.17 22.03 -60.08 156.67 60.08 -156.67 113.52 2.11 2.11 1.53 1.53
0.5 -44.60 24.08 -5444 163.03 54.44 -163.03 11321 2.1 2.1 155 1.55
1.8 -45.27 2452 -5290 165.04 5290 -165.04 11325 2.1 2.1 1.57 157
4.6 -4533 2463 -51.62 16750 51.62 -167.50 113.73 2.08 2.08 1.61 1.61
10.2 -44.48 2420 -51.83 168.76 51.83 -168.76 11494 2.07 2.07 1.67 1.67

Intl 0 - - -109.11 133.57 109.11 -133.57 117.47 - - 1.53 1.53
0.5 - - -118.21 127.18 118.21 -127.18 118.32 - - 1.55 1.55
1.8 - - -121.32 119.83 121.32 -119.83 121.23 - - 1.57 1.57
4.6 - - -127.56 111.74 127.56 -111.74 123.54 - - 1.59 1.59
10.2 - - -131.52 101.10 131.52 -101.10 125.19 - - 1.62 1.62

¢ Distances are in A and angles are in degree.
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observed. ¢3 and ¢, angles increases by ~ 10 ° whereas ¢5 and ¢ angle decreases by ~ 10 °
with increase in the F' values. The d5 and d distances increase symmetrically with the increase

in F' values. However, no changes in d; and d, distances were observed.

6.3.4.2 Asynchronous Step-wise Denitrogenation Path

Trans-3,5-dimethyl-1-pyrazoline. The potential energy profiles for asynchronous step-wise
denitrogenation paths of trans-3,5-dimethyl-1-pyrazoline were also mapped at four different
F values of 0.5, 1.8, 4.6, and 10.2 nN corresponding to the Ar distances 0.2, 0.3, 0.5, and
1.0A respectively. The two different asynchronous step-wise denitrogenation paths observed
for normal 1-pyrazoline were considered in the present study: (i) asynchronous step-wise
denitrogenation path through a planar DZ intermediate - where the terminal methylene group
of DZ is planar in nature (ii) asynchronous step-wise denitrogenation path through a pyramidal
DZ intermediate - where the terminal methylene group of DZ is pyramidal in nature. First, all
the four asynchronous step-wise transition states TS3a, TS3c, TS4a, and TS4c obtained for

the initial cleavage of C—N bond from reactant (Chapter 5) were optimized in the presence of

Table 6.9: Geometrical parameters of TS3a, TS3c, TS4a, TS4c at different /' values obtained
at CASSCF(8,8)/6-31+G* level of theory“

Structure F'(nN) o1 ¢2 ¢3 ¢4 08 o6 0 d; dy ds dg
TS3a 05nN -68.13 111.88 -88.79 9376  49.54 -174.39 11473 346 1.55 1.53 1.55
TS3c¢ 0 -71.20 -11.38 14.70 176.33 4539 16854 11742 328 156 1.53 1.55

0.5 -68.53  -4.89 16.11 17898 47.76 171.16 120.76 322 1.56 1.57 1.57
1.8 -67.38 -1.52 16.49  179.83 48.77 172.23 12246 320 1.56 1.55 1.58
4.6 -65.26 4.13 16.68 -179.21 50.55 174.08 12578 3.18 156 1.56 1.60
102 -61.74 5095 15.86 -177.86 5294 176.41 133.77 329 156 1.65 1.68

TS4a 0 -69.59 9034 -74.61 88.24 47.60 17235 115.18 3.22 1.55 1.53 1.55
0.5 -64.14 8748 -90.24  80.70 5291 17794 11898 3.15 1.55 153 1.55
1.8 -65.00 88.74 -11646 8443 51.76 176.74 11434 3.13 1.55 153 1.55
4.6 -5490 7523 -13042 77.52 60.94 -174.07 115.18 292 1.55 154 1.56
10.2  -40.30 6298 -14553 66.57 72.83 -162.41 118.81 285 1.56 1.65 1.67

TS4c 0 -60.29 -60.49 -71.09 87.51 53,50 177.12 11532 353 156 1.53 1.55
0.5 -57.78 -60.39 -91.30 7274 56.00 -179.96 11592 350 1.56 1.53 1.56
1.8 -58.80 -71.08 -179.16 15.07 5149 17692 115772 3.67 158 1.64 1.67

¢ Distances are in A and angles are in degree.
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external forces. The geometrical parameters of TS3a, TS3c, TS4a, and TS4c at different F'
values obtained at CASSCF(8,8)/6-31+G* level of theory are given in Table 6.9. It can be seen
from Table 6.9 that ¢3 and ¢, angles for TS3a at F= 0.5 nN was found to be -88.79 ° and 93.76
° respectively which are typical values for a pyramidal type TS. The transition state TS3a could
not be optimized for other F' values. Optimization of TS3a for such external force values leads
to the pyramidal transition state TS4a. The transition states TS3¢ and TS4c¢ could be optimized
at all the different external forces. For TS3a, a significant increase in ¢1, ¢, ¢4, @5, ¢g, 01
angles and dS and d6 distances with the increase in PPs distance were observed. For TS4a, ¢,
angle increases and ¢, decreases by ~ 30 ° with the increase in PPs distance. Similarly, the ¢3
and ¢, angles decrease by ~ 70 ° and ~ 20 ° and ¢35 and ¢g angle increases by ~ 20 ° with
the increase in PPs distance. The transition state TS4c¢ could be optimized only for the PPs
distance of 0.2 A. With the further increase in PPs distances, rotation of terminal methylene
group of DZ transition state happens resulting in a change from a pyramidal to planar form
TS3c. The relative energies of the transition states TS3a, TS3c, TS4a, and TS4c at different I’
values are given in Table 6.10. It can be seen from Table 6.10, that the relative energies of the
asynchronous step-wise transition states decrease with the increase in external force.

Cis-3,5-dimethyl-1-pyrazoline. The potential energy profiles for asynchronous step-wise deni-
trogenation of cis-3,5-dimethyl-1-pyrazoline were also mapped at four different /' values of 0.5,
1.8, 4.6, and 10.2 nN corresponding to the Ar distances of 0.2, 0.3, 0.5, and 1.0 A respectively.

To understand the energetics of denitrogenation paths, first the four transition states TS3a,

Table 6.10: Relative energies (kcal/mol) of TS3a, TS3c, TS4a and TS4c for different F' values
obtained at CASSCF(8,8)/6-31+G* level of theory®

Structure OnN 0.5nN 1.8nN 4.6nN 10.2 nN

TS3a 46.59 46.18 NF NF NF
TS3c 50.15 50.27 49.79 47.28  33.23
TS4a 4721 4586 4395 41.63  35.18
TS4c 48.26 47.68 NF NF NF

“NF: not found
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Table 6.11: Geometrical parameters of TS3a, TS3c, TS4a, TS4c at different F' values obtained
at CASSCF(8,8)/6-31+G* level of theory“

Structure F' (nN) ®1 ®2 ®s3 P4 &5 b6 6 d dy ds ds

TS3a 0 nN -69.63 97.18 -53.03 152.65 47.64 17259 11427 327 156 153 1.55
0.5nN -71.85 94.12 -45.82 15895 44.04 169.42 11397 326 156 1.55 1.57
1.8nN -71.82 9263 -43.78 160.36 43.48 169.14 11421 325 156 157 1.59
46nN -71.04 89.65 -40.34 162.84 4337 169.50 11522 3.25 157 1.59 1.62
10.2nN -70.38 87.03 -38.78 164.00 43.59 169.96 116.16 3.24 157 1.65 1.67

TS3c 0 nN -60.06 -62.23 -42.69 16391 5342 177.22 11441 354 1.57 153 1.55
0.5nN -61.62 -63.15 -36.70 16740 5048 177.67 113.80 3.57 157 1.55 1.58
1.8nN -61.46 -65.00 -34.57 16843 50.02 176.41 113.99 3.60 157 1.60 1.60
46nN -60.74 -65.40 -30.79 170.25 4995 174.63 11491 3.62 157 1.61 1.64
10.2nN -60.15 -67.52 -28.75 171.23 50.16 17493 11580 3.65 157 1.64 1.67

® Distances are in A and angles are in degree.

TS3c, TS4a, and TS4c for the asynchronous cleavage of C—N bond from cis-3,5-dimethyl-
1-pyrazolines were optimized at the different external forces. The geometrical parameters of
the transition states obtained at CASSCF(8,8)/6-31+G* level of theory are given in Table
6.11. The transition states TS4a and TS4c of asynchronous step-wise denitrogenation path for
cis-3,5-dimethyl-1-pyrazoline do not exist in the presence of external forces. Optimization of
these structures in the presence of external forces lead to the corresponding planar transition
states TS3a and TS3c. For transition state TS3a, no appreciable change in ¢1, ¢¢, and 6, angles
and d; and d, distances were observed with the increase in external force. The angle ¢, of
TS3a decreases by ~ 10 ° whereas ¢3 and ¢, increases by ~ 10 ° with increase in the force.
Both the C-CHj distances also increases with the increase in the external force. Similarly, for
TS3c also, no appreciable change in ¢, ¢2, @5, ¢g, and 0 angles and d; and ds distances were
observed with the increase in the force. The ¢3 angle decreases by ~ 14 © and both the C-CH;
distances increase with the increase in external force. The relative energies of TS3a and TS3c
at different external forces are given in Table 6.12. It can be seen from Table 6.12 that the
relative energies of both the transition states TS3a and TS3c initially increase with the increase
in external force up to 4.6 nN and then decrease by ~ 12-14 kcal/mol for external force of 10.2

nN.
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Table 6.12: Relative energies (kcal/mol) of TS3a, TS3c, TS4a, and TS4c at different /' values
obtained at CASSCF(8,8)/6-31+G* level of theory

Structure OnN 0.5nN 1.8nN 4.6nN 10.2nN

TS3a 46.57 47.80 49.16 50.74  32.80
TS3c 4855 49.76  51.11 5290  34.05

6.3.5 Comparison of the Energetics of Denitrogenation

To understand the effects of external force on 1-pyrazoline, trans- and cis-3,5-dimethyl-1-
pyrazoline and potential energy profiles for denitrogenation of trans- and cis-3,5-dimethyl-1-
pyrazoline, COGEEF calculations were performed at CASSCF(8,8)/6-31+G* level of theory.
The effects of external force on the potential energy profiles of denitrogenation paths, the
transition states of both synchronous and asynchronous denitrogenation paths for trans- and
cis-3,5-dimethyl-1-pyrazoline were also mapped at different external forces. The plot of relative
energies of the transition states at different /' values for trans- and cis-3,5-dimethyl-1-pyrazoline
are given in Figure 6.11. It is interesting to compare the barriers for the synchronous and
asynchronous paths for different magnitude of the forces. It can be seen from Figure 6.11(a)

that for trans-3,5-dimethyl-1-pyrazoline, the synchronous barrier TS1 decreases by 8 kcal/mol

(a) (b)
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Figure 6.11: Effect of force on the energetics of (a) trans-3,5-dimethyl-1-pyrazoline (b) cis-3,5-
dimetyhyl-1-pyrazoline.
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by increasing the force to 10.2 nN. However, asynchronous step-wise path with the large barrier
(TS3c) ~ 50 kcal/mol decreases the most by ~ 17 kcal/mol. Similar decrease in the barriers
are also seen for TS4a and TSS. For cis-3,5-dimethyl-1-pyrazoline, an increase in the barriers
is seen for the four transition states until 4.9 nN and then a sharp decrease is seen. The slopes
of the increase are also similar (Figure 6.11(b)). The changes in the barrier heights in particular
as seen for TS3c is expected to effect the dynamics of denitrogenation reaction in the presence

of external force.

6.4 Summary and Conclusion

The effect of external force on the energetics of 1-pyrazoline and the methyl substituted
analogues were investigated at CASSCF/6-31+G* level of theory using COGEF method. The
presence of external force affected both the geometries and energetics of the systems. For
1-pyrazoline, in the presence of external force, all the five ring atoms formed a planar structure.
With the increase in the external force, a synchronous increase in C—N and C—C distances were
observed until a Ar distance of 0.8 A after which molecule dissociates to form diazomethane
and ethene.

For trans- and cis-3,5-dimethyl-1-pyrazoline, two types of COGEF calculations were
carried out: (1) symmetrical stretching of both the C—CH; bonds, and (2) asymmetrical
stretching of one of the C—CH; bonds. For both trans- and cis-3,5-dimethyl-1-pyrazoline,
the relative energies of synchronous stretching pathway was lower in energy than the single
C—CHj; pathway up to a Ar distance of 1.4 Aand 1.5 A, respectively beyond which the single
C—CHj; stretching pathway was lower in energy. For the single C—CHj stretching pathway,
no significant changes in geometrical parameters of trans- and cis-3,5-dimethyl-1-pyrazoline
were observed except the C—N and C—CH3 distances associated with the stretching. However,
for the synchronous stretching pathway, significant changes in geometrical parameters were

observed. Like in 1-pyrazoline, all the ring atoms of trans-3,5-dimethyl-1-pyrazoline were
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found to be on the same plane in the presence of the external force. However, for cis-3,5-
dimethyl-1-pyrazoline, the molecule adapts a non-planar structure for the synchronous C-CH3
stretching pathway. Interestingly, for both the molecules no significant changes in both the
C—N distances with the increase in PPs distances were observed. The F' values for both trans-
and cis-3,5-dimethyl-1-pyrazoline initially increases with the increase in PPs distance and
then decreases. The effect of force on the energetics of the denitrogenation pathways were
investigated by mapping the energy profile for different F' values. The barriers for both the
synchronous and asynchronous pathways were found to decrease for trans-3,5-dimethyl-1-
pyrazoline. However, for cis-3,5-dimethyl-1-pyrazoline, the barriers increased upto an /' value
of 6 nN and then they decreases sharply. The changes in the barrier height are expected to affect

the dynamics of denitrogenation paths.
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