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Abstract

Theoretical calculations play a fundamental role in advancing our understanding of
the properties of hydrogen-bonded systems. The plethora of experimental data on systems
containing hydrogen bonds, obtained from spectroscopic experiments, is complemented by
electronic structure theory calculations. Contemporary density functional theory (DFT) has
become a powerful and economic method in electronic structure theory as it enables the
effects of electron correlation to be accounted for in the calculation and is extensively utilized
in this thesis for the study of hydrogen bonding in a variety of chemical and biochemical

systems.

The first study in this thesis, Chapter Three, involves the use of DFT to investigate
the hydrogen halide dimers, (HF);, (HCl); and (HBr),. Emphasis is focused upon an
assessment of the performance of the hybrid DFT methods in predicting the geometry,
binding energy and vibrational properties of these dimers. Overall, the hybrid density
functional methods adequately predict the properties of the halide dimers and the
BHandHLYP and BI1LYP density functional methods offer a competitive alternative to the
popular B3LYP method. In Chapter Four, the ability of hydrogen bonds to act as catalysts is
examined. In the study of the aminolysis of 6-chloropyrimidine, derivatives of uracil
stabilize the transition structures by the formation of multiple hydrogen bonds, thus
catalyzing the aminolysis reaction. This study highlights the catalytic potential of hydrogen
bonding and the importance of a well-chosen hydrogen bond acceptor. In the following
chapter, Chapter Five, the direct aldol reaction as catalyzed by proline is investigated to
assess the feasibility of the proposed reaction mechanism and the potential role of the
solvent. This study is a simple example illustrating the potential of small molecules, such as
proline, to act as catalysts in biochemical reactions. Chapter Six examines the structural and
energetic effect the introduction of electron-withdrawing substitutents on C” has on the cis-

trans isomerization in N-acetylproline methylamide. This study illustrates the important role

the intramolecular N-H---N hydrogen bond plays in the cis-trans isomerization and the

catalytic potential of hydrogen bonds.
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Chapter One.

Introduction

1.1 General Introduction

For decades, chemists have been interested in furthering their understanding of
the fundamental nature of the chemical bond, which results as a consequence of the
sharing or transfer of electrons between two or more atoms or molecules. An equal
sharing of electrons between two atoms within the same molecule gives rise to short and
directional intramolecular covalent bonds. However, if the interaction occurs between
two separated molecules, van der Waals interactions arise which are weaker in strength
and less directional in nature than covalent bonds. Although less than five years
separated the time when G. N. Lewis' described covalent interactions and the time when
Latimer and Rodenbush’ proposed the idea of the hydrogen bond, a type of van der

Waals interaction, the last decade has seen a surge of interest into the study of hydrogen
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bonds due to their importance in a vast number of biological and chemical phenomena

and the dramatic advances in computer technology.

Hydrogen bonding, a donor-acceptor interaction specifically involving hydrogen
atoms,’ is a relatively weak interaction with bond strengths that range up to 150 kJ mol™.
As a molecule engages in hydrogen bonding, a variety of structural and energetic
transformations result which may be quantified by spectroscopy.4 Although the
spectroscopic techniques have provided a multitude of information on hydrogen-bonded
systems, additional information not easily accessible by experimental means may be
obtained from theoretical calculations on model systems. Specifically, quantum
chemistry enables chemists to study transient species, such as radicals, and to gain insight

in the transition structures formed in chemical reactions.

Many of the quantum chemical methods traditionally used to study chemical
systems are very costly in terms of the computation time and computer memory
requirements even for systems containing as few as five to ten non-hydrogen atoms. This
has severely limited the effectiveness by which biologically relevant chemical systems
have been studied. However, the advent of density functional theory (DFT)>° has
alleviated the aforementioned restrictions and enabled investigations of notably larger
systems. Not only are these calculations computationally feasible but also they maintain

a level of accuracy comparable to traditional ab initio methods.
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1.2 Thesis OQverview

This thesis is composed of several projects linked by the general theme of
hydrogen bonding. Prior to entering into a discussion of the projects, a brief description
of the available quantum chemical methodologies and basis sets used for the
determination of molecular structure and other electronic properties is given in Chapter
Two. The application of ab initio and DFT methods to study the structures and
spectroscopic properties of the prototypical hydrogen halide dimers (HF),, (HCl), and
(HBr); is described in Chapter Three. Various hybrid DFT methods are compared and
their potential for determining select geometrical and vibrational properties of the

hydrogen-bonded systems is discussed.

Hydrogen bonds are an important part of the structure and function of biological
molecules. Biomolecules contain a robust variety of functional groups that may generate
multiple hydrogen bonding interactions, thus conferring additional stability to a chemical
system of interest. In Chapter Four, molecules derived from the nucleobase uracil are
employed as catalysts in the aminolysis of 6-chloropyrimidine and 2-amino-6-
chloropyrimidine. The uracil derivatives are shown to stabilize the transition structures
through the formation of multiple hydrogen bonds thus lowering the barrier to
aminolysis. The computational study reveals a correlation between the barrier to
aminolysis and the proton affinity of the carbonyl group of the base interacting with the

incoming NHj. This correlation is further explored using fluoro, imine and sulfur
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derivatives of the uracil-derived bases, OCH,, OCH-NH,; and OCH-NH-HCO. This
study illustrates the importance of a well-chosen hydrogen bond acceptor and the

catalytic possibilities of hydrogen bonding.

Proline is one of the twenty naturally occurring amino acids that form the building
blocks of biologically significant polymers and its conformational interconversion in
polypeptides has been shown to be rate-limiting in protein folding.7 In Chapter Five,
proline is utilized as a catalyst in the direct aldol reaction between acetone and
acetaldehyde. In this study, the proposed enamine mechanism is examined along with
the potential role of the solvent. The results presented herein illustrate the potential of
small molecules to act as catalysts in biochemical reactions. In Chapter Six, the cis-trans
isomerization of prolyl peptides is examined using N-acetylproline methylamide as a
model system. By examining the conformational and energetic consequences of the

conformational interconversion and the effect of electron-withdrawing substituents on the

proline ring, the importance of an intermolecular N---HN hydrogen bond is examined and

the catalytic possibilities of hydrogen bonding explored.

Finally, in Chapter Seven, global conclusions drawn from the work presented
within are summarized and several potential research projects relating to hydrogen

bonding and catalysis are proposed.
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Chapter Two.
Theoretical Background

2.1 Introduction

Chemistry is the branch of science concerned with the study of the properties and
interactions of molecules. A molecule is in turn composed of electrons and nuclei, the
motion of which is governed by the laws of quantum mechanics. From the laws of
quantum mechanics, it is also known that many important and observable properties of a
system may be obtained from the wave function, a function depending upon the
coordinates of the particles and time. In science, the application of the laws of quantum
mechanics to the study of chemical structure and reactivity is a branch of chemistry

referred to as quantum chemistry.
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Within computational quantum chemistry, there are two distinct categories of
theoretical methods devoted to the evaluation of chemical phenomena: semi-empirical
and ab initio electronic structure theory. The difference between these general classes
lies in the nature of the approximations implemented in order to simplify the equations.
Semi-empirical methods, which may be applied to the study of large systems, require few
computational resources since they neglect or parameterize computationally demanding
integrals using experimental data or the results of higher level calculations. The methods
of electronic structure theory use the laws of quantum chemistry, fundamental constants
and a few mathematical approximations in order to characterize a system of interest.
Thus, although the ab initio methods of electronic structure theory are more
computationally demanding, they may be utilized to characterize systems containing

more transient species such as transition structures or radicals.

Throughout this thesis, the conventional ab initio and density functional theory
(DFT) classes of electronic structure methods are utilized. The ab initio methods, which
provide quantitative results for a variety of systems, differ in the nature of the
approximations utilized to create the wave function. The density functional methods,
which possess the accuracy of conventional ab initio methods and are computationally
less expensive, model electron correlation using functionals based on the electron density
of a system. This chapter is designed to provide the requisite theoretical background so
that the reader can differentiate between the different quantum chemical methods and

have a sense of the relative accuracy associated with such methods.
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2.2 The Schriodinger Equation

1.2

According to the postulates of quantum mechanics,  the energy and other

significant properties of a system are explicitly described by a wave function, ¥, which

satisfies the time-dependent Schrédinger equation (Equation 2.1).

ih 3¥(r,0)

Y- 2.1)

ﬁtotaILP(F’t) =

For many applications of quantum mechanics to chemistry it is sufficient to utilize the
time-independent Schrédinger equation,’ obtained by writing the wave function as the

product of a spatial and a time function. In the time-independent Schrédinger equation,
expressed simply in Equation 2.2, H o 1S the Hamiltonian operator, ¥ is the wave

function and E is the energy of the stationary state of the system.

H,p'P =E¥ 2.2)

The majority of the complexity associated with this equation is enclosed in the
Hamiltonian that, for a general system, contains the kinetic and potential energy for all

the particles. The Hamiltonian operator is expressed as

2

. h .
Hipal =-S—5—Vi +V (2.3)
i 87 m;
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in which m, h and V represent the mass of the particle, Planck’s constant, and the

potential field in which the particle is moving, respectively.

Quantum chemistry involves the application of the time-independent Schrédinger
equation to atoms and molecules in order to obtain knowledge about their properties. In
order to apply the aforementioned equation to molecular systems, the Hamiltonian is

more commonly expressed as in Equation 2.4.

~

H 1=f‘e+l}ee+f‘n+l}ne+l}nn (2-4)

tota

In the above equation, 7 and V are the kinetic and potential energy operators,
respectively, and the subscripts n and e refer to the nuclei and electrons. Unfortunately,
the time-independent Schrédinger equation is insolvable except for the simplest of cases.
Approximate solutions can be obtained for a wide range of chemical problems by the

application of several rigorous mathematical approximations.

2.3 Fundamental Approximations

2.3.1 The Born-Oppenbeimer Approximation

One of the central approximations to quantum chemistry, the Born-Oppenheimer
or adiabatic approximation,*’ separates nuclear and electronic motion by assuming the

nuclear motion is fixed and the electrons are moving in the field of fixed nuclei.
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Assuming this to be the case allows the Schrédinger equation to be solved for the
electrons in a given nuclear framework. In the electronic Schrédinger equation,

(Equation 2.5),

~

H gjoct VY (F) = Eglee, ¥ (F) (2.5)

the electronic Hamiltonian operator, A, is analogous to the Hamiltonian of Equation
2.1 except that there is no contribution from the nuclear kinetic energy and the nuclear

potential energy is constant for a given nuclear configuration.

~

H,., =T,+V, +V, (2.6)

elect

The electronic Schrédinger equation is an eigenvalue equation, whose solutions (referred

to as eigenvectors ('V;)) are wave functions depending upon the spatial coordinates of the

electrons. The eigenvalues (E;) of H describe the various electronic states of the

elect

system. The lowest eigenvalue corresponds to the ground state of the system.

2.3.2 The Orbital Approximation

In order to obtain accessible solutions to Equation 2.5, the wave function (¥)
must be properly expressed. This requires that the spin coordinates of the electrons be

included in the wave function. As the motions of the electrons are assumed to be

independent, each electron may be assigned to a unique spin orbital, ;. The spin orbitals
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are expressed as a product of a spatial function, y;, depending upon the coordinates of

the i™ electron, and a spin function (a or A). This is referred to as the orbital

approximation and the spatial orbitals referred to above are also known as molecular

orbitals (MO).*

Using the one-electron spin orbitals described above, a wave function describing
the full system of N non-interacting electrons may be derived. As originally proposed by
Hartree,® the simplest form of this wave function is to express it as a product of spin and

spatial functions (Equation 2.7).

¥(1,2,..N) = y1a()y2 Sy 3aQ)...y y B(N) 2.7

However, the resulting Hartree product is deficient since it does not account for
the indistinguishability of electrons. It has been shown experimentally that, for particles
with half-integral spins (fermions), the electronic wave function must be antisymmetric
with respect to interchanging the spatial and spin coordinates of any two of the electrons.

This is expressed mathematically in Equation 2.8.

W(1,2,... /0. N) = =¥(1,2,...1, j,... N) (2.8)

Expressing the wave function for a 2N-electron system as a Slater determinant,’

as in Equation 2.9, guarantees that the antisymmetry principle is satisfied since
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interchanging any two row of the determinant (electrons) changes the sign of the

determinant and if any two columns (orbitals) are identical, the determinant vanishes.

ya(l) w81 w.a(l) - wyBQ)
2]
W(1,2,3,..2N) = [(ZN)!]-l/z Wl‘f(z) Wlﬂ:(z) V/za:(z) : '///v[f( ) (2.9)
v, a(2N) w,fQ2N) y,a(ZN) --- y,B(2N)

The factor (2N)!"'*? is referred to as the normalization constant and is the consequence of

imposing the condition outlined in Equation 2.10.

v wdr =1 (2.10)

The antisymmetry requirement immediately leads to the Pauli exclusion principle,8 which
states that it is not possible for two electrons to occupy the same molecular orbital while
having the same spin. In terms of the Slater determinant, two columns have to be

identical in order for the Pauli principle to be violated.

2.3.3 The Variational Theorem

As described above, the simplest antisymmetric wave function often used to
describe the ground state of an N electron system is a Slater determinant. Since the exact
form of the wave function (‘) is not always known, it is approximated by trial functions
(®). According to the variational theorem,>* the energy obtained for any trial function

will be greater than the true energy associated with the ground state.
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O D

Varying the parameters associated with the trial function until the expectation value

(®|H|®) associated with the trial function reaches a minimum, provides an upper bound

estimate of the ground state energy. An ab initio method is classified as a variational

method if the energy it yields is always an upper bound to the exact energy.

2.4 The Independent Particle Model

2.4.1 The Hartree-Fock Method

The simplest ab initio technique available to obtain an approximate wave function
is the Hartree-Fock (HF) method.>® Often used as the basis for other computational
methods, the HF method (also referred to as the independent particle method) uses a

normalized single particle wave function or orbital to describe an electron.

According to the variational theorem, the best spin orbitals are those that
minimize the electronic energy. By systematically varying the spin orbitals, the Hartree-

Fock (HF) equations (Equation 2.12) may be derived.

~

Fl//,' =8i!//i l=1,2,N (2.12)
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In the HF equations, the eigenvalue (g;) is associated with the orbital energy of an
electron in y,;, and F is the Hartree-Fock Hamiltonian operator, expressed

mathematically in Equation 2.13.

- N . n
F=Heppe+ = (27,-R;) 2.13)

The core Hamiltonian operator, H core» the Coulomb operator, j j» and the exchange

operator, K j» are defined in Equations 2.14, 2.15, and 2.16, respectively.

N Z
Heore = /sz- g: Z—A (2.149)
A=1i=1T4;
- 1
Jj(1)=IWj(2)EV’j(2)dr2 (2.15)

&yvit)=| 1w, Lo @h 0 .16

The HF equations must be solved iteratively until no appreciable change in the
orbitals is achieved since the Fock operator (15) depends on the exchange and Coulomb
operators which are themselves functions of ;. An initial guess is made for the orbitals

and each iteration corresponds to a better guess of all the orbitals. The cycle continues
until the orbitals do not change significantly between successive iterations. As each

electron is described by a potential energy due to the nucleus, the resulting orbitals are
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derived from their own potential. This is referred to as the self-consistent field (SCF)
technique or Hartree-Fock (HF) procedure since this methodology was first described by

Hartree® and Fock.’

2.4.2 The Roothaan-Hall Equations

Although the molecular orbitals of the HF equations (Equation 2.12) have been
determined numerically for atoms, this is not practical in the case of molecules.

Roothaan'® and Hall'' provided a simplified method for solving the HF differential
equations by proposing that the molecular orbitals, y;, be constructed using a finite set of
one-electron functions, @,,, referred to as basis functions. When the basis functions are

taken to be atomic orbitals centered on the constituent atoms, this approximation is called

the linear combination of atomic orbitals (LCAQ) approximation. Thus, the resulting

form of the molecular orbitals (MO) is outlined in Equation 2.17, in which C,ui are the
MO coefficients.

M
v, = 2 C

1P (2.17)
u=1

Application of the variation principle leads to the Roothaan-Hall equations,

Equation 2.18, in which the energy is a minimum when the MO expansion coefficients
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C yri satisfy Equation 2.18. As with the HF equations, the Roothaan-Hall equations must

be solved iteratively until self-consistency is attained.

M
2 (F,uv —&S,y b;a =0 u=12,.. M (2.18)
A=l

In a system with M basis functions, &; is the one-electron orbital energy of the molecular

orbital y;, and S, and F,, are elements of the overlap and Fock matrices, respectively.

y73%

The elements of the Fock matrix are defined as

Fuy =Hp, + X P#V[(,uv | Ac)- Vo (ui| vo)] (2.19)

where H,, = (¢, | ﬁcore | ¢,) is a matrix element of the core Hamiltonian operator

representing the energy of a single electron moving in the field of the bare nuclei,

occ
Py = 2'21 C,iCyi is a matrix element of the density matrix and (uv| Ao) is a two-

=

electron repulsion integral defined as in Equation 2.20.

(4v120) = 11, O O ~—91 D)o Dindry (2.20)

However, the above equations are valid only when two electrons occupy the same
spatial orbital. That is, all electron spins are paired in a closed shell state. This method is

referred to as restricted Hartree-Fock (RHF). For an open-shell system, where the
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number of o and B electrons are unequal due to the presence of one or more unpaired
electrons, it is more appropriate to introduce different orbitals for different spins. In the
unrestricted Hartree-Fock (UHF) method, the electrons with o and B spin are assigned to
different spatial orbitals, generating two expressions for the molecular orbitals (Equation

2.21).

M M
wf=3C%, and yf= zlc{j,.qa,, (2.21)
i=l1 i=

The alternate method available for open-shell systems is the restricted open-shell
Hartree-Fock (ROHF) method in which the doubly occupied orbitals are treated using the
RHF formalism while the singly occupied orbitals are treated independently in a more
complicated manner. The deficiency in the ROHF method lies in its inability to treat the

interaction between paired and unpaired electrons, a problem corrected for in the UHF.

In general, the UHF method provides a superior description of open-shell systems
and yields a lower energy than the ROHF method due to the extra flexibility inherent in
the wave function. The major drawback of the UHF method over the ROHF method is
that solutions to the UHF equations may not be pure spin states, but are often
contaminated by higher states. A measure of the severity of these contributions can be
obtained by determining the expectation value of the spin squared (SZ) operator. The
difference between this value and the expectation value for a pure spin state [S(S+1)] is

referred to as the spin contamination.
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2.5 Electron Correlation

The main deficiency of Hartree-Fock theory is that it provides an inadequate
description of the correlation between the electrons in a molecular system. In the HF
method, the electrons are taken to be independent of each other or at least interacting only
through some average, or effective potential. Thus, the probability of finding two
electrons in the same region of space is assumed to be equal to the product of the
individual probabilities. However, it is energetically preferable for electrons of paired
spin to be well separated from each other and thus their motions are correlated. The
energy associated with this phenomenon called the correlation energy'* and is defined in

Equation 2.22.

—E,p (2.22)

Although the correlation energy yields only a small contribution, about 1 %, to
the total energy, it is very important for the calculation of molecular properties that
involve bond breaking and formation. A number of types of calculations begin with a
Hartree-Fock calculation and then correct for electron correlation. Methods which
account for electron correlation, collectively referred to as post-SCF or post-HF methods,
include configuration interaction (CI), many body perturbation theory and density

functional theory (DFT).
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2.5.1 Configuration Interaction

The wave function, expanded as a single determinant, in HF theory, is often
inadequate for the calculation of many electronic properties. Configuration interaction
(CD**® expands the wave function as a linear combination of Slater determinants (®)

where c; represents the expansion coefficient for the i™ determinant.
Y= Zciq)i (2.23)

The first determinant, (d,), is taken to be the HF determinant and the subsequent
determinants, referred to as excited determinants, are generated by allowing the electrons
in occupied orbitals of the HF determinant to be excited to the unoccupied (virtual)
orbitals. The resulting CI wave function is represented in Equations 2.24 and 2.25.

r,

|¥>=c, |Wyr >+Zcy |V >+ Z e ¥, >+ T ¢
a,r a<b, ? a<b<c
r<s r<s<t

POl s e (2.24)

a,b,c a,b,c

_ rar rs . rs rst . rst
v —co(Do + ZCaCDa + ¥ cabcDab + 3 Cabc(Dabc +... (2.25)
ar a<b a<b

r<s r<s<t

In the above expressions, @ represents an excitation generated by moving a single

electron from the occupied orbital a to the virtual orbital » and double and triple

excitations are represented by @7, and 7, , respectively.
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In principle, an exact wave function can be obtained through an infinite expansion
of the CI equation so that all possible excitations or configurations are included.
Although the full CI expansion provides the most accurate upper bound to the ground
state energy, it is time consuming and computationally expensive for even small systems.
These obstacles may be overcome by truncating the CI expansion to include only those
configurations that differ from the HF ground state determinant by no more than a set
number of excitations. If the truncation occurs after two excitations, then single and
double excitations are included and this method is called CISD (configuration interaction
with singles and doubles). Although, most of the correlation energy is accounted for in
the CISD method, the wave function that results from truncation of the CI equation is not
size consistent. This means that the results obtained with a truncated CI wave function
for a system of molecules infinitely separated from each other are not equal to the sum of
the results calculated for each individual molecule. Size consistency is important for the

comparison of results obtained for different systems with the same level of theory.

2.5.2 Quadratic Configuration Interaction

The problem of size consistency associated with the truncated CI methods can be
overcome through the addition of supplementary terms to the truncated equations.
Through the addition of quadratic terms of the operator, a method referred to as quadratic
configuration interaction (QCI),12 size consistency is restored. The most popular of the

truncated CI expansions, with quadratic terms included, is the QCISD method.'> This
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method supplements the linear CISD expansion with a sufficient quantity of quadratic
terms to ensure size consistency. As a result, the QCISD expansion contains
contributions from all singly- and doubly-excited configurations in addition to a few
quadruply-excited configurations. Although the QCI methods are size consistent, they

are not variational.

2.5.3 Many Body Perturbation Theory

The methods discussed above are based on the variational principle. However, an
alternative computational method exists for the inclusion of correlation effects referred to
as perturbation theory.>* In this technique, the total Hamiltonian is partitioned into an

unperturbed and perturbed portion as outlined in Equation 2.26.

H=H,+V (2.26)

~

In this equation, H, is a unperturbed zero-order Hamiltonian which has known

o

eigenfunctions and eigenvalues and AV is the perturbation. The eigenvalues and

eigenfunctions of the full Hamiltonian are expanded in terms of a Taylor series in A:

Eprat = E® +AED + 22EP) 4. (2.27)

W i) =|F )+ A O) + 2|2 ) + .. (2.28)
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where ES") is the nth order energy for the ith MO. Equations 2.27 and 2.28 are

subsequently substituted back into the electronic Schrédinger equation, the products
expanded and the coefficients of equal powers of A are equated to yield a series of
equations representing progressively higher orders of perturbation. This type of
perturbation theory is associated with the names Rayleigh and Schrédinger (RSPT) and is

often referred to as many body perturbation theory (MBPT).

In computational chemistry, the most common method based on perturbation
theory is Mgller-Plesset perturbation theory (MP)"? in which the HF Hamiltonian is used
as the zero-order Hamiltonian. Thus, the energy derived from first-order equations is
equivalent to the HF energy. The various orders of MP are obtained by setting A = 1 and
truncating Equations 2.27 and 2.28 to various orders. The calculation of the total energy
to the second order is called MP2, to the third order MP3 and so on. The MP calculations
are size consistent at any level of truncation and are notably faster than CI calculations,
thus overcoming the major disadvantage of the variational methods. However, since this

method is not variational, it may lead to an energy below the true energy.

The most familiar form of Magller-Plesset techniques used in the literature
includes only the second-order energy contribution (MP2). In general, including third-
order corrections leads to little enhancement in calculated results and often worse

agreement with experiment is obtained at an increased computational cost. Thus, MP4 is
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usually implemented to improve upon the second-order correction. Similarly, MPS5 leads
to little improvement over results obtained with MP4, which represents the oscillating
behavior of the MP series. MP2 has been used to obtain a variety of electronic properties
since it includes electron correlation at a reduced computational cost relative to other ab

initio techniques.

2.6 Density Functional Theory

Another class of computational techniques, which includes the effect of electron
correlation, is density functional theory (DFT).'* Two theorems, put forth by Hohenberg
and Kohn,"’ revealed that all the information about a system could be obtained by using
the electron density, po(r), of a molecule. Specifically, the first theorem stated that the
electron density of a molecule o(r) uniquely determines the external potential v(r). This

facilitates the description of the energy as a functional of the density as shown in

Equation 2.29.

Elp] = p(rW(r)dr + T[p]+ V.. [ ] (2.29)

In this equation, T[p] represents the kinetic energy functional and V,, [p] contains the

classic electron-electron repulsion, as well as a non-classical contribution which is the

major part of the exchange-correlation energy.
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The second theorem, whose basis is the variational principle, implies that for a
trial density p(r)such that 5(r)>Oand J'ﬁ(rﬂr=N , there exists an energy, E[p],

which is greater than the true energy. It can be shown that for the energy to be stationary

with respect to changes in the density, Equation 2.30 must hold.

SE[p]- 5| [plr)ar - N|=0 (2.30)

In the above equation, u is known as the Euler-Lagrange multiplier. This leads to the

Euler-Lagrange equation:

51p] , V.i[o]
500 30(r) @30

w=u(r)+

orlp] 4 Velol
p(r) sp(r)

kinetic energy and electron-electron repulsion, respectively. This equation cannot be

In the above equation, are functional derivatives of the

solved directly without knowledge of the aforementioned functionals. An indirect
method for solving the Euler-Lagrange equations was introduced by Kohn and Sham'® in
which they approximated these functionals by introducing a determinantal function in

which the kinetic energy is expressed as in Equation 2.32,

-4

Ts[p]=<V/i

4 i> (2.32)
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and which is subject to the constraint outline in Equation 2.33.

N 2
p(r)=Zlwi(r) (2.33)

This description of the kinetic energy and density holds true for a determinantal function

that describes N non-interacting electrons described by the orbitals, y;. This generates a
potential, v, (r), such that the Kohn-Sham N one-electron equations (Equation 2.34) may

be obtained.
1 .
[— 5 v2 + Vefr (r)]w,- =&Y i=12,...N (2.34)
The energy of the interacting system can be expressed as

Elp] =] p(ro(r)dr + T.[p]+ J[p]+ E . [p] (2.35)

where E__[p] is the exchange-correlation energy functional that is defined below.

E..[ol=Tlo]-T.[pl+ V.. lp]- Jlp] (2.36)

The derivative of the exchange-correlation energy functional yields the exchange-
correlation potential, v,. =5Exc[p]/5p(r). In Equation 2.35, the only unknown

parameter is the exchange-correlation energy functional. The difference between the
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various DFT methods lies in the choice of the functional used to express the exchange-

correlation energy.

DFT methods offer significant advantages over the methods previously discussed
due to the fact that DFT, in addition to including electron correlation, is computationally
more efficient and requires less computer time and memory relative to the post-HF
methods. However, a DFT calculation can only be improved upon by obtaining a more

accurate description of the exchange-correlation functional, a prominent area of research.

2.6.1 Local (Spin) Density Approximation (LSDA)

One of the basic approximations in DFT, the local density approximation (LDA),
assumes that the density can be treated as that of a slowly varying uniform electron gas.
Expressing the total density as a sum of the spin densities (o and ) yields the local spin
density approximation (LSDA),'” the simplest expression for the exchange-correlation

energy functional. The exchange-correlation energy is expressed as

ELSDALp%, pP 1= (L3P p% (7), 0P (P (F) (2.37)

LSDA
xc

where & is the exchange-correlation energy distribution per unit volume, which

depends on the density at the point of evaluation. The most commonly employed LSDA

18,19

functional is a combination of the Slater-Dirac exchange term (S) and the correlation

functional of Vosko, Wilk, and Nusair (VWN).?° This functional, SVWN, parameterizes
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the exact uniform electron gas model. However, the LSDA functionals have been shown
to overbind atoms in molecules and the energies obtained are not as good as those
obtained with conventional ab initio methods. In addition, LSDA functionals yield errors
that are in proportion to the size of the system under examination and generally cannot
reproduce the effects associated with the creation or rupture of bonds. This is attributed
to the fact that its homogeneous electron density associated with the uniform electron gas

model is never achieved in molecular systems.

2.6.2 Generalized Gradient Approximation (GGA)

To account for the nonuniformity of the electron density, the density and the
gradient of the density are incorporated into the exchange and correlation energy
functionals. These functionals, referred to as gradient-corrected (GC) methods, depend
upon the generalized gradient approximation (GGA) and have the general form of

Equation 2.38.

ESGA[ % pP=[d(F)e 0% (F), pP (F),Vp®,VpP]  (2.38)

This exchange-correlation functional can be separated into exchange and correlation

functionals, as shown in Equation 2.39, which are developed independently.

EXC[pa’pB]= Ex[Pa’pﬂ]"‘EC[pa’pB] (2.39)
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The most popular correlation functionals include those of Perdew (P86),%' Perdew
and Wang (PW91),%? and Lee, Yang and Parr (LYP).2 The P86 functional introduced a
cut-off parameter to go beyond a random phase for uniform, slowly varying electron gas
and thus, improves upon its predecessor, the Langreth and Mehl functional.”* PW91 also
imposes a cut-off parameter within the random phase approximation and is a functional
derived from first principles as it analytically represents the correlation energy for a
uniform electron gas as a function of a density parameter r; and the relative spin
polarization £. Finally, the LYP functional uses the Colle-Salvetti*® formula for E. and

replaces the local kinetic energy density with its second-order density gradient expansion.

In order to improve upon the “S” exchange functional, Becke proposed a gradient
corrected exchange functional known as the Becke88 (B88) or simply B functional.?®
This functional is based on the fact that the exchange energy density for a many electron
system must possess a certain asymptotic behaviour (-1/r) as r approaches infinity. The

exact asymptotic behavior of the exchange-energy density is related to the total exchange

energy by Equation 2.40.

E, = %z [p USd?r (2.40)

The resulting exchange functional has the form outline in Equation 2.41.
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4/3x2
d3r (2.41)

B =Bt prps X
(1+6fxsinh 7! x)

In the above functional, J is a parameter chosen to fit the known exchange energies of
inert gas atoms and x = p#/3|Vp|. This functional is defined as a correction to the local

LDA exchange functionals and successfully remedies many underlying deficiencies

associated with the LDA functional.

An alternate approach to formulating the exchange-correlation energy uses the
adiabatic connection method”’ to incorporate small amounts of exact exchange energy in
the functional. Using the aforementioned method, the exchange-correlation energy is

expressed as

Exc = [ U%cdA (2.42)

in which A, the coupling-strength parameter, controls the Coulomb interaction between

electrons and U }C 1s the potential energy of the exchange-correlation at the coupling
strength A. This sums over a continuum of partially interacting systems, 0 < A < 1, from
the noninteracting Kohn-Sham reference, A = 0, to the fully interacting real system, A = 1.
For the Kohn-Sham reference, A = 0, only exchange energy is present within E,. and this

energy is essentially equal to the Hartree-Fock exchange energy.28
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The LSDA model substitutes a value from the local uniform electron gas theory
for each value of U%-. This is often inappropriate near the A=0 limit in bonds. As a
result, the LSDA approximation in the noninteracting limit is the principal source of
error. Thus, Becke created functionals which include a mixture of exact exchange and
LSDA exchange to correct for the A=0 case. These hybrid functionals are expressed as a
linear combination of HF, LSDA and B exchange contributions, together with LSDA and

non-local correlation contributions (usually P86, PW91 or LYP). The most popular of

these hybrid functionals, the B3LYP functional,?**® is given by

ES3LYP _pLSDA | (& —ELSPAY 1+ 0 AEB® + 0 AELT  (2.43)

where a,=0.20, a,=0.72 and a,=0.81 are coefficients determined by semi-empirically

fitting E,.[p] to experimental data (atomization energies, ionization potentials and

proton affinities). The gradient corrections, AE%® and AEé‘YP , are corrections to the
LSDA exchange and correlation energies, respectively. Hybrid functionals of this type
are denoted as B3C, where B3 represents Becke’s three-parameter functional’®?* and C

represents the correlation functional.

Derived from the same methodology as the B3LYP functional, the BILYP

128.29a

functiona was created which performs essentially the same as the B3LYP functional

but uses a single parameter to mix exact (HF) exchange and DF exchange in the
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functional. By determining the ratio of HF/DF exchange prior to the calculation as 1/4,

this functional is free of optimized parameters.

Another prominent hybrid functional, referred to as half-and-half theory

(BHandH),?*® approximates the exchange-correlation functional as

LSDA
Exe = YE.+ Y Ex: (2.44)

which combines HF exact exchange with exchange derived from the LSDA
approximation. This functional may be used independently or in conjunction with the

correlation functional of LYP, yielding the BHandHLYP functional.

DFT has notable advantages over the other methods previously discussed.
Specifically, it includes electron correlation at all levels and is computationally efficient.
However, there is no systematic way to improve upon the calculation other than
improving the exchange-correlation functional or by expanding the basis set. In addition,
a lower energy by one DFT method does not guarantee that the functional used leads to
more accurate molecular properties. Thus, all functional combinations must be tested to
determine the best DFT method for a particular property. Various aspects of DFT are

17,18,31

summarized in the numerous books and review articles’’>??’ that have appeared

over the years.
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2.7 Basts Sets

In the discussion of the Roothaan-Hall equations, it was stated that the molecular
orbitals () are best described when they are expressed as a linear combination of atomic
orbitals (LCAQO). Thus, the description of the MOs is dependent upon an accurate

description of the atomic orbitals (¢;), which are mathematically modeled as a linear

combination of a set of functions referred to as basis functions (¢BF ).338

P10 = Se 62 (2.45)

A finite group of basis functions, referred to as a basis set, should provide an
adequate description of the AOs. Ideally, the basis functions should resemble the atomic
orbitals and using Slater-type atomic orbitals (STOs)*°, which have an exponential decay

outlined in Equation 2.46,

6570 o~ ¢fF -4 (2.46)

as basis functions reproduces most of the spatial properties of the AO, i.e. the cusp
conditions at the nucleus. However, integration problems arise in the evaluation of the
three- and four-center integrals and thus, Gaussian functions or Gaussian-type orbitals
(GTOs)*, with the exponential decay indicated in Equation 2.47, are more commonly

implemented.
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2
470 o ;"R 2.47)

The GTOs lead to rapid integral evaluation due to the Gaussian product theorem which
states that the product of two Gaussians on two different centers is a third Gaussian on a
center between the first two. However, the GTOs are less satisfactory at describing the
atomic orbitals since they are rounded in the region of the cusp and fall off too rapidly at
large r. In order to achieve a compromise between the accuracy of STOs and the
computational advantage of GTOs, STOs are commonly represented as a linear

combination of GTOs. Thus, the atomic orbitals can now be expressed as

¢# =%d;,kgk (2.48)

where the coefficients d,; are fixed and the g, referred to as primitive Gaussian
functions, are all of the same type (i.e, s, p, d, ...). A basis function of this type is a
contracted Gaussian basis function. Since the number of variational parameters to be

determined is reduced, the computational time is diminished.

In order to extend the variational flexibility in a minimal basis set, which uses the
least number of basis functions to describe the atomic orbitals, the number of basis
functions per atom is increased. This can be accomplished by using a split-valence basis
set which uses twice the number of functions as a minimal basis set to describe the

valence orbitals. This enables the valence AO to be modeled more accurately while
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providing a minimal description of the core AO. Double-zeta split-valence basis sets, for
example 6-31G, would contain basis functions composed of 6 primitives to describe the
core orbitals (1ls), a basis function of 3 primitives in addition to a basis function
composed of a single primitive to describe the valence orbitals (2s, 2p,, 2p,, 2p:). By
further dividing the valence region into three or more partitions, as in the 6-311G basis
set, additional flexibility in a basis set is acquired. As this basis set only describes the s

and p atomic orbitals, the basis set may become unbalanced.

To extend the accuracy of a double-zeta or triple-zeta split-valence basis set 6-
31G and 6-311G, respectively, polarization functions (functions of higher angular
momentum) can be added to account for distortion of the atomic orbitals in the molecular
environment. For example, d-, /-~ or higher functions can be added to heavy atoms (atoms
other than hydrogen or helium) and similarly, p-, d- or higher functions can be added to
hydrogen and helium basis sets. This provides additional flexibility by allowing for
electronic charge to be displaced away from the nucleus. Alternatively, diffuse functions
(functions with small exponents) can be added to heavy atoms (6-31+G) or hydrogen (6-
31++G). These functions account for diffuse electron clouds by allowing the orbitals to
occupy larger regions in space. This is particularly useful to describe systems where

electrons are loosely bound, such as anions.

The choice of basis set is an important consideration in a calculation. Not only

does it have significant effects on the description of the atoms within the molecule of
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interest, but it has implication on the amount of CPU time required to perform the

calculation.

2.8 Potential Energy Surfaces

2.8.1 Geometry Optimizations

Using the aforementioned quantum methods, the primary goal of quantum
chemistry is to obtain useful information about the electronic and geometrical properties
of chemical systems. In order to investigate such properties of interest, an accurate
description of the molecular geometry is required. The manner in which the geometry of

a system changes with respect to its energy is represented by a potential energy surface

(PES) diagram.
Transition
Structures
Reactants
5
g
Products
Minima
g

Reaction Coordinate

Figure 2.1: Schematic illustration of a potential energy surface (PES).
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The calculation of a complete PES is impractical except for small systems. In
order to develop an understanding of the chemistry of a system, one is interested in
locating points of special significance on the surface referred to as stationary points.
Stationary points are characterized by having the first derivatives of the energy, with
respect to the 3N-6 internal coordinates, equal to zero. The two most vital types of
stationary points are local minima (equilibrium structures) and first-order saddle points
(transition structures). These stationary points are in turn characterized by the second
derivatives of the energy (the force constants), which constitute the Hessian matrix or

force-constant matrix.

d°E
ar,arj

i,j=1,2,3,..3N-6 (2.49)

For a minimum, all the force constants or the eigenvalues of the Hessian matrix
will be positive. A transition structure (TS), which connects two minima along a PES
and occurs at a point of maximum energy, is identified by the one negative eigenvalue

contained in the Hessian matrix.

2.8.2 Frequency Analyses

The stationary points are more readily identified on the basis of the number of
imaginary frequencies the molecule possesses. An equilibrium structure is characterized

by possessing all real frequencies while a transition structure contains one imaginary
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frequency. Transition structures containing more than one imaginary frequency are

possible, however, these species are generally not of chemical interest.

The harmonic vibrational frequencies of a structure are calculated by evaluation
of the second derivative energy matrix (Hessian matrix or force constant matrix) by
analytical or numerical techniques. Analytical energy gradients may be obtained on the
HF, MP2, QCISD and DFT surfaces while the computationally more demanding analytic
second derivatives are available for the HF, MP2 and DFT surfaces. Calculation of the
Hessian matrix provides thermochemical analysis of the system, thus providing the zero-
point energy of the system. The zero-point vibrational energy (ZPVE), which accounts
for the residual molecular motion for a system at O kelvin, should be included when

determining the relative energies of different species.

An additional advantage of calculating the Hessian matrix for the transition-
structures lies in the fact that the vibrational mode associated with the negative
eigenvalue describes the reaction coordinate connecting the reactants and products for a
molecular process. The connectivity of the transition structure to the relevant stationary

4142 calculations.

points can be followed by intrinsic reaction coordinate (IRC)
In order to obtain improved relative energies for a system, the geometry of a
molecule calculated at low levels of theory, is held fixed and electronic properties are

calculated at a higher level of theory than that used to obtain the geometry. These
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calculations are referred to as single-point calculations since a single geometry is used
rather than optimizing all of the geometrical parameters. This enables the determination

of more accurate properties of the system at a reduced computational cost.

2.8.3 Notation

As previously alluded to, an examination of a system or PES may involve
multiple calculations and subsequent energy corrections. The usual notation used to

describe a particular method or theory is outlined in Equation 2.50.

method 1 / basis set 1 // method 2 / basis set 2 (2.50)

This denotes a single-point calculation using method 1 with basis set 1 on a molecule
whose geometry and frequencies were determined using method 2 and basis set 2. For

example,

B3LYP / 6-311+G(2df,p) // B3LYP / 6-31G(d,p) (2.51)

describes a B3LYP single point calculation using the 6-311+G(2df,p) basis set at the
geometry optimized with the B3LYP method and the 6-31G(d,p) basis set. As the
quantum chemistry literature contains references for a plethora of basis sets, it is often
useful to refer to review articles*® to obtain information about choosing basis sets for

molecular calculations.
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2.9 Solvent Effects

All the methods alluded to above are gas-phase calculations. While the chemical
structure and reactivity attained from such calculations are often sufficient, they are
inadequate in that they do not describe the characteristics of molecules in solution. In
order to estimate the effect of a solvent on the electronic properties of a system of
interest, a number of schemes have been developed which differ in the manner by which

they model the solvent.

The theory of solvent effects stems from the quantum mechanics of composite
systems. One family of models, referred to as the self-consistent reaction field (SCRF)
methods, use a reaction field or a continuum of uniform dielectric constant (g) to model
the solvent and place the solute in a cavity within the reaction field. The different types

of SCRF methods differ in the manner by which they define the reaction field and cavity.

Figure 2.2: Schematic illustration of the Onsager model.
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The simplest of the SCRF methods is the Onsager reaction field model.*? In this
method, schematically illustrated in Figure 2.2, the solute is assumed to exist as a fixed
spherical cavity of radius a,. As a dipole moment develops in the solute, an induced
dipole moment is created within the solvent medium. A net stabilization results as the
electric field applied due to the dipole moment in the solvent interacts with the dipole
moment of the system of interest. Due to the physical robustness of the model, it has
remained a widely used method to incorporate solvent effects. For a more detailed
discussion on the various types of solvation models, one should examine the review

44-46

articles available in the literature.
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Chapter Three.
A Density Functional Theory Study of
the Hydrogen Halide Dimers

3.1 Introduction

Hydrogen bonding, a fundamental aspect of chemical structure and reactivity, has

been the subject of intensive experimental and theoretical investigations. The formation

of a X—H:---Y hydrogen bond produces a low-frequency shift and an increase in the

intensity of the fundamental X—H stretching vibration.'”

These two properties are
characteristic of hydrogen-bonded systems and may be observed by infrared spectroscopy

(IR), a major tool for the study of hydrogen bonds. The plethora of experimental data on

hydrogen bonding, obtained by IR and other experimental techniques, is complemented

44
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by information obtained from calculations performed using quantum chemical
methods. In particular, ab initio methods have been shown not only to reproduce the
principal properties of hydrogen-bonded systems but also to provide additional
information that is not easily obtainable by other means. Moreover, the cadre of
computational tools has been enhanced by the development of methods based on density
functional theory (DFT). In addition to being computationally less expensive than the
conventional electron correlation methods, the DFT methods yield properties
comparable in accuracy to those obtained using second-order Maller—Plesset perturbation

theory (MP2) or quadratic configuration interaction (QCISD).5

One of the smallest and most extensively studied hydrogen-bonded system is
(HF),. The structural and energetic parameters obtained from experimental studies®°
have stimulated several high level ab initio calculations.' 17 Similarly, the heavier halide

1821 with the majority

analogue (HCI); has also been the subject of experimental studies
of theoretical investigations directed at an examination of the potential energy
hypersurface (see overview in reference 22). Although (HCI); is not regarded as a
classically hydrogen-bonded system since the intermolecular interactions are dominated

2324 it is geometrically similar to (HF), and thus, the two dimers are

by dispersion forces,
often studied concurrently. DFT studies on (HF),>?'?%33-¢ and (HCI); 237293436 have
confirmed (see Table 3.1) that generalized gradient approximations (GGAs) yield more

accurate results than the local density approximation (LDA) and Hartree-Fock (HF)
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Table 3.1: Previous density functional calculations on the hydrogen halide dimers.

Reference

System, DF method and basis set

(HF),, FH/CO, FH/NH;3

SCF, MP2, SVWN, BLYP, BP86, B3LYP

6-31G(d,p), 6-31+G(d,p), 6-311++G(d,p), 6-311+G(2d,2p), 6-311+G(3df,3pd), DZ(d,p),
cc-pVDZ, aug-cc-pVDZ, cc-pVTZ, aug-cc-pVTZ

25

(HF),, FH/NCCHj;, HCI/NCH, HCYNCCH;, HCVH,0, (H,0),, FH/NCH
B3LYP
6-31G(d,p), 6-31+G(d,p)

26

(HF),, (H,0),, (NH3),, C;H,/H,0, CHy/H20
S-null, B-null, X,, SVWN, BVWN, SLYP, BLYP, B3LYP
cc-pVDZ, 6-31++G(2d,2p), aug-cc-pVDZ

27

(HF),, (HCl),, (H,S);, FH/NH;, (HCN),, (H,0):
VWN, BP86, PW86P86
(7111/411/1) C, N, O, F; (7321/621/1) S, Cl; (41/1) H

28

(HF),, (HCI),, (H,0),, FH/CO, FH/OC, FH/NH,;, CIH/NH;, H,O/NH;, H;0"/H,0
HF, MP2, LDA, B3LYP, B97-1, PBEQ, HCTH, BLYP, PBE, HCTH38
TZ2p, cc-pVTZ, cc-pVQZ, aug-cc-pVTZ, aug-cc-pVQZ

30

(HF),, (HCl),, Li"/OH,, F/OH,, (CsHe)z, (C2Hy)2, (Ne),, (Ar)2, CsHe/Ne, CsHo/Ar, (H0)s,
BLYP, B3LYP, B3P86
6-31G(d), 6-31G(d,p), 6-31++G(d,p), 6-311G(d), D95(d,p), DIS5(2d,2p)

32

(HF), + oligomers
RHF, MP2, BLYP, B3LYP
6-311++G(d,p)

33

(HF),
HF, BLYP, B3LYP, CHA/BLYP, CHA/B3LYP
6-31G, 6-31G(d), 6-31G(d,p), 6-31++G(d,p), 6-311G(d,p), 6-311++G(3df,3pd)

34

(HF),

SVWN, SLYP, BVWN, BPL, BLYP, BP86, B3LYP, B3P86, BHandHLYP
6-311++G(d,p), 6-311++G(2d,2p), 6-311++G(3d,3p), 6-311++G(2df,2pd), 6-
311++G(3df,3pd)

35

(HCI),, (HCI)3 ,(HCI)4
HF, MP2, BVWN
3-21+G(d,p), 6-311+G(d,p)

36

(HF),, (HCI);, (H,0),, FH/HCN, FH/H,0, CN'/H,0, OH/H,0 , HCC/H,0, H;0/H,0,
NH;/H,0

MP2, B3LYP, BHandHLYP, PBE, VSXC, PBE1PBE, meta-GGA

6-311++G(d,p)
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methods.”® Despite this fact, no detailed study has been reported on the ability of the

hybrid density functional methods to compute accurately the properties of these systems.

In this chapter, a study of the geometries, binding energies and vibrational
properties of the series of HX (X=F, Cl and Br) dimers has been performed to assess the

reliability and feasibility of the hybrid density functional methods.

3.2 Computational Details

Throughout this thesis, the Gaussian 98" suite of programs was used to perform
the calculations. In this study, the seven density functional methods, described in detail
in Chapter Two, considered included SVWN, B3LYP, B3P86, B3PW91, BHandH,
BHandHLYP and BILYP. Hartree-Fock (HF), ab initio second-order Mgller-Plesset
(MP2) and quadratic configuration interaction (QCISD) methods, with the core electrons

frozen for the latter two methods, are employed for comparison.

Frequency analyses were performed to ensure that the stationary points are local
minima and to correct the binding energies with zero-point vibrational energy (ZPVE).
The binding energy was computed at the aforementioned levels of theory and was
corrected for the basis set superposition error (BSSE) using the counterpoise (CP)
correction as originally proposed by Boys and Bernardi.*® As outline in Equation 3.1,

DozpVE + BssE), the binding energy of the dimer corrected for ZPVE and BSSE, is obtained
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by subtracting the CP correction from the ZPVE corrected binding energy, Dozeve). The

CP correction is stated in Equation 3.2, where the Em,- ’s represent the energy of the

individual monomers, “f’ frozen in their dimer geometry and the “*” represents
monomers calculated with ghost atoms.
Do(ssse + zpve) = Do (zpve) - CP (3.1)
CP = 'f(E E ) (3.2)
s "y '

On the basis of a preliminary study with a large variety of basis sets, we
concluded that the 6-311+G(2df,p) basis set is sufficiently large for the present purposes.
The basis set dependence of the optimized structures of (HF), and (HCI); has been
investigated with a range of Pople and Dunning basis sets (see Tables Al.1 and Al.2 in
Appendix A) and the inclusion of diffuse and two sets of d-functions on the heavy atoms
is necessary for obtaining reliable geometrical parameters. Unless otherwise stated, bond
distances are reported in angstroms (A), angles are in degrees, energies are in kJ mol™

and dipole moments (p) are in debyes (D).

3.3 Results and Discussion

It is now firmly established that the lowest energy conformation for the hydrogen

halide dimers is a bent structure of C; symmetry, in which the bridging proton lies close
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to the internuclear axis with the acceptor moiety almost perpendicular to this axis (Figure

3.1). In assessing the performance of various methods, three geometrical parameters
were examined: the internuclear (X---X') distance, the linearity of the hydrogen bond as

reflected by O, and the orientation of the proton acceptor molecule relative to the

internuclear X---X' axis as measured by 9,.

Figure 3.1: Schematic illustration of the conformation of the HX dimers.

A cyclic structure of almost C>;, symmetry has been obtained with the 6-31G(d,p)
basis set and various DFT and MP2 methods.? This structure is in fact a transition

structure corresponding to interconversion of the donor-acceptor units in the complex.

3.3.1 Geometries of the (HX) Dimers

The optimized geometrical parameters for (HF);, (HCl); and (HBr), are

summarized in Tables 3.2, 3.3 and 3.4, respectively. The internuclear (F---F’) distance
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for (HF),, experimentally determined to be 2.72 A, is significantly underestimated by
0.17 A with the SVWN method. Methods containing the B3 exchange functional
(B3LYP, B3P86 and B3PW91) or the LYP correlation functional (BHandHLYP and
B1LYP) predict (F---F’) distances within the range of experimental error (2.72 + 0.03 A).

The BHandH method and the post-HF methods, MP2 and QCISD, all overestimate the

(F---F') distance by at least 0.03 A.

Table 3.2: Optimized geometrical parameters for (HF), obtained
with the 6-311+G(2df,p) basis set and various theoretical methods.

Method R(F--'F) 8, 0, n

SVWN 2.547 9.8 113.7 3.52
B3LYP 2.738 8.5 112.5 3.48
B3P86 2.704 8.6 111.1 3.45
B3PW91 2.751 8.6 112.3 3.44
BHandH 2.757 8.4 111.1 3.61
BHandHLYP 2.715 8.4 115.2 3.54
BILYP 2.744 8.5 113.4 348
HF 2.828 8.6 112.2 3.64
MP2 2.759 7.3 116.3 3.66
QCISD 2.775 7.4 117.0 3.65
Experiment* 2.72+£0.03 7+3 120+ 2 3.2

*References 6 and 7.
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With respect to the linearity of the hydrogen bond in (HF),, all hybrid density

functional methods yield about 8.5° for ©,. Although this agrees well with the

experimental value (7 + 3°), it is slightly larger than that obtained with MP2 or QCISD.
This suggests that the linearity of the hydrogen bond may be overestimated by the hybrid

density functional methods.

On the other hand, all DFT methods predict values for 62 that are well below the
experimental value (120 + 2°). Methods containing the B3 exchange functional (B3LYP,
B3P86 and B3PW91) underestimate 6, by 7° to 9°. Similarly, the BILYP and SVWN
methods underestimate 6, by about 7°. The BHandHLYP, MP2 and QCISD methods
underestimate 6, by 3 to 5°. Thus, the DFT methods predict the proton acceptor to be in

an orientation more perpendicular to the internuclear axis than that observed

experimentally.

The experimental results for (HCI); indicate that the internuclear distance
elongates to 3.75 - 3.84 A, as 61 increases to 9° and 92 decreases to 90°. The (Cl---Cl')
distance, underestimated by at least 0.15 A with the SVWN and BHandH methods, is
elongated by about 0.06 A with the B3LYP, B3PW91, BHandHLYP, BILYP and MP2
methods. Reasonable agreement with experiment is attained with the B3P86 method. All

DFT methods underestimate 6, by at least 2° but predict values of 6, with deviations of at
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most 4° from 90°. Thus, the DFT methods overestimate the linearity of the hydrogen
bond but adequately predict the perpendicular orientation of the proton acceptor relative

to the internuclear axis.

Table 3.3: Optimized geometrical parameters for (HCI), obtained
with the 6-311+G(2df,p) basis set and various theoretical methods.

Method R(CI---CI") 0, 0, B
SVWN 3.465 5.6 87.3 2.54
B3LYP 3.884 6.2 92.8 2.11
B3P86 3.773 5.5 925 2.18
B3PW91 3.889 6.1 93.1 2.12
BHandH 3.605 7.5 89.0 2.24
BHandHLYP 3.901 7.1 93.1 2.05
BILYP 3912 5.6 93.9 2.09
HF 3.898 4.8 93.7 1.85
MP2 3.883 8.3 87.9 2.03
QCISD 4.001 9.3 87.7 1.98
Experiment * 3.75-3.84 9 90 1.5

* References 3, 4, 18 and 21.

For (HBr),, the largest dimer considered, the internuclear distance is further
elongated to 4.17 A. This dimer contains a nearly linear hydrogen bond and the proton
acceptor molecule is once again in a perpendicular orientation relative to the internuclear

axis, as exemplified by the values for 6, and 0, of 3.4° and 92.7°, respectively.
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Table 3.4: Optimized geometrical parameters for (HBr), obtained
with the 6-311+G(2df,p) basis set and various theoretical methods.

Method R(@Br:--Br") 0, 62 B

SVWN 3.746 5.0 82.9 2.29
B3LYP 4213 2.8 91.8 1.75
B3P86 4.071 35 894 1.84
B3PW91 4184 29 91.1 1.78
BHandH 3.905 6.3 85.1 1.93
BHandHLYP 4.256 3.2 91.9 1.72
BILYP 4.253 29 92.1 1.72
HF 4.660 11.4 87.5 1.43
MP2 4.164 39 90.1 1.75
QCISD 4421 4.3 90.3 1.65
Experiment ? 4.174 34 92.7 -

* References 23.

The SVWN and BHandH methods underestimate the (Br---Br’) distance, while all

remaining DFT methods predict a (Br---Br) distance within 0.1 A of 4.17 A.
Unexpectedly, all methods, except SVWN and BHandH, predict reasonably well the

linearity of the hydrogen bond yielding values of 6, within 0.5° of 3.4°. Similarly, all

methods predict values of 6, that are at most 3° smaller than 92.7°.
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Tables 3.2 to 3.4 also contain the dipole moment calculated for each dimer with
all methods. Although the dipole moment is insensitive to the choice of the DFT method,
all methods overestimate this parameter. In general, as the size of the halide atom
increases from F to Cl and finally to Br, the internuclear distance elongates as expected.
This elongation is accompanied by an enhancement in the linearity of the hydrogen bond
and a more perpendicular arrangement of the proton acceptor. That is, the magnitude of

0, decreases from about 8.5° for (HF); to about 3.4° for (HBr), and 6, contracts from

about 120° for (HF); to about 90° for (HBr),.

3.3.2 Binding Energies of the (HX) Dimers

The calculated binding energies, corrected for ZPVE and BSSE, are summarized
in Table 3.5. For (HF),, whose binding energy is moderate in strength at 12.7 kJ mol™,
the SVWN and BHandH methods grossly overestimate this value. The DFT methods
containing the LYP functional predict binding energies that deviate from the
experimental value by 1.5 kJ mol™" or less. The B3P86, B3PW91, MP2 and QCISD

methods all underestimate the binding energy by 2 to 5 kJ mol™.

The binding energy, experimentally determined to be 5.9 - 8.4 kJ mol” for
(HCI),, has not been reported for (HBr),. For (HCI),, the SVWN and BHandH methods
predict binding energies larger than the other methods, although the BHandH value (9.1

kY mol') is in reasonable agreement with experiment. Methods containing the LYP
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functional (B3LYP, BHandHLYP and B1LYP) predict binding energies of 1 —2 kJ mol™,
similar to that obtained with the QCISD method. The MP2 binding energy, although
slightly larger than that predicted by those methods containing the LYP functional, is still

underestimated.

Table 3.5: Binding energies (kJ mol™) for (HF),, (HCI), and (HBr), corrected for BSSE
and ZPVE (D, @sse + zpve)> With the 6-311+G(2df,p) basis set and various theoretical

methods.
Method (HF), (HCI), (HBr),

D, @sse +zpvey BSSE D, gsse +zevey BSSE D, @sse +zpvey BSSE
SVWN 259 29 14.5 2.2 15.8 1.2
B3LYP 11.2 2.0 1.1 1.5 0.7 0.7
B3P86 10.4 2.1 1.3 1.8 1.5 0.8
B3PW91 8.2 2.0 32 1.7 -0.3 0.8
BHandH 229 2.6 9.1 1.9 8.6 1.0
BHandHLYP 12.7 2.0 1.6 1.5 0.9 0.7
BILYP 11.1 2.0 09 1.5 0.3 0.7
HF 9.1 1.5 03 1.2 0.3 0.2
MP2 9.6 3.8 23 2.7 -1.6 1.7
QCISD 9.1 3.5 1.3 2.3 1.4 1.2
Experiment 12.70 + 0.01° 59-84° N/A

* Reference 9.
® Reference 21.
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For (HBr),, the SVWN and B1LYP methods both predict binding energies larger
and thus stronger than all other methods. The B3LYP, BHandHLYP and BILYP
methods predict binding energies similar in magnitude and smaller than 1 kJ mol™.
Conversely, binding energies larger than 1 kJ mol™ are obtained with the B3P86 and
QCISD methods. Interestingly, the MP2 and B3PW91 methods predict that the dimers

are unstable relative to the separated monomers.

The binding energies obtained for (HCl); and (HBr); using the hybrid DFT
methods illustrate the inherent deficiency in these methods, namely the inability to
accurately reproduce binding energies in complexes where dispersion interactions play an
important role. The peculiar results obtained for the binding energies of the heavier
halide dimers, (HCI), and (HBr),, suggest that although the 6-311+G(2df,p) basis set
yields adequate geometrical parameters for (HF); and (FHCI); with the post-HF methods
(see Appendix A), it is insufficient to describe the binding energy in these heavier halide
dimers. A more comprehensive investigation to address the importance of relativistic
effects and the possible correlation between the geometrical parameters, particularly the

internuclear distance and 6,, and binding energy in these larger dimers is warranted.

3.3.3 Vibrational Properties of the (HX) Dimers

The shift in the frequency of the X—H stretching mode, as a consequence of

hydrogen bonding, is a quantity accessible by infrared spectroscopy. The average,
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unscaled harmonic X—H frequency shift has been calculated for (HF)2, (HCl), and
(HBr); and is summarized in Table 3.6 along with the resulting elongation of the X—H
bond. The experimental frequency shifts are 105.0, 53 and 60 cm’, for (HF),, (HCI); and

(HBr),, respectively.

Table 3.6: Frequency shift (-Av) and change in the X—H donor bond length,
upon dimerization for (HF),, (HCl); and (HBr),, with the 6-311+G(2df,p) basis

set and various theoretical methods.

(HF), (HC), (HBr),

Functional Av  Arg g Av  Arg_ 1 Av Arg gy
SVWN 3134 0.016 256.1 0.021 292.2 0.025
B3LYP 147.3 0.007 67.3 0.004 72.6 0.005
B3P86 174.9 0.008 101.7 0.009 111.1 0.009
B3PW9I1 153.9 0.007 73.7 0.005 82.9 0.006
BHandH 213.0 0.010 122.8 0.009 122.7 0.009
BHandHLYP 129.7 0.006 483 0.003 41.7 0.004
BILYP 138.1 0.007 60.3 0.005 59.2 0.005
MP2 1129 0.005 43.8 0.003 46.5 0.003
QCISD 83.1 0.005 17.8 0.002 14.5 0.001
Experiment  105.0° — 53° ———- 60° —-

TReference 10.
® Reference 39.
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All DFT methods overestimate the (HF), frequency shift. The SVWN and
BHandH methods predict frequency shifts at least twice as large as experiment. Methods
containing the LYP functional (B1LYP, BHandHLYP and B3LYP) or the B3 functional
(B3P86 and B3PW91) overestimate the frequency shift by 25 to 40 cm™ and 50 to 70
cm’', respectively. Very reasonable agreement with experiment is attained with the MP2

method although the QCISD method underestimates the frequency shift by about 25 cm™.

For (HCl), and (HBr),, the SVWN and BHandH methods overestimate the
frequency shift. The B3P86 functional also overestimates the shift but yields a value
similar to that observed with the BHandH functional. Methods containing the LYP
functional (B3LYP, BHandHLYP and BILYP) predict frequency shifts in reasonable
agreement with experiment. However, the post-HF methods, MP2 and QCISD,
underestimate the frequency shift for (HCl); by 9 and 35 cm’, respectively and for

(HBr); by 15 and 45 cm™, respectively.

Upon closer examination of the change in the X—H bond length, the direct
relationship between the elongation of the X—H bond upon complexation and the
frequency shift is apparent. The linear correlation between the elongation of the X—H
bond length and the frequency shift associated with the X—H stretching mode for the

three dimers investigated in this study is illustrated in Figure 3.2.
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Figure 3.2: Correlation between the change in bond length and frequency shift for the
X—H bond upon dimerization. {® (HF),; a(HCl),; A (HBr), }

3.3.4 Trends Amongst the (HX) Dimers

The hydrogen halides represent an interesting set of binary molecules. Through
self-association, these molecules may create long chains in condensed phases or form
smaller clusters in the gas phase. Thus, they are often employed as prototypes in the

study of hydrogen bonding.

As one progresses down the periodic table, the size of the halide atom increases

and the intermolecular (X---X') distance present in the dimers lengthens from 2.72 A for

(HF) to 3.80 A for (HCI); and finally to 4.17 A for (HBr),. Upon dimer formation, the
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X—H bond present in the proton donor elongates by up to 0.010 A. The non-linearity of
the hydrogen bond is measured in this study by 6, and is less than 10° for all dimers. In
addition, the orientation of the acceptor molecule, as described by 0., approaches a more
perpendicular orientation as the size of the halide ion in the dimer increases. That is, 0,
contracts from 120° for (HF), to around 90° for (HCI), and (HBr),. Similar trends were

observed in an analogous ab initio studyz3 of (HCI),, (HBr); and (HI),.

3.4 Conclusions

A study of the performance of a variety of hybrid density functional methods has
been carried out on (HF),, (HCI), and (HBr),. Assessment of the geometrical parameters
for the dimers indicates that all hybrid functionals predict geometrical parameters in
reasonable agreement with experiment. For (HF);, it was found that the methods
containing the LYP correlation functional yield optimized geometrical parameters similar
to each other and to the values obtained using the MP2 or QCISD methods. While a
similar tendency was evident for (HCl), and (HBr),, it was found that the BHandHLYP
and BILYP methods yield geometrical parameters in slightly better agreement with

experiment.

For (HF),, the DFT binding energies, which are similar in magnitude to those

obtained with the MP2 and QCISD methods, are too large by up to 4 kJ mol”'. The DFT
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binding energies for (HCl); and (HBr); are similar in magnitude to the MP2 and QCISD

values but are in poor agreement with the experimental value for (HCl),.

Finally, the linear correlation between the shift in the X—H stretching frequency
and the X—H bond length for the three dimers upon dimerization is illustrated. The

BILYP, B3LYP and BHandHLYP methods yield shifts in the stretching frequency which

are in reasonable agreement with the experimental and MP2 values.

Through the study of the fundamental physical properties for a series of
hydrogen-bonded dimers, it is apparent that the hybrid density functional methods
perform with a reasonable degree of accuracy. Methods containing the LYP correlation
functional tend to yield results similar not only to the MP2 and QCISD values but also to
the experimental results. In general, the BHandHLYP and B1LYP methods offer a viable

alternative to the popular B3LYP method.
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Chapter Four.

The Hydrogen-Bond Mediated

Aminolysis of 6-Chloropyrimidine

4.1 Introduction

Hydrogen bonds are an essential feature of the structure and function of biological
molecules. Although an individual hydrogen bond is relatively weak compared to a
covalent bond, the cooperative nature of multiple hydrogen bonds confers added stability
to a complex.'”? This, in addition to the complementary nature of hydrogen bonding, has

made hydrogen bonding an important interaction in the self-assembly of molecules.'**

Due to the specificity of the donor-acceptor units and the inherent weakness of the
individual bonds within a multiply-hydrogen bonded complex, molecules capable of

forming multiple hydrogen bonds have been employed as catalysts in organic

65



The Hydrogen Bond Mediated Aminolysis of 6-Chloropyrimidine 66

and biological reactions.>”® Recently, nucleobases such as uracil have been utilized”'?

as catalytic agents due to the robust variety of functional groups associated with these
molecules.!! In one of the initial studies aimed at assessing the catalytic ability of the
individual functional groups of the nucleobases, Homme and Melander'? examined the
aminolysis of pentafluorophenyl benzoate by propylamine, a reaction involving the
formation of an amide bond. Designed to assess the ability of each nucleobase to
stabilize an ionic transition state through hydrogen bonding, this study explicitly revealed
the inherent bifunctional catalytic ability of the functional groups of the nucleobases and
laid the foundation for further investigations into the catalytic possibilities of hydrogen

bonding.

Recently, Tominaga et al.'® accelerated the aminolysis of 6-chloropurine in
benzene by the addition of derivatives of uracil. On the basis of 'H NMR evidence, the
catalytic behavior was proposed to occur as the result of multiple hydrogen bonding
interactions between the uracils and 6-chloropurine derivatives. The latter were
presumed to assist the formation of a reactive intermediate and subsequent stabilization
of the transition state, an application of hydrogen bonds which is well established.*”*"
In order to develop a rationalization for the role of the hydrogen bonding interactions in
the aforementioned aminolysis reaction and the potential role of solvent effects, the
aminolysis of 6-chloropyrimidine (Figure 4.1a) was considered. In order to assess the

catalytic potential of the third hydrogen bond present in the aminolysis of 2-amino-6-

chloropurine, the aminolysis of 2-amino-6-chloropyrimidine (Figure 4.1b) was examined.
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In addition, recent interest in the proton affinity of the proton donor'®*? involved in

hydrogen bonding has prompted an investigation into the role of the hydrogen bond
acceptor and the correlation between the proton affinity (PA) of the group that interacts
with the incoming NH; and the barrier to aminolysis. To examine this correlation, fluoro,
imine and thioketo derivatives of the uracil-derived bases OCH,, OHC-NH, and OHC-

NH-CHO were utilized in the aminolysis of 6-chloropyrimidine (Figure 4.1a).

(a) Cl THZ
= o —H = o —H
NH. + Nl/ Cs Nl/ Cs c
3 _— +  HCl
7 ]
e N “\H — N “\H
N3 N3
o) 1 NH,
(! |
6 H 6 H
NH; + Nl/ e Nl/ i
_—— +  HC
T T
2 4 2 4
H,N \\st/ ~H H,NT \Ns/ ~H

Figure 4.1: Schematic illustration of the aminolysis of (a) 6-chloropyrimidine
and (b) 2-amino-6-chloropyrimidine.
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4.2 Computational Details

The potential energy surfaces of the aminolysis reactions were examined using
density functional theory. Geometry optimizations, harmonic frequencies and zero-point
vibrational energy (ZPVE) corrections were calculated with B3LYP/6-31G(d,p) (see
Chapter Two). Improved relative energies, obtained by single point calculations at the
B3LYP/6-311+G(2df,p) level using the above geometries, were corrected with the
appropriate ZPVE, i.e., B3LYP/6-311+G(2df,p)/B3LYP/6-31G(d,p) + ZPVE. All
relative energies are in kJ mol” and bond lengths in angstroms (A). Using the Onsager
model (see Chapter Two), two solvents were considered: benzene with a dielectric
constant of 2.28 and water with a dielectric constant of 78.39. The proton affinities (PA)
of the uracil-derived bases were calculated as the difference between the protonated and
non-protonated forms of the base. The total energies of all the molecules examined are

summarized in Table B1.1 of Appendix B.

4.3 Results and Discussion

4.3.1 Initial Results

The isolated aminolysis of 6-chloropyrimidine (hereafter denoted as C1-C4sN;H3)
is illustrated schematically in Figure 4.2a. Initially, the reactants NH; + CI-C4N;H; form
the hydrogen bonded complex 1a lying just 5.4 kJ mol™' lower in energy. Aminolysis

proceeds via transition structure (TS) 1b, with a notable barrier of 138.1 kJ mol™, in
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which the C---Cl bond is 2.016 A and the C---NH; bond is 1.788 A. The aminolysis
products, HC1 + H,N-C4N,H;, are produced as TS 1b relaxes to generate the hydrogen

bonded complex, 1¢, lying 77.6 kJ mol™' lower in energy than the reactants.
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Figure 4.2: Schematic energy profile for the aminolysis of 6-chloropyrimidine
(a) isolated, with (b) OCH, hydrogen bonded to the NH; moiety, and with (c)
OCH-NH,; hydrogen bonded to both the NH; moiety and the pyrimidine ring.

Based on the hydrogen bonding motif of uracil, the effect of OCH; and OHC-NH;
on the aminolysis reaction of Figure 4.1a was examined. As illustrated in Figure 4.2b,
the addition of the electron-donating OCH), species to NH; + CI-C4N2Hj3 yields complex

2a lying 8.5 kJ mol™' lower in energy. As OCH; remains bound to the incoming NH; via

an O---HNH, hydrogen bond of 1.876 A, aminolysis proceeds via TS 2b with a barrier of

112.2 kJ mol!, 25.9 kJ mol™' lower than that observed in the isolated system.
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The OHC-NH; moiety, which contains both an electron-donating —OHC group
and an electron-accepting —NH, group, interacts with NH;3 + CIl-C4N;H;3 as shown in
Figure 4.2c. Initially, OHC-NH,; forms the hydrogen-bonded complex 3a lying 23.4 kJ
mol™ lower in energy than the reactants. As OHC-NH, remains hydrogen-bonded to the
incoming NH;, aminolysis proceeds via TS 3b with a substantially reduced barrier of

95.3 kJ mol”'. In TS 3b, H,NCHO is hydrogen bonded to both the incoming NH; by the

O---H—NH, bond (1.766 A) and to N1 of the pyrimidine ring by a N---HN bond of

1.906 A.

In the transition structure of the isolated aminolysis (TS 1b), the C---Cl and
C---NH; distances are 2.016 A and 1.788 A, respectively. The addition of the OCH,
moiety enables the formation of a strong H,CO---HNH; bond in TS 2b of 1.876 A. This
results in a shortening of the C---Cl distance to 1.945 A and a lengthening of the C---NH;
distance to 1.819 A. Furthermore, the charges on the leaving Cl and incoming N, as
illustrated in Figure 4.3, are smaller in magnitude than those observed in the TS for the
1solated aminolysis. This suggests that the electron-donating ability of N in NHj is
enhanced by hydrogen bonding to OCH,, which enables the transition structure for

aminolysis to occur earlier.

Enlarging the hydrogen bonding moiety from OCH, to OCH-NH; results in a

further decrease in the C---Cl distance to 1.889 A while the C---NH; distance is
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elongated to 1.838 A, indicating that the TS occurs even earlier when OCH-NHj is used
as the base. In addition, the charges of the departing Cl and incoming N (Figure 4.3) are
even smaller in magnitude than that observed in the TS involving OCH,. Thus, the
electron-donating -CHO group enhances the electron-donating ability of N in NH3 by the
formation of the O---H—N hydrogen bond. Furthermore, the electron-accepting —-NH>

group stabilizes the negative charge present on N1 of the pyrimidine ring, a consequence

of the enhancement of the sp® hybridization of the carbon undergoing substitution.

+0.37 "%%3 0380 +0.32 ,Cl-0°18
H3N‘ l" H3N\ .
+0.42 CH,
'C+0.16 C.+0.15
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+0.34.Cy_ _-CH +0.20 +0.33.Cy, _-CH +0.20
H N H N
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051 +0.31 cl -0.11
e BN
+0.49 \ \C +0 15
... 046 _— .
T N Z \ITH +0.01
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Figure 4.3: Schematic illustration of the transition structures 1b, 2b and 3b
showing the charge distribution on the heavy atoms as determined by Mulliken
population analysis.
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4.3.2 The Effect of Solvent

Thus, through the addition of small representative bases such as OCH; and OHC-
NH,, which form hydrogen bonds to the incoming NH3 moiety and the pyrimidine ring,
the barrier to aminolysis may be notably reduced. However, in the original study
performed by Tominaga and coworkers,'? the catalytic behavior of the uracil derivatives
on the aminolysis of 2-amino-6-chloropurine was observed in benzene, a relatively
nonpolar solvent. In order to assess the potential role solvent may play in stabilizing the
partial ionic character present in the transition structures, the above aminolysis reactions

were re-examined in benzene and water by using the Onsager model.

Table 4.1: Summary of the barrier to aminolysis (kJ mol™) in various media.

Reaction of Interest Gas Phase  Benzene Water
NH; + CI-C4NyH; 138.1 137.5 136.4
OCH,; + NH3 + CI-C4N,H3 112.2 111.9 110.8
OHC-NH,; + NHj3 + CI-C4N2H; 95.3 95.0 94.6

In Table 4.1, the barriers to aminolysis for the various reactions are summarized
in the three media of interest: gas phase, benzene and water. Benzene, a relatively non-
ionizing solvent has a negligible effect on the barriers to aminolysis. The barrier to

aminolysis are decreased by less than 1 kJ mol'. Water, a much stronger ionizing
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solvent has a slightly more pronounced effect on the aminolysis reaction but, once
again, the decrease in the barriers is of a mere 1-2 kJ mol” in magnitude. Thus, the
effect of the solvent on the barrier to aminolysis is much less than that due to specific
hydrogen-bonding interactions present between the small bases (OCH; and OHC-NH>),

NH3 and C1~C4N2H3.

4.3.3 The Role of the Third Hydrogen Bond

The above results illustrate the important role hydrogen bonding plays in
catalyzing the aminolysis of 6-chloropyrimidine. However, Tominaga and co-workers'®
also examined the aminolysis of 2-amino-6-chloropurine. In order to assess the role of
the electron-donating —NH, group present in the aforementioned aminolysis, the
aminolysis of 2-amino-6-chloropyrimidine was examined (Figure 4.1b) using OCH,,

OHC-NH;, OHC-NH-HCO and 1-methyluracil as bases.

In the isolated aminolysis of 2-amino-6-chloropyrimidine (NH; + CI-C4sN3H,), the
reactants generate the initial complex 4a (Figure 4.4a) lying 21.4 kJ mol” lower in
energy. Aminolysis proceeds via TS 4b with a sizeable barrier of 158.8 kJ mol”'. The

addition of OCH; to NH3 + C1-C4N3H4 (Figure 4.4b) forms complex 5a lying 5.1 kJ mol™!

lower in energy. As OCH; remains bound to the incoming NH3 moiety by a O---HNH,
hydrogen bond of 1.888 A in TS 5b, the aminolyisis proceeds with a barrier of 117.8 kJ

mol™.
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Figure 4.4: Schematic energy profile for the aminolysis of 2-amino-6-
chloropyrimidine, (a) isolated, (b) with OCH, hydrogen bonded to the NHj;,
(c) with OHC-NH; hydrogen bonded to both the incoming NH; and the
pyrimidine ring, (d) with OHC-NH-HCO hydrogen bonded to both the
incoming NH; moiety and the pyrimidine ring, and (e) with l-methyluracil
hydrogen bonded to both the incoming NH; moiety and the pyrimidine ring.

Complex 6a, lying 15.3 kJ mol™ lower in energy, is generated upon the addition of OHC-

NH, to NH3 + CI-C4N3H, (Figure 4.4c). As the electron-donating -OHC group forms a

shorter O---HNH, hydrogen bond of 1.797 A to the incoming NH;, aminolysis proceeds

via TS 6b with a barrier of 99.9 kJ mol™, in which the electron-accepting —-NH, group

forms a N---HN hydrogen bond of 1.930 A to N1 of the pyrimidine ring.
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With OHC-NH-CHO as the base, the initial complex 7a lying 34.4 kJ mol™ lower

in energy is generated in the aminolyis of NH; + CI-C4N3H4 (Figure 4.4d). As OHC-NH-
CHO remains bound to the incoming NHj; via an O---HNH; bond (1.869 A) and bound to

Cl-C4N;H4 via a N---HN bond (1.725 A), aminolysis proceeds via TS 7b with a

noticeable increase in the barrier to 110.3 kJ mol™.

Finally, the addition of 1-methyluracil to C1-CsN;H, (Figure 4.4e) generates the

initial complex 8a lying 24.7 kJ mol™ lower in energy. Aminolysis proceeds via TS 8b
with a barrier of 103.6 kJ mol™ in which 1-methyluracil forms a O---HNH, bond (1.809
A) to NH; and a N---HN bond (1.792 A) to N1 of the pyrimidine ring. In the latter two

aminolysis reactions, the -NH, group of N1 of CIl-C4N;H; is engaged in a O---H—N

bond of 2.079 A and 2.025 A for OHC-NH-CHO and 1-methyluracil, respectively.

In order to facilitate comparison between the two aminolysis reactions, OHC-NH-
CHO and 1-methyluracil were utilized as bases in the aminolysis of 6-chloropyrimidine.
The aminolysis of NH; + C1-C;N>Hj; (6-chloropyrimidine) with OHC-NH-CHO as the
base, proceeds via TS 9b (Figure 4.5a) with a barrier of 100.8 kJ mol™'. With 1-
methyluracil as the base, the aminolysis of 6-chloropyrimidine proceeds via TS 10b with

a barrier of 95.2 kJ mol™ (Figure 4.5b).
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Figure 4.5: Schematic energy profile for the aminolysis of 6-chloropyrimidine
with (a) OHC-NH-HCO hydrogen bonded to both the incoming NHj; and the
pyrimidine ring, and (b) 1-methyluracil hydrogen bonded to both the incoming
NH; and the pyrimidine ring.
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The barriers to aminolysis for 6-chloropyrimidine and 2-amino-6-
chloropyrimidine are summarized in Table 4.2. As the barriers for the aminolysis of 2-
amino-6-chloropyrimidine are larger than those observed for the analogous aminolysis of
6-chloropyrimidine, the presence of the -NH, group and its subsequent formation of an
HN—H---O hydrogen bond does not play a catalytic role in the aminolysis reaction.
Relative to the aminolysis of 6-chloropyrimidine, the presence of the amino group in 2-
amino-6-chloropyrimidine increases the barriers by 5.6 kJ mol" and 4.6 kJ mol, for

OCH; and OHC-NH,, respectively.

Table 4.2: Summary of the barriers to aminolysis (kJ mol™) for the two
reactions of interest.

Model Base NH; + CI-C4N>H; NH;3 + CI-CJN3H,
Isolated 138.1 158.8
OCH; 112.2 117.8
OHC-NH; 95.3 99.9
OHC-NH-CHO 100.8 110.3
1-methyluracil 95.2 103.6

Due to the presence of the electron-donating -NH; group in the aminolysis of 2-

amino-6-chloropyrimidine, the carbon undergoing substitution, C6, becomes less

susceptible to nucleophilic attack by the incoming NHj;. As a consequence, the C---Cl

distances in the TSs of the aminolysis of 2-amino-6-chloropyrimidine (Figure 4.6) are
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elongated by ~0.02A relative to that observed in the TSs for the aminolysis of 6-

chloropyrimidine.
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Figure 4.6: Pertinent geometrical parameters in the transition structures for the
aminolysis reactions of 6-chloropyrimidine (left) and 2-amino-6-
chloropyrimidine (right).
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Enlarging the model base to OHC-NH-CHO, which forms a third hydrogen bond in the
aminolysis of 2-amino-6-chloropyrimidine, leads to a barrier 9.5 kJ mol™ larger than that

observed in the aminolysis of 6-chloropyrimidine.

Due to the formation of the O---H—N hydrogen bond of 2.079 A between the
carbonyl group of the base and the —-NH, group in the TSs for the aminolysis of 2-amino-
6-chloropyrimidine (Figure 4.6), the electron donating ability of -NH, is enhanced. This
results in an additional decrease in the electrophilicity of the C undergoing substitution.
Similarly, the use of 1-methyluracil as the base in the aminolysis of 2-amino-6-

chloropyrimidine leads to a barrier 8.4 kJ mol™!' larger than that observed in the

corresponding aminolysis of 6-chloropyrimidine. In both these TSs, the C ---Cl distances
are elongated to compensate for the decrease in the electrophilicity of C6. The Mulliken
charges on the atoms in the TSs (not already presented in Figure 4.3) are summarized in

Figure B1.1 of Appendix B.

Thus, the absence of a decrease in the barrier to aminolysis for 2-amino-6-
chloropyrimidine and the minor changes in the transition structure geometry indicate that
the third hydrogen bond does not play a catalytic role in the aminolysis reaction.
However, the partial double bond character of the C-NH, bond provides a more rigid

framework upon which the aminolysis reactions may proceed.
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4.3.4 The Correlation with Protonr Affinities

For the aminolysis of 6-chloropyrimidine, the barrier to aminolysis decreases
from 112.2 kJ mol™! for OCH, to 100.8 kJ mol™ and 95.3 kJ mol” for the addition of

OHC-NH-CHO and OHC-NH,, respectively. For these three bases, the decrease in the

barrier to aminolysis is correlated with a decrease in the O---HNH; distance from 1.876
A to 1.839 A and 1.766 A. As summarized in Table 4.3, this is correlated with an
increase in the proton affinity (PA) of the terminal carbonyl group of the base interacting
with NHs. As expected, the barrier to aminolysis is decreased further to 95.2 kJ mol™” by

the use of 1-methyluracil, whose terminal oxygen has the largest PA of the bases

examined. However, there is a slight increase in the O---HNH; distance (1.7874), a

consequence of the electron-donating influence of the methyl group.

Thus, the barriers to aminolysis of 6-chloropyrimidine correlate with the PAs of
the carbonyl oxygen of the base hydrogen bonding to the incoming NHj; moiety.
Although this correlation is prevalent in the aminolysis of 2-amino-6-chloropyrimidine,
the model reaction of 6-chloropyrimidine was employed to further examine the
correlation between the PA of the portion of the base that hydrogen bonds to the
incoming NH; and the calculated barrier to aminolysis. To provide a range of PAs,
derivatives of the carbonyl bases were examined in which the PA of the carbonyi-derived
group was modified by fluoro, imine and sulfur substitution. The calculated PAs of the

carbonyl oxygen in the uracil-derived bases are summarized in Table 4.3.
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Table 4.3: Calculated proton affinities (kJ mol™) of the carbonyl
oxygens in the uracil-derived bases.

Base Proton Affinities

X=0 X=S X=NH
XCH, 700.9 763.6 861.9
XHC-NH-CHO 789.9 801.8 896.2
XHC-NH; 808.5 850.6 945.8
1-methyluracil * 861.5
1-methyluracil ° 831.2
XCHF 646.8
XFC-NH-CHO 701.1
XFC-NH; 743.7

? Carbonyl oxygen that interacts with the incoming NH;.
® Carbonyl oxygen that interacts with -NH, on 2-amino-6-chloropyrimidine.

4.3.4.1 Fluorine Substitution

By replacing a hydrogen adjacent to the carbonyl group by a fluorine, the
fluorine-derived bases OCHF, OFC-NH; and OFC-NH-CHO are generated. The
aminolysis of NH3 + CIl-C4N,Hj3, with OCHF acting as the base (Figure 4.7a), proceeds
with a barrier of 117.1 kJ mol” and an O---HNH, bond of 1.936 A in TS 11b. With
OFC-NH,; as the base, the barrier to aminolysis of NH; + CI-C;N>H; (Figure 4.7b) is
reduced to 100.9 kJ mol”! and a significantly shorter O---HNH, bond of 1.816 A is
present in TS 12b. Finally, the aminolysis of NH; + CI-C4N,;H; with OFC-NH-CHO as
the base (Figure 4.7c), proceeds with a barrier of 105.3 kJ mol™ in which an O---HNH,

bond of 1.888 A is formed in the TS 13b. Thus, as the barrier decreases from 117.1 kJ
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mol”! for OCHF, to 105.3 kJ mol™ and 100.9 kJ mol”' for OFC-NH-CHO and OFC-NH;

respectively, the O---HNH, bond distance decreases from 1.936 A to 1.888 A and 1.816

A, respectively.
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Figure 4.7: Schematic energy profile for the aminolysis of 6-chloropyrimidine,
with (a) OCHF hydrogen bonded to the incoming NH; moiety, (b) OFC-NH,
hydrogen bonded to both the incoming NH; moiety and the pyrimidine ring, and
(¢) OFC-NH-CHO hydrogen bonded to both the incoming NH; moiety and the
pyrimidine ring.

This decrease in barrier height and hydrogen bond distance is correlated with an
increase in the PA of the carbonyl group from 646.8 kJ mol™ for OCHF to 701.1 kJ mol
and 743.7 kJ mol”! for OFC-NH-CHO and OFC-NHS,, respectively (see Table 4.3). As
the PA of the fluoro-substituted uracil bases is lower than that of unsubstituted uracil-

derived bases, it follows that the barrier to aminolysis is larger by ~ 5 kJ mol™” and the

O---HNH; distances are longer by ~ 0.05 A.
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4.3.4.2 Imine Substitution

Due to the abundance of nitrogen containing species in biological systems and the
evidence that the nitrogen in the imine group is a better proton acceptor than the carbonyl
oxygen, and hence has a larger PA, the aminolysis of 6-chloropyrimidine was re-
examined with the carbonyl oxygen replaced by an imine group to produce the bases,
HNCH,, HNCH-NH, and HNCH-NH-HCO. As HNCH; interacts with NH; + CI-
C4N,H; (Figure 4.8a), a N---HNH, hydrogen bond of 1.878 A is present in TS 14b and
the aminolysis proceeds with a barrier of 107.6 kJ mol™!. As the base is enlarged to
HNCH-CH,, the aminolysis of NH; + CI-C;N,H; (Figure 4.8b), proceeds with a notably
decreased barrier of 90.6 kJ mol” and a shorter N---HNH> bond of 1.800 A in TS 15b.
The aminolysis of 6-chloropyrimidine, utilizing NHCH-NH-HCO as the base (Figure
4.8c), proceeds via TS 16b with a barrier of 98.3 kJ mol™' and an N.--HNH, distance of

1.875 A in the TS.

Thus, the barrier to aminolysis is reduced from 107.6 kJ mol™' when HNCH, is

used as the base to 98.3 kJ mol™ and 90.6 kJ mol”’ with NHCH-NH-HCO and HNCH-

NH,, respectively. As the barrier decreases, the N---HNH; distance shortens from 1.878

A with HNCH, as the base to 1.875 A and 1.800 A with NHCH-NH-HCO and HNCH-

NH,, respectively. The shortening of the N---HNH, distances is consistent with a

sequential increase in the PA associated with the imine interacting with NH; from 861.9
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kJ mol™’ for HNCH, to 896.2 kJ mol’ and 945.8 kJ mol' for NHCH-NH-CHO and

NHCH-NH,, respectively (see Table 4.3).
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Figure 4.8: Schematic energy profile for the aminolysis of 6-chloropyrimidine,
with (a) NHCH, hydrogen bonded to the incoming NH; moiety, (b) NHCH-
NH, hydrogen bonded to both the incoming NH; moiety and the pyrimidine ring,
and (¢) NHCH-NH-CHO hydrogen bonded to both the incoming NH; moiety
and the pyrimidine ring.

4.3.4.3 Sulfur Substitution

Sulfur may act as a hydrogen bond acceptor and is known to replace oxygen in
this function. However, due to its larger size, sulfur is expected to act as a weaker
hydrogen bond acceptor than oxygen. In order to determine if the correlation between
the PA of the base that interacts with NH; and the barrier to aminolysis is maintained as

the carbonyl-oxygen of the base is replaced by sulfur, the aminolysis of 6-
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chloropyrimidine (Figure 4.1a) was examined with, SCH,, SCH-NH, and SCH-NH-HCO

as bases.

The aminolysis of 6-chloropyrimidine with SCH, as the base, Figure 4.9a,
proceeds via TS 17b with a barrier of 117.8 kJ mol™ and an S---HNH, bond of 2.442 A.
The PA of the thioketo group is increased upon enlarging the base to SCH-NH: and the
aminolysis proceeds via TS 18b with a notably reduced barrier of 102.6 kJ mol™ and a
shortened S---HNH, bond (2.335 A), Figure 4.9b. As the base is enlarged further to
SCH-NH-HCO, which has a lower PA than that observed for SCH-NH,, the aminolysis

of 6-chloropyrimdine (Figure 4.9c) proceeds via TS 19b with a slightly larger barrier of

106.9 kJ mol™ and an elongation of the S---HNH, bond by 0.053 A (2.388 A).
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Figure 4.9: Schematic energy profile for the aminolysis of 6-chloropyrimidine,
with (a) SCH, hydrogen bonded to the incoming NH; moiety, (b) SCH-NH,
hydrogen bonded to both the incoming NH; moiety and the pyrimidine ring, and
(¢) SCH-NH-CHO hydrogen bonded to both the incoming NH; moiety and the
pyrimidine ring.
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While the PAs of the thioketo bases (Table 4.3) are intermediate between those of
the carbonyl- and the imine-derived bases, the barriers are slightly larger than those
reported for the aminolysis of 6-chloropyrimidine employing OCH,, OCH-NH; and

OCH-NH-HCO as bases. The larger size of the sulfur atom results in an elongation of

the S---HNH; bond to the incoming NHj3, and as such, hydrogen bonding does not
enhance the electron-donating ability of NH3 to the same degree as was observed for the
uracil-derived bases. Nonetheless, the correlation between the PA of the terminal

thioketo group that hydrogen bonds to NH; and the barrier heights is evident.

4.4 Conclusions

In this chapter, the hydrogen bond mediated aminolysis of 6-chloropyrimidine
and 2-amino-6-chloropyrimidine was investigated using DFT. While the isolated
aminolysis of 6-chloropyrimidine (NH; + C1-C4N,H3) required 138.1 kJ mol', the barrier
was decreased to 112.2 kJ mol™ by the use of OCH, which formed a O---HNH; hydrogen
bond to the incoming NHs. The barrier was further reduced to 95.2 kJ mol™ by enlarging
the base of OHC-NH, which formed a hydrogen bond to the incoming NH; and a
hydrogen bond to the N adjacent to the carbon undergoing subsitution. Although the
original study was performed in DMSO, the effect of solvent on the aminolysis reaction

is much less than that due to specific hydrogen bonding interactions.



The Hydrogen Bond Mediated Aminolysis of 6-Chloropyrimidine 93

Comparison of the barriers for aminolysis of 6-chloropyrimidine to those
calculated for the aminolysis of 2-amino-6-chloropyrimidine reveals that the presence of
the —-NH; group enhances the electron density in the pyrimidine ring which in tumn
diminishes the electrophilicity associated with the carbon at which substitution occurs.
While the formation of the third hydrogen bond does not act as a catalyst in the reaction,

it does provide a more rigid skeleton upon which the aminolysis reaction may proceed.

Upon closer examination of the aformentioned reactions, it is evident that a

correlation exists between the barrier to aminolysis and the O---HNH; hydrogen bond
distance, a consequence of the proton affinity (PA) of the carbonyl group of the base
interacting with the incoming NH;. In order to explore this correlation, the chemical
nature of the proton acceptor, i.e. the base, was altered by fluoro-, imine- and sulfur

substitution of the uracil bases OCH,, OHC-NH, and OHC-NH-CHO.

Replacement of the H adjacent to the carbonyl group by a fluorine atom,
decreases the calculated PA of the proton acceptor relative to that observed for the non-
substituted bases and, hence, increases the barrier to aminolysis of 6-chloropyrimidine.
Similarly, the imine derivatives of the carbonyl bases have larger PAs than the carbonyl-
derived bases and therefore decrease the barrier to aminolysis. While the results for the
fluorine and imine-derived bases provide evidence for the important role of the proton
acceptor, thioketo substitution was also examined to extend the scope of the study.

Although the sulfur-derived bases possess a proton affinity intermediate between the
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carbonyl- and fluoro-derived bases, they generate elongated bonds to NH; which is
reflected in the aminolysis barrier of 6-chloropyrimidine being slightly larger than that

observed for the uracil-derived species.

Thus, the aminolysis of 6-chloropyrimidine and 2-amino-6-chloropyrimidine
illustrates the ability of the functional groups in uracil to catalyze the reaction by the
formation of multiple hydrogen bonds, which stabilize the transition structures. Thus the
aminolysis reaction provides a clear example of the catalytic possibilities associated with
the formation of multiple hydrogen bonds and illustrates the importance and flexibility

associated with a well-chosen hydrogen bond acceptor.
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Chapter Five.
The Proline-Catalyzed Aldol Reaction

5.1 Introduction

The discovery and development of molecular species that may catalyze
chemically important reactions has long been a subject of great research interest. In the
previous chapter, derivatives of the nucleobase uracil catalyzed the aminolysis reaction
by stabilizing the transition structures through the formation of multiple hydrogen bonds.
Nature has created its own form of catalysts, enzymes, which enable a robust number of
biologically relevant chemical transformations to occur with high catalytic efficiency and
stereochemical control. In order to further the understanding of the fundamentals of
molecular recognition and catalysis, considerable effort has been devoted to developing
catalytic antibodies'? or biocatalysts that rival natural enzymes in efficiency but

catalyze an array of chemical reactions. This has resulted in the development of

96
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novel biocatalysts for organic transformations such as the aldol reaction,' an example of

which is shown below.

o HO
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CH
Ri N

CH; H R; Ry R,

The aldol reaction is one of the fundamental chemical mechanisms for the
formation of C—C bonds. As such, one of the current directives in organic chemistry is
the development of catalytic variants of the aldol reaction. Previous approaches have
generally utilized transition metal-based catalysts in combination with modified
substrates.>®*  Clearly, a more attractive synthetic alternative would involve the

development of a catalyst which would enable the reaction between unmodified

carbonyls; the direct aldol reaction.

In biological systems, the aldol reaction is catalyzed by a powerful group of
enzymes referred to collectively as the aldolase enzymes.”® These enzymes are classified
depending upon their mode of catalysis. The Class II aldolase enzymes catalyze the aldol
reaction using a zinc-cofactor. The Class I aldolase enzymes, however, utilize an
enamine mechanism, the chemistry of which is dependent upon a chemically reactive
lysine residue in the active site of the enzyme. Using the catalytic-antibody (reactive
immunization) technology, antibodies of the Class I aldolase enzymes have been

9-15
d

generate which are programmed to function by a mechanism analogous to that used

by the naturally occurring aldolase enzymes. Although the development of these
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biocatalysts has demonstrated the importance of the amine group in catalyzing the aldol

reaction, it was only recently that the first amine-based asymmetric Class I aldolase

antibody was reported.
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Figure 5.1: Proposed enamine mechanism of the proline-catalyzed aldol reaction.

List et al.'s reported the catalysis of the aldol reaction between acetone and 4-

nitrobenzaldehyde by the simple amino acid L-proline. They proposed a mechanism

(Figure 5.1) in which the initial interaction between proline and acetone generates an
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enamine intermediate, which then may react further with an aldehyde to yield the aldol
product. The direct asymmetric aldol reaction between acetone and a variety of
aldehydes was found to proceed with good yields and enantioselectivities, a consequence

of the chiral nature of the proline catalyst.
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Figure 5.2: Catalytic cycle of the direct aldol reaction with (a) aldolases of
Class [ and (b) proline.
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The close relation between the enamine mechanism of the Class I aldolases and
the postulated mechanism of the proline-catalyzed direct aldol reaction is illustrated via
the graphical comparison'’ in Figure 5.2. In both reaction mechanisms, the reaction of
the ketone and the amino functionality provided by either the enzyme, in the case of
Class I aldolases, or proline, generates the imine complex (Ia or Ib) that undergoes
tautomerism yielding the enamine (IIa or IIb), a key intermediate in the reaction. The
enamine then interacts with the aldehyde leading to the formation of the aldol product

and its subsequent release from the original catalyst.

In this chapter, density functional theory calculations are employed to study the
reaction between acetone and acetaldehyde, in the presence of proline, (Figure 5.3) in
order to examine the feasibility of the proposed mechanism by which proline catalyses
the aforementioned direct aldol reaction. In addition, the effect of an ionizing solvent on

the mechanism has also been investigated.
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Figure 5.3: Schematic illustration of the aldol reaction catalyzed by proline.
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5.2 Computational Details

The minima and transition structures present on the potential energy surfaces of
the proline-catalyzed direct aldol reaction between acetone and acetaldehyde were
examined using DFT. Geometry optimizations, harmonic vibrational frequencies and
zero-point vibrational energy (ZPVE) corrections were obtained with B3LYP/6-31G(d,p).
Relative energies, obtained by subsequent single point calculations performed at the
B3LYP/6-311+G(2df,p) level, were corrected with the appropriate ZPVE, ie. B3LYP/6-
311+G(2df,p)//B3LYP/6-31G(d,p) + ZPVE. As the original study was performed in a
DMSO/acetone mixture, the Onsager model was used to incorporate solvent effects using
€ = 46.7, the dielectric constant for DMSQO. For computational details, see Chapter Two.
All bond lengths are in angstroms (A) and energies in kJ mol'. The total energies of all
molecules on the non-solvated and solvated surfaces (Tables C1.1 and C1.2, respectively)

are summarized in Appendix C.

5.3 Results and Discussion

5.3.1 Non-Solvated Surface

Initially, acetone interacts with proline (Figure 5.4a) via an O---HO bond of 1.763
A, forming complex 1a, lying lower in energy by 13.3 kJ mol”'. A formal C—N bond

between acetone and proline forms as the proton on the N of proline is transferred
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simultaneously to the carbonyl oxygen of acetone in transition structure (TS) 1b, with a
barrier of 158.1 kJ mol™'. Substantial energy (124.1 kJ mol™) is released as the proton is

completely transferred, producing complex lc. The formation of a water molecule,

which interacts with the anionic carboxyl group via a short and strong O™---HO hydrogen
bond of 1.314 A, results in a zwitterionic imine TS 1d being generated which lies 72.1 kJ
mol™” higher in energy than the reactants. As the hydrogen bond between the water
molecule and the carboxyl group elongates to 1.702 A, complex 1le is formed lying 43.6

kJ mol™ lower in energy than TS 1d.
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Figure 5.4: Schematic energy profiles of the (a) reaction of acetone with
proline yielding the imine complex, and (b) two possible pathways of imine-
enamine tautomerism.

Complete removal of the water molecule yields the isolated imine complex 1f. As
illustrated in Figure 5.4b, the imine complex converts to the enamine analogue by a
proton transfer from the methyl group trans to the a-carbon of proline to the carboxyl
group. The imine-enamine conversion passes through TS 1g, with a barrier of 29.9 kJ
mol™, before complete proton transfer yields the enamine complex 1h, which is 27.3 kJ

mol ™' more stable than its imine analogue.

Although this is the structurally and energetically preferred pathway for the
imine-enamine tautomerism, an alternate pathway is available. The imine complex 1f

may tautomerize to its enamine structure 1h via TS 1g” with a barrier of 87.3 kJ mol™.
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This higher-energy pathway involves proton transfer from the methyl group cis to the a-

carbon of proline to the carboxyl group.

The addition of acetaldehyde to the enamine is summarized in Figure 5.5a.

Initially, acetaldehyde interacts with the enamine moiety via an O---HO hydrogen bond
(2.012 A) to form the hydrogen-bonded complex 2a lying 21.2 kJ mol™' lower in energy.
As the carbonyl carbon of acetaldehyde forms a C—C bond to the terminal carbon of the

alkene, the proton of the carboxylic acid of proline is transferred to the carbonyl oxygen
of acetaldehyde via TS 2b with a barrier of 36.1 kJ mol”. Complete proton transfer to
the attached acetaldehyde yields the zwitterionic imine complex 2¢, lying 0.9 kJ mol™

lower in energy than the non-reacted enamine and acetaldehyde.
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Figure 5.5: Schematic energy profiles of (a) the addition of acetaldehyde to the
enamine complex, (b) the addition of water across the C=N bond of the enamine

complex, and (c¢) the formation and release of the aldol product.
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The introduction of a water molecule and its addition across the C=N bond of the
substituted imine complex is illustrated in Figure 5.5b. The addition of H>O to the
substituted imine proline, complex 2¢, yields the doubly hydrogen-bonded complex 2d
lying 40.2 kJ mol™ lower in energy. As the water molecule br=aks apart and adds to the
carbon of the C=N bond in the imine, complex 2e is generated lying 7.7 kJ mol™ higher
in energy (32.5 kJ mol™'). A transition structure connecting complexes 2d and 2e was not
found. However, it is anticipated that should such a structure exist, it would possess a
very small barrier. Proton transfer from the carboxylic acid moiety in complex 2e to the
N in proline proceeds via TS 2f, with a barrier of 31.0 kJ mol”'. Complete proton transfer

yields the zwitterionic complex 2g, lying 2.4 kJ mol™ higher in energy than TS 2f.

The final stage of the reaction, summarized in Figure 5.5c, involves the formation
of the aldol product and its subsequent release from proline. As the hydroxyl proton in
complex 2g is transferred to the carboxylic anion of proline, the formal C—N bond
between the aldol product and proline elongates, forming the hydrogen-bonded complex

2i lying 64.7 kJ mol™' lower in energy. The conversion from complex 2g to 2i proceeds

via TS 2h with a barrier of 8.0 kJ mol™'. As the O---HO hydrogen bond of 1.796 A
between the aldol product and proline in complex 2i breaks, the products are formed
lying 28.8 kJ mol™ higher in energy than the hydrogen bonded complex 2i. The easy

separation of the aldol product from proline is a feature desirable in an organic catalyst.
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5.3.2 DMSO-Solvated Surface

Previously,'' it has been suggested that enamine and C—C bond formation are
rate-limiting with catalysts that utilize an analogous mechanism to that proposed for
Class I aldolases. However, the theoretical calculations on the proposed mechanism of
Figure 5.4 illustrate that the formation of the enamine (1h) from the imine (1f) requires a
mere 29.9 kJ mol™ of energy. Similarly, the formation of the C—C bond in Figure 5.5a,
which involves the addition of acetaldehyde to the enamine (complex 2a to 2¢), requires
only 57.2 kJ mol” of energy. Thus, neither of these two steps are rate-limiting in the
catalysis. However, as seen in Figure 5.4a, a significant barrier of 158.1 kJ mol™ exists

for the addition of acetone to proline, a key step in the proposed mechanism.

As the original study was performed in DMSO, a moderately ionizing solvent, it
is possible that solvent may play a key role stabilizing zwitterionic structures and
lowering key barriers in the reaction. The initial interaction between acetone and proline,

in DMSO, is summarized in Figure 5.6a. Initially, acetone interacts with proline via an

O---HO hydrogen bond (1.713 A) forming complex 3a lying 14.1 kJ mol™ lower in
energy than the reactants. In the presence of DMSO, the proton of the carboxylic acid
moiety of proline, rather than the proton from the N of proline as observed in Figure 5.3a,
is transferred to the carbonyl oxygen of acetone. This alternate mechanism, which also

involves the formation of a formal C—N bond between the two moieties in TS 3b, lying
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26.6 kJ mol™ higher in energy, has a barrier 130.7 kJ mol™ smaller than that observed in

the non-solvated surface.
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Figure 5.6: Schematic energy profile of the effect of DMSO on the (a) reaction
of acetone with proline yielding the imine complex, and (b) imine-enamine
tautomerism.
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Complete proton transfer yields the zwitterionic structure 3¢, lying 2.7 kKJ mol™
lower in energy than the reactants. Removal of a water molecule yields the imine
complex 3d lying 17.8 kJ mol™ lower in energy than the isolated proline and acetone.
Conversion of the isolated imine molecule (3e) to the enamine molecule (3g), Figure
5.6b, proceeds via TS 3f with a barrier of 50.2 kJ mol™, 20.3 kJ mol™ higher in energy

than that observed in the non-solvated surface.

The addition of acetaldehyde to the enamine, Figure 5.7a, generates complex 4a
lying 18.1 kJ mol™ lower in energy than the isolated enamine molecule. The formation
of a formal C—C bond between the enamine and acetaldehyde in the zwitterionic
complex 4c¢ proceeds via TS 4b, with a barrier of 46.5 kJ mol”. Relative to the non-

solvated addition, this is a decrease of 10.8 kJ mol” in the barrier.
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Figure 5.7: Schematic energy profiles of the effect of DMSO on (a) the
addition of acetaldehyde to the enamine, (b) the addition of water across the
C=N bond of the enamine complex, and (c) the formation of the aldol product

and release of proline.
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The final two segments of the mechanism, involving the addition of H>O across
the C=N bond of the imine and subsequent formation of the aldol product, are
summarized in Figure 5.7b and 5.7c, respectively. The addition of H,O to the imine
complex 4c¢ generates the doubly hydrogen-bonded complex 4d lying 46.3 kJ mol™' lower
in energy than the isolated imine. As the water molecule breaks apart, the hydroxyl anion
adds to the carbon of the imine as the proton simultaneously adds to the carbonyl anion
group yielding complex 4e, lying 25.2 kJ mol™ higher in energy. As with the analogous
segment of the mechanism in the absence of solvent, a TS connecting these two minima
was not located. As the proton of the carbonyl group is transferred to the proline
nitrogen, complex 4g is generated lying 15.5 kJ mol™' higher in energy. This proton
rearrangement proceeds via TS 4f with a barrier of 12.4 kJ mol*. The carbonyl anion
abstracts the hydroxyl proton from the carbon attached to the prolyl nitrogen in TS 4h,
lying 23.6 kJ mol™ higher in energy. Complete proton transfer and the cleavage of the

C—N bond yields the hydrogen bonded complex 4i lying 41.4 kJ mol™ lower in energy.

As the O---HO hydrogen bond between the carboxylic group of proline and the carbonyl

group of the aldol product elongates, the aldol product is released from proline.

These portions of the mechanism are thermodynamically endergonic and not
greatly affected by inclusion of solvent. On the non-solvated surface, the addition of H,O
across the C=N bond of the imine and subsequent proton rearrangement, complex 2d to
complex 2g (Figure 5.5b), requires 44.1 kJ mol™ of energy. The analogous conversion

(complex 4d to complex 4g) on the DMSO surface (Figure 5.7b) requires 41.8 kJ mol™ of
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energy. Both the solvated and non-solvated surfaces conclude with the release of the

aldol product and the regeneration of the unsubstituted proline.

5.4 Conclusions

The direct aldol reaction between acetone and acetaldehyde, in which the amino
acid proline functions as the catalyst during the enamine mechanism, was investigated
using density functional theory. Previous studies of antibodies utilizing the analogous
mechanism indicate that enamine formation and or C—C bond breaking/forming is rate
limiting. The aforementioned processes require 29.9 and 57.2 kJ mol™ of energy,
respectively; not enough to inhibit the reaction. However, the calculations indicate that
the initial complexation between proline and acetone requires substantial energy (171.4

kJ mol™) and would inhibit further progression of the reaction.

As the enamine mechanism involves the formation of charged species, the effect
of solvent was examined using the Onsager model. In the presence of DMSO, the barrier
for the initial complexation between proline and acetone is reduced to a 40.7 kJ mol’!
while the enamine and C—C bond formation steps require 50.2 and 46.5 kJ mol”,
respectively. Thus, solvent plays a critical role in the direct aldol reaction by stabilizing
ionic charges and providing an alternate, lower energy, pathway by which the reaction

may proceed.
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Proline efficiently catalyzes the direct aldol reaction using the enamine
mechanism characteristic of nature’s Class I aldolase enzymes. The aldol reaction
between acetone and acetaldehyde, in which proline acts as an enzyme mimic, is a simple
example illustrating the inherent potential of small organic molecules to act as chiral

catalysts in asymmetric synthesis.
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Chapter Six.
Intramolecular Catalysis of the

Isomerization of Prolyl Amides

6.1 Introduction

As the basic building block in a variety of biologically important polymers, the
amide group is one of the most significant functional groups in biology and chemistry.
Of the twenty amino acids in naturally occurring polypeptides that are subject to
nondegenerate cis and frans rotamers, proline is unique in that it has the potential to
establish an imidic peptide bond through its prolyl nitrogen. Although the cis and trans
rotamers of amides N-terminal to proline are energetically similar' (Figure 6.1), the cis-
trans rotamer producing rotation about the C—N bond involving proline residues is the

slow step in the folding of peptides®™ and has significant implications for the secondary

115
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structure of proteins. Thus, the catalysis of the amide bond isomerization is an area of

scientific interest with important biological and chemical connotations.

o
H,C N o N o
\(

0-—_— HyC N
"°H CH; H CH,

trans rotamer cis rotamer

Figure 6.1: Amide isomerization in N-acetylproline methylamide.

The cis-trans isomerization of the amide bonds in peptides and proteins of
biological systems is catalyzed by a class of enzymes referred to as peptidylprolyl
isomerases® (PPlases). This group of enzymes represents the only type of biocatalyst
known to date whose sole function is conformational interconversion. Although the
exact mechanism by which the PPlases catalyze the cis-trans interconversion is yet to be
elucidated, it has been proposed®® that intramolecular catalysis of the amide
isomerization by the formation of a weak hydrogen bond between the prolyl nitrogen,
acting as a hydrogen bond acceptor, and the NH unit of the proline residue is an

important part of the mechanism. In fact, intramolecular hydrogen bonding between the
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prolyl nitrogen and nearby hydrogen donors is a common feature in structural protein

chemistry.®

18-1 2 16. 13

Experimenta and theoretica studies often employ N-acetylproline
methylamide as a model for the study of the cis-trans isomerization of proline-containing
residues. These studies have shown that the rate of isomerization may be altered through
the addition of substituents on various positions of the proline ring. Specifically, 5-tert-
butyl groups on C® and methyl groups on CP impose steric repulsions that impede the
isomerization. Conversely, fluoro and hydroxy groups on C' have been shown to
accelerate the rate of isomerization. However, the presence of the intramolecular

hydrogen bond and its implications for the cis-trans isomerization of substituted prolines

was not investigated in these studies.
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Figure 6.2: The numbering of the atoms of N-acetylproline methylamide.
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In this chapter, the conformational preferences in transition structures during
isomerization and the role of intramolecular hydrogen bonding in the model system of N-
acetylproline methylamide (Figure 6.2) is investigated by DFT. In addition, the effect of
electron-withdrawing fluoro and hydroxy subsitutents at C' in N-acetylproline
methylamide on the barrier to isomerization and the formation of an intramolecular
hydrogen bond are also investigated. Solvent effects are not considered in this study, as
previous theoretical studies'*'* have shown that amide bond rotation is retarded as the
polarity of the solvent is increased. This has been attributed to an increase in the
hydrogen-bond donating ability of the solvent, which stabilizes the ground state to a

greater degree relative to the transition state.

6.2 Computational Details

The cis-trans isomerization of N-acetylproline methylamide was investigated
using DFT. Geometry optimizations, harmonic vibrational frequencies and zero-point
vibrational energy (ZPVE) corrections were obtained with B3LYP/6-31G(d,p) (Chapter
Two). Relative energies, obtained by subsequent single point calculations performed at
the B3LYP/6-311+G(2dfp) level, were corrected with the appropriate ZPVE, i.e.
B3LYP/6-311+G(2df,p)//B3LYP/6-31G(d,p) + ZPVE. All bond lengths are in angstroms

(A) and energies in kJ mol'. The total energies of all species in this study and the
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charges on the atoms in the various structures (from Mulliken population analyses) are

summarized in Table D1.1 and Figure D1.1 of Appendix D.

6.3 Results and Discussion

The cis rotamer of N-acetylproline methylamide is expected to contain a long

intramolecular N;---HNs hydrogen bond between the NH group of the methylamide side
chain and the prolyl nitrogen. In the trans rotamer, however, the carbonyl group in the

acetyl unit is in closer proximity to the amide group and thus, the formation of the

NsH---O bond may be structurally favored over the N3---HNs bond.
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Figure 6.3: Possible reaction pathways for the cis-trans isomerization of
proline-containing molecules.
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In order for N-acetylproline methylamide to undergo conversion between the cis
and trans structures, there exist two mutually exclusive, structurally accessible, pathways
as illustrated in Figure 6.3. These two pathways differ in the direction by which the

acetyl (COCH3) group rotates, as described by the angle .

6.3.1 The Isomerization of N-acetylproline Methylamide

The cis rotamer of N-acetylproline methylamide contains an Nj---HNjs
intramolecular hydrogen bond (2.277 A) and is energetically less stable than the trans
rotamer by 13.0 kJ mol”. In order to undergo isomerization from the cis to the trans
rotamer, the acetyl (COCHs) group may rotate in a clockwise or counterclockwise
direction. Counterclockwise rotation (& = -90°) results in the formation of TS 1a lying
70.4 kJ mol™ higher in energy than the cis rotamer. Clockwise (@ = 90°) rotation of the
acetyl group generates transition structure (TS) 1b, lying 70.5 kJ mol™ higher in energy
than the cis structure. In both the aforementioned TSs, rotation of the acetyl group
enables the intramolecular N;---HNs hydrogen bond to shorten to 2.177 A and 2.178 A in

TSs 1a and 1b, respectively (Figure 6.4).

Although the two reaction pathways are energetically similar, the transition
structures are significantly different. In the cis and trans structures of N-acetylproline
methylamide, the proline ring is essentially planar. Rotation of the acetyl group results in

a deformation of the planarity of the proline ring by the puckering of C! either away from
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(exo) or towards (endo) the C* of proline in the transition structures. In addition, rotation
of the acetyl moiety results in the geometry of the prolyl nitrogen (N3) going from a
nearly planar sp® to essentially tetrahedral sp’ hybridization. This deformation of the N3
geometry is typically associated with C2, the carbon of the acetyl moiety, moving away
from (exo) or closer to (endo) C4, the carbon in the methylamide unit and is described by
a virtual dihedral angle n. This parameter, which describes the imide nitrogen
pyramidalization, is defined by the atoms (C®-N3-C3-C2) and takes on values of = *

180° for a planar nitrogen and | = + 120° for a tetrahedral nitrogen.

Figure 6.4: Transition structures obtained in the cis-trans isomerization of N-
acetylproline methylamide for (a) counterclockwise (@ = - 90°) rotation of the
acetyl group (TS 1a) and, (b) clockwise (@ = 90°) rotation of the acetyl group
(TS 1b).
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For the unsubstituted isomerization, counterclockwise rotation results in the C*
distorting to adopt an exo conformation in TS la while with clockwise rotation, C"
distorts to adopt an endo conformation in TS 1b. Relative to that observed in the cis
rotamer (n = 161.7 °), rotation of the acetyl group results in N3 perturbing to adopt a
more pyramidalized structure in TS 1a (n = 123.1°) and in TS 1b (n} = 138.9°). In both
TSs, the C—N bond to the acetyl group is elongated from 1.379 A in the cis rotamer to
1.457 A and 1.441 A in TSs 1a and 1b, respectively. As C—N(sp?) bond lengths (1.36-
1.39A) are considerably shorter than C—N(sp3) bond lengths (1.45-1.47 A), this, in
addition to the increased negative charge of the prolyl nitrogen (see Figure D1.1 of
Appendix D), is consistent with the change in the geometry of the prolyl nitrogen from

sp’ to an sp’ hybridization.

Replacement of the H at the C' by various electron-withdrawing groups can be
situated either cis or trans to the methylamide moiety on C% The orientation of these
groups will have markedly different effects not only on the barrier to rotation but also on
the puckering of the proline ring and the Nj3---HN;s intramolecular hydrogen bond. Thus,
the effect of replacing the hydrogen on C" with fluoro and hydroxy groups on the barrier

to cis-trans isomerization and the formation of the intramolecular N---HN hydrogen bond

will be examined.
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6.3.2 The Effect of Substituents on C’ cis to the Methylamide
Mozety

The barriers to isomerization for the N-acetylproline methylamide with electron-
withdrawing fluoro and hydroxy substituents on the C' of the proline ring cis to the
methylamide unit are summarized in Table 6.1. In both cases, clockwise rotation of the
acetyl group (0 = 90°) produces transition states that are of higher energy than those
obtained by counterclockwise rotation (o = - 90°) of the acetyl group. In the TSs
obtained by counterclockwise rotation, an Nj---HNs hydrogen bond is always generated.
As the barrier to rotation for the unsubstituted N-acetylproline methylamide is larger than
that obtained upon replacement of the hydrogen at C" by electron-withdrawing fluoro and

hydroxy substituents, this implies an accelerated rate of prolyl peptide isomerization

accompanies the formation of the intramolecular N3---HNs hydrogen bond.

Table 6.1: Summary of the barriers to cis-trans
isomerization (kJ mol™') for N-acetylproline methylamide
with substituents on C' of the proline ring cis to the
methylamide moiety.

Substituent w=90° =-90°
unsubstituted 70.5 70.4
fluorine 83.1 66.7

hydroxy 67.3 64.9
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As the acetyl moiety in the cis rotamer of N-acetyl-4-fluoroproline methylamide
rotates by o = - 90°, the C? of the proline ring puckers to adopt an endo conformation in
TS 2a (Figure 6.5), lying 66.7 kJ mol™ higher in energy. This is accompanied by a
shortening of the N3---HNs hydrogen bond from 2.311 A in the cis structure to 2.166 A in
the TS. In TS 2a, C2 is in an exo conformation and the prolyl nitrogen has distorted to
enhance its sp3 hybridization (n = 125.4 °) relative to that observed in the cis rotamer (1
= -163.2 °). Conversely, clockwise rotation (o = 90°) of the acetyl group results in the
formation of an NsH---O hydrogen bond of 1.940 A in TS 2b (Figure 6.5) lying 83.1 kJ

mol™ higher in energy.

Figure 6.5: Transition structures obtained in the cis-trans isomerization of N-
acetyl-4(cis)-fluoroproline methylamide by (a) counterclockwise rotation (® = -
90°) of the acetyl group (TS 2a) and (b) clockwise rotation (@ = 90°) of the
acetyl group (TS 2b).
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In order to facilitate the formation of the aforementioned hydrogen bond, C2
adopts an endo conformation thus distorting the planarity of the proline ring. This is
accompanied by N3 adopting a more sp3 hybridized conformation (n = -151.7°) by
puckering below the plane of the ring. The manner in which N3 perturbs is different in

the two TSs, as is evident by the different signs of the virtual angle 1. The distortion of

N3 in TS 2b below the proline ring is a consequence of the shorter and stronger O---HNjs

hydrogen bond present in TS 2b.

(a)

Figure 6.6: Transition structures obtained in the cis-trans isomerization of N-
acetyl-4(cis)-hydroxyproline methylamide by (a) counterclockwise rotation (®
= -90°) of the acetyl group (TS 3a) and (b) clockwise rotation (® = 90°) of the
acetyl group (TS 3b).
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Interestingly, while there is little change in the geometrical parameters associated
with the amide bond of the methylamide unit, there is noticeable elongation of the
C—N(3) bonds by at least 0.02 A in both TSs. This elongation of the bond is consistent

with the change in the pyramidalization of the prolyl nitrogen.

For N-acetyl-4-hydroxyproline methylamide, rotation of the acetyl moiety by o =

- 90° generates TS 3a, lying 64.9 kJ mol™ higher in energy, in which the N3---HNs bond
is shortened by 0.142 A to 2.140 A relative to that present in the cis structure. Clockwise
rotation of the acetyl group in N-acetyl-4-hydroxyproline methylamide results in the
formation of TS 3b, lying 67.3 kJ mol" higher in energy than the cis rotamer, in which
the N;---HNs bond has shortened by 0.106 A to 2.176 A. Unlike that observed for 4-
fluoro substitution, the 4-hydroxy substituent results in the formation of a long and weak
OH---Ns hydrogen bond between the OH group and the N of the methylamide unit in the

cis (2.312 A) structure and both TSs, 3a (2.353 A) and 3b (2.589 A) (Figure 6.6).

This secondary hydrogen bond is important as it encourages the formation of the
intramolecular N3---HNs bond. As observed for N-acetyl-4-fluoroproline methylamide,
the C' of proline is in an endo conformation and N3 has deformed to attain a more
tetrahedral geometry in both TS 3a (n = 125.2 °) and TS 3b (n = 111.4 °) relative to that

observed in the cis rotamer ( = 161.3 °). In addition, the N—C bond between the prolyl
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nitrogen and the acetyl group is elongated by 0.078 A (1.457 A) and 0.060 A (1.441 A) in

TSs 3a and 3b, respectively, relative to that observed in the corresponding cis rotamer.

6.3.3 The Effect of Substituents on C” trans to the Methylamide
Mozety

In Table 6.2, the barriers to isomerization are summarized for N-acetylproline
methylamide with the electron-withdrawing substituents on C" of proline trans to the
methylamide unit. As was observed for the substituents on CY cis to the amide unit, the
counterclockwise rotation (® = - 90°) of the acetyl group yields TSs of lower energy than
that obtained by clockwise rotation (® = 90°) of the acetyl group. However, unlike that
observed when the electron-withdrawing subsitutents were cis to the methylamide unit,
placement of subsitutents in a trans conformation results in lower barriers to
isomerization, relative to that observed for the unsubstituted isomerization, only in the
case of hydroxy substitution. Fluoro substitution results in a slight increase in the barrier

to isomerization.

Table 6.2: Summary of the barriers to cis-trans
isomerization (kJ mol') for N-acetylproline methylamide
with substituents on C' of the proline ring trans to the
methylamide moiety.

Substituent w = 90° w=-90°
unsubstituted 70.5 70.4
fluorine 72.5 71.8

hydroxy 71.5 65.8
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As the acetyl group in the cis rotamer of N-acetyl-4-fluoroproline methylamide
rotates counterclockwise, TS 4a (Figure 6.7) is generated lying 71.8 kJ mol™ higher in
energy. The Nj---HNs hydrogen bond shortens from 2.281 A in the cis structure to 2.166
A in TS 4a. The rotation of the acetyl moiety results in C' adopting an exo conformation
in TS 4a and the prolyl nitrogen adopts a more pyramidalized geometry (n = 121.7°)
relative to that observed in the cis rotamer (n = 161.9°). Clockwise rotation of the acetyl

group enables the formation of an NsH---O hydrogen bond (1.892 A) in TS 4b (Figure

6.7), lying slightly higher in energy at 72.5 kJ mol".

Figure 6.7: Transition structures obtained in the cis-frans isomerization of N-
acetyl-4(trans)-fluoroproline methylamide, in which the 4-fluoro substituent is
trans to the methylamide unit, by (a) counterclockwise rotation (® = - 90°) of
the acetyl group (TS 4a) and, (b) clockwise rotation (@ = 90°) of the acetyl
group (TS 4b).
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As was observed in TS 4a, C" has adopted an exo conformation in TS 4b and N3
has become more sp° like in hybridization (n = - 146.0°). However, as observed for the
analogous rotation in which the 4-fluoro substituent was cis to the methylamide unit, the
formation of the NsH---O bond (1.892 A) in TS 4b is facilitated by the distortion in the
planarity of the proline ring by C2 adopting an endo conformation, resulting in N3

puckering below the proline ring.

Figure 6.8: Transition structures obtained in the cis-trans isomerization of N-
acetyl-4(trans)-hydroxyproline methylamide, in which the 4-hydroxy substituent
is trans to the methylamide unit, by (a) counterclockwise (w = - 90°) rotation
of the acetyl group (TS 5a) and, (b) clockwise rotation (@ = 90°) of the acetyl
group (TS 5b).
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For the cis-trans isomerization of N-acetyl-4-hydroxyproline methylamide, in
which the hydroxy substituent is frans to the methylamide unit, counterclockwise rotation
(o = - 90°) of the acetyl group enables the Nj---HNs hydrogen bond present in the cis

rotamer to shorten by 0.192 A (2.155 A) as TS 5a (Figure 6.8) is generated, lying 65.8 kJ

mol™ higher in energy than the cis structure. The counterclockwise rotation of the acetyl
group results in a distortion of the planarity of the proline ring as C" adopts an endo
conformation and N3 perturbs to become more pyramidalized (n = 125.2°) relative to

that observed in the cis rotamer (1] =-163.0°).

Clockwise rotation of the acetyl group (o = 90°) enables the formation of TS 5b
(Figure 6.8) lying slightly higher in energy that TS 5a at 71.5 kJ mol™. As observed for
TS Sa, the N3---HNs hydrogen bond present in the cis rotamer (2.280 A) has shortened to
2.186 A in TS 5b as C" adopts a slightly endo conformation and the prolyl nitrogen

becomes more pyramidalized (n = 139.6°).

6.4 Conclusions

The cis-trans isomerization of N-acetylproline methylamide and its derivatives
containing electron-withdrawing groups on the C' of proline, have been investigated
using density functional theory. Relative to the unsubstituted isomerization of N-

acetylproline methylamide, the presence of electron-withdrawing fluorine and hydroxyl
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groups on the C' of proline results in a preferential rotation of the acetyl group in a

counterclockwise direction to generate TSs with lower barriers to isomerization. This

preferred direction of rotation enables the formation of an N---HN intramolecular
hydrogen bond in the TSs and enhances the pyramidalization of the prolyl nitrogen, as is

evident from the trend in the virtual dihedral angle () towards 120° and the elongation

of the C—N bond length.

The effect of electron-withdrawing substituents on the overall barriers to
isomerization is dependent upon the orientation of the substituents relative to the
prolylamide group. The addition of fluoro and hydroxy subsitutents cis to the
prolylamide group decreases the barrier to isomerization. However, the addition of the
aforementioned substituents trans to the methylamide unit increases the barrier to
isomerization for fluoro substitution while hydroxy substitution decreases the barrier to

1somerization.

Thus, the presence of electron-withdrawing groups on the proline ring has
significant geometrical and energetic consequences for the cis-trans isomerization. This
study illustrates the important role the intramolecular N---HN hydrogen bond plays in the
cis-trans isomerization of proline-containing molecules and the catalytic possibilities of

hydrogen bonding.
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Chapter Seven.

Conclusions and Future Work

7.1 Querview

In this thesis, molecules capable of forming hydrogen bonds have been examined
in various systems of interest. The work may be divided into two broad sections. The
first section, Chapter Three, examined the ability of the hybrid DFT methods to predict
the structural and spectroscopic properties of the prototypical hydrogen halide dimers
(HX);, X = F, Cl and Br. The second section, Chapters Four to Six, involved the
application of the hybrid DFT method, B3LYP, to study the role of hydrogen bonding in
systems containing biologically important molecules. General conclusions from each of
these sections will be derived in addition to a description of the potential avenues of

future work that results from these sections.

134
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7.2 Conclusions and Future Work

7.2.1 Hydrogen Halide Dimers

The hydrogen halide dimers (HX), X = F, Cl and Br, have been investigated with
the 6-311+G(2df,p) basis set and a variety of density functional theory methods. The

lowest energy conformation of these dimers is a bent structure of C; symmetry in which
the bridging proton is within 10° of the internuclear X:--X' axis (described by 6,) and the
proton of the acceptor molecule is nearly perpendicular (described by 6;) to the
aforementioned axis. All hybrid methods predict geometrical parameters {X:--X', 0, 0,}

in reasonable agreement with experiment. For the heavier halide dimers, (HCI); and
(HBr);, marginally better agreement was attained with the BHandHLYP or BILYP
methods.  Although the binding energies, corrected for ZPVE and BSSE, were
adequately determined for (HF), using the DFT methods containing the LYP functional,
the binding energies for (HCl), and (HBr), were poorly reproduced by all methods. The
frequency shift associated with the X—H bond in all three dimers was also examined in
this study. For all three dimers, reasonable agreement with the experimental results was
obtained by methods containing the LYP functional. Overall, the parameters of interest
were adequately predicted by the DFT methods and the BHandHLYP or BILYP methods

offer a viable alternative to the popular B3LYP.
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However, this study has raised some important questions and areas that need to be
addressed. The 6-311+G(2df,p) basis set was utilized in the study based on the results of
a basis set study with the MP2 and QCISD methods. For (HF); and (HCl),, this basis set
adequately predicted the internuclear distance and angles of interest. However, the
erroneous binding energies obtained for (HCI), and (HBr), suggest that although it may
yield adequate geometrical parameters, it is insufficient to describe the binding in these
systems. Thus, a more detailed study of the relationship between the basis set and the
binding energy is warranted. In addition, it would be interesting to determine the nature
of the relationship between the geometrical parameters and the binding energy. Is it more
important to accurately determine the internuclear distance or 6; when the property of
interest is the binding energy? In addition, as the subject of this study included some
heavy halides, Cl and Br, it is possible relativistic effects may be very important and this

contribution to the properties of interest should be examined in more detail.

7.2.2 Catalysis Involving Hydrogen Bonding

In Chapters Four to Six of this thesis, biological molecules and their hydrogen-
bonding interactions in reactions of biochemical significance were investigated using the
B3LYP method. In Chapter Four, the study of the aminolysis of 6-chloropyrimidine
illustrated how the formation of multiple hydrogen bonding interactions between 6-
chloropyrimidine and the derivatives of the nucleobase uracil stabilize the transition

structures, thus catalyzing the aminolysis reaction. The crucial hydrogen bonding
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interaction in this reaction is between the carbonyl group of the base and the incoming
NH;. By adjusting the proton affinity of the carbonyl group of the base through fluoro,
imine and sulfur substitution, the barrier to aminolysis was distorted in a manner
predictable on the basis of the proton affinity of the carbonyl group of the base. This
study illustrates the importance of a well-chosen hydrogen bond acceptor and the

catalytic possibilities of hydrogen bonding.

Figure 7.1: Schematic illustration of the transition structure in the aminolysis of
6-chloropyrimidine with, (a) 1-methyluracil in a syn conformation, and (b) 1-
methyluracil in an anti conformation.

In the original study by Tominaga et al.,! the formation of the hydrogen bonds in
the aminolysis of 6-chloropurine was observed by 'H NMR. Thus, it would be of interest

to calculate the corresponding proton chemical shifts in our model reaction to see if the
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downfield shifts for the signals due to the formation of hydrogen-bonding interactions
could be observed and reproduced. In addition, our study was incomplete in that in the
aminolysis of 6-chloropyrimidine involving 1-methyluracil as the base, we only
examined the syn conformation of the TSs. Tominaga and coworkers' also postulated an
anti structure. Although the hydrogen bonding patterns in the two TSs are equivalent
(Figure 7.1), in the anti configuration the electron-donating —CHj; group would be in
closer proximity to the carbonyl group which interacts with the incoming NHs. In this
case, the electron-donating effects may be stronger and have a more marked effect on the

barrier to aminolysis than that observed in the anti conformation.

Figure 7.2: [Illustration of the purine (adenine (A) and guanine (G)) and
pyrimidine (cytosine (C), thymine (T) and uracil (U)) nucleobases.
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This study explicitly focused on the use of uracil as the catalyzing agent.
However, uracil is only one of the nucleobases present in biological systems and thus, it
would be of interest to examine how the other purine and pyrimidine bases, Figure 7.2,
would perform in the aforementioned aminolysis reaction. The purine and pyrimidine
bases would alter the nature of the hydrogen bonding present in the TSs, a factor which

would be reflected in the calculated barriers to aminolysis.

o [ Catalysts ] 0

” + NH; “ + H,O0

C C 2
H;C~ “OH HyC~  NH,

Figure 7.3: The aminolysis reaction of acetic acid by ammonia in the presence
of various catalysts.

This would nicely complement a theoretical study of the ester aminolysis as
catalyzed by nucleobases. The original experimental study by Melander and Horne®
examined the aminolysis reaction of pentafluorophenylbenzoate by propylamine and was
the first study to explicitly illustrate the catalytic potential of the functional groups of the
nucleobases. Melander and Horne® postulated that the breakdown of the tetrahedral
intermediate yielding the amide product is the rate-limiting step and that this step could
be accelerated through the addition of various nucleobases which would stabilize the

ionic TSs. Using the model reaction in Figure 7.3, in which the catalysts would be the
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nucleobases schematically illustrated in Figure 7.2, correlations between the barriers to
aminolysis, the hydrogen bond distances present in the TSs, and the experimentally

observed rates of aminolysis could be drawn.

The aforementioned studies examine the ability of molecules capable of forming
intermolecular hydrogen bonding to catalyze chemical reactions by stabilizing the
transition structures. In Chapter Six, the cis-trans isomerization of prolyl amides, using

N-acetylproline methylamide as a model system, was catalyzed by the formation of an

intramolecular Nj---HNs hydrogen bond between the prolyl nitrogen and the
methylamide unit. The addition of electron-withdrawing substituents on C' in N-
acetylproline methylamide results in the preferential rotation of the acetyl group in a

counterclockwise direction. This mode of rotation assists in the formation of the

intramolecular Nj---HNs hydrogen bond in the TSs and an enhancement in the
pyramidalization of the prolyl nitrogen, leading to a reduced barrier to cis-trans
isomerization. This study illustrates the importance of the intramolecular hydrogen bond

and the catalytic possibilities of hydrogen bonding.

Experimental studies®* of the cis-trans isomerization of prolyl amides have also
examined the effect of alkyl groups on the rate of isomerization. The study of
alkylprolines has significant biological implications in that such systems may be used to

develop and expand the knowledge about the relationship between conformation and
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activity in addition to providing information on conformational effects on prolyl
isomerization.*® Thus it would be advantageous to extend the current study to examine

how alkyl substitution on the proline ring affects the formation of the intramolecular

N;---HNs hydrogen bond and the subsequent barrier to isomerization.

7.2.3 Catalysis Involving Amino Acids

In Chapter Five, the amino acid proline is once again the subject of study. Rather
than using it as a model in the study of peptide isomerization of proline-containing

molecules, in this study it is employed as a catalyst in the direct aldol reaction.

The enamine mechanism proposed by List and coworkers’ for the direct aldol
reaction between acetone and a variety of aldehydes was examined by DFT using the
model reaction of acetone with acetaldehyde in the presence of proline. Proline acts as an
enzyme mimic by providing the nucleophilic amino group, which interacts with acetone
to yield the intermediate enamine complex. A very large barrier that may inhibit further
progressions of the reaction accompanies this initial interaction. However, by inclusion
of a moderately ionizing solvent (DMSQ), an alternate, lower-energy pathway is
available for the initial interaction between proline and acetone. Thus, the direct aldol
reaction illustrates the catalytic potential of simple organic molecules in asymmetric

synthesis.
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(a) (b)
O o)

Figure 7.4: Schematic illustration of the amino acids (a) histidine and, (b)
tryptophan.

As the amino and carboxylate groups present in proline both play important roles
in the proposed mechanism, this raises the question as to whether another naturally
occurring amino acid would be able to act as a catalyst in the aldol reaction. The amino
acids tryptophan and histidine, Figure 7.4, both contain a carboxylic acid moiety and an
amino group within a five-membered ring. However, in these two amino acids, the
amino group and carboxylate group are separated to a greater degree than that
encountered in proline, posing another question. What makes proline an effective
catalyst? Is it the proximal location of the two groups or just their mere presence in the
molecule? A theoretical examination into the ability of other amino acids as well as

small molecules that contain the NH and COOH functional groups to catalyze the aldol
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reaction could provide potential catalysts for use in organic synthesis as well as

expanding the chemical basis for an efficient catalyst.

The DFT examination of the direct aldol reaction illustrates the stabilizing ability
of ionizing solvent. As solvent plays a crucial role in this study by providing an alternate,
lower energy reaction pathway for the aldol reaction, a more detailed examination into
the effect of solvent would be insightful. By systematically varying the strength of the

solvent, an alternate reaction medium may be revealed.

7.3 Summation

Throughout the work discussed within this thesis and that proposed for future
research, the diversity and importance of hydrogen bonding has been explored. The work
summarized provides an overview of the catalytic possibilities of intra- and inter-
molecular hydrogen bonding involving biologically relevant molecules. It has laid the
foundation for future theoretical and experimental studies of such processes, as outlined
in the discussion of the future work. As all the projects presented within this thesis have
been examined by experimental techniques, this thesis illustrates the complementary
nature of theoretical quantum chemistry. Through the combination of experimental and
theoretical chemistry, a more complete understanding of important chemical phenomena

may be attained.
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Appendix A

Table Al.1: Optimized geometrical parameters® for (HF), obtained at the MP2 and QCISD
levels of theory with a variety of basis sets.

Basis Set e 1) X 8, raF)
MP2 QCISD MP2 QCISD MP2 QCISD MP2 QCISD

6-311G 2.707  2.730 15.2 14.5 109.3 111.4 1.816 1.836
6-311G(d) 2.681 2.705 17.7 17.0 100.1 102.2 1.824 1.844
6-311G(d,p) 2.709  2.725 15.5 15.5 98.3 99.4 1.840 1.859
6-311+G(d,p) 2.788  2.799 6.1 6.2 121.3 121.8 1.874  1.888
6-311++G(d,p) 2.787  2.799 6.0 6.0 121.6 122.1 1.873 1.887
6-311+G(2d,p) 2.767  2.781 7.7 7.8 114.9 115.6 1.851 1.885
6-311+G(2d,2p) 2.761 2774 5.7 5.7 111.7 112.6 1.845 1.870
6-311+G(2df,p) 2.759 2775 7.3 7.4 116.4 117.0 1.845 1.861
6-311+G(2df,2p) 2.758 2.772 5.6 5.7 112.2 113.0 1.841 1.864
6-311+G(3df,3pd) 2.738 2.749 3.8 3.9 115.6 116.6 1.818 1.833
cc-pVDZ 2.681 2.700 12.1 11.7 99.5 101.6 1.787 1.805
cc-pVTZ 2717 2.734 8.8 8.7 105.3 106.9 1.810 1.830
aug-cc-pVDZ 2754 2.767 6.6 6.6 110.7 111.0 1.832 1.848
aug-cc-pVTZ 2.745  2.756 6.3 6.7 111.0 111.9 1.826 1.842
Experiment” 2.72 £0.03 10+6 117+6

* Bond lengths in A, bond angles in degrees.
® Reference 6 and 7.
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Table Al1.2: Optimized geometrical parameters® for (HCI), obtained at the MP2 and QCISD
levels of theory with a variety of basis sets.

Basis Set r(Cl---CI') 0, 0, r(H---CF)
MP2 QCISD MP2 QCISD MP2 QCISD MP2 QCISD

6-311G 4.172 4.216 7.6 8.2 110.6 1089  2.861 2.898
6-311G(d) 4.035 4.104 6.1 6.2 1040 1032  2.760 2.825
6-311G(d,p) 4026  4.098 5.5 5.8 1022 101.6 2.760 2.830
6-311+G(d,p) 3.946  4.006 4.8 5.2 101.9 101.1  2.677 2736
6-311++G(d,p) 3.936  3.996 4.0 4.0 1024 102.1  2.666 2.722
6-311+G(2d,p) 3911 4.014 8.2 9.0 929 929 2653 2760
6-311+G(2d,2p) 3.773  3.882 4.5 5.1 922 93.0 2503 2615
6-311+G(2df,p) 3.883  4.003 8.3 8.3 92.1 926  2.621 2740
6-311+G(2df,2p)  3.749  3.866 4.3 4.8 920 932 2475 259
6-311+G(3df,3pd) 3.775  3.882 55 6.9 90.3 900 2508 2619
cc-pVDZ 3.909  3.988 9.9 8.8 89.3 921 2649 2719
cc-pVTZ 3.786  3.909 6.8 7.4 90.2 91.5 2521 2.646
aug-cc-pVDZ 3.817  3.898 6.0 5.9 90.7 919 2535 2615
aug-cc-pVTZ 3.744  3.853 5.7 6.0 89.9 91.6 2473 2.583
Experiment 3.75 - 3.84° 9.0° 90.0°

* Bond lengths in A, bond angles in degrees.
® References 3 and 4.
¢ References 18 and 21.



Appendix B

Table Bl.1: B3LYP/6-311+G(2df,p) energies, with and without B3LYP/6-31G(d,p) ZVPE
corrections (E. and E,, respectively), for all species referred to in the study.

. Total Energy (hartrees)
Spec bk -2
pecies E, E
C1-C4N,H; -724.03848 -723.97098
NH; -56.58411 -56.54969
HCl -460.83645 -460.82973
C4N;H; -319.80382 -319.70977
Cl1-C4N;H, -779.43751 -779.35332
C4N.He -375.20084 -375.09877
OCH, -114.54701 -114.52042
OHC-NH, -169.96249 -169.91709
OHC-NH-CHO -283.31880 -283.27551
1-methyluracil -454.17383 -454.28876
OCHF -213.85047 -213.82943
OFC-NH, -269.25627 -269.21797
OFC-NH-CHO -382.58913 -382.57248
SCH, -437.50905 -437.48423
SHC-NH, -492.91932 -492.87545
SHC-NH-CHO -606.28824 -606.23426
HNCH, -94.66674 -94.62677
HNCH-NH, -150.06651 -150.00904
HNCH-HN-CHO -263.43744 -263.37278
HOCH," -114.78724 -114.82790
HOHC-NH," -170.22501 -170.28484
HOHC-NH-CHO" -283.56836 -283.63711
1-methyluracil® -454.50196 -454.62946
1-methyluracil® -454.49043 -454.61757
HOCFH" -214.07576 -214.10971
HOFC-NH," -269.50122 -269.55301
HOFC-NH-CHO" -382.84563 -382.90630
HSCH," -437.77507 -437.81035
HSHC-NH," -493.19830 -493.25273
HSHC-NH-CHO" -606.53966 -606.60294
HNHCH," -94.95504 -95.00938
HNHHC-NH," -150.36926 -150.44189
HNHHC-NH-CHO" -263.71033 -263.79220
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Figure B1.1: Schematic illustrations of the transition structures showing charge distribution on
the heavy atoms, determined by Mulliken population analysis (hydrogens summed into heavy

atoms).
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Appendix C

Table C1.1: B3LYP/6-311+G(2df,p) energies, with and without B3LYP/6-31G(d,p) ZVPE
corrections (E. and E,, respectively), for all species on the non-solvated surface.

Species Total Energy (hartrees)
Eo E.
Proline -401.30203 -401.15653
CH,;0OCH, -193.22684 -193.14310
la -594.53553 -594.30468
1b -594.46854 -594.23941
Ic -594.52099 -594.28669
1d -594.50149 -594.27218
le -594.51886 -594.28877
1§3 -518.03712 -517.83242
g -518.02195 -517.82102
1g’ -518.00019 -517.79915
1h -518.04910 -517.84286
2a -671.94605 -671.68285
2b -671.92514 -671.66104
2c -671.94291 -671.67512
2d -748.42280 -748.12929
2e -748.42213 -748.12634
2f -748.40831 -748.11455
2g -748.40881 -748.11247
2h -748.40233 -748.10943
2i -748.43056 -748.13714
Aldol product -347.12871 -346.98230
H,O -76.46022 -76.43885
HCO-CH; -153.88728 -153.83197
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Table C1.2:

B3LYP/6-311+G(2df,p) energies, with and without B3LYP/6-31G(d,p)
ZVPE corrections (E. and E,, respectively), for all species on the DMSO solvated

surface.
. Total Energy (hartrees)
Species E, E.
Proline -401.29283 -401.14832
CH;0CH; -193.22919 -193.14543
3a -594.52998 -594.29881
3b -594.51312 -594.28329
3c -594.52944 -594.29447
3d -594.53011 -594.30022
3e -518.05579 -517.85063
3f -518.03242 -517.83152
3g -518.05315 -517.84688
4a -671.95154 -671.68864
4b -671.93908 -671.67095
4c -671.95627 -671.68834
4d -748.43398 -748.14036
4e -748.42669 -748.13074
4f -748.41818 -748.12517
4g -748.42125 -748.12441
4h -748.40869 -748.11542
4i -748.43350 -748.14018
Aldol product -347.13172 -346.98521
H,O0 -76.46334 -76.44198
HCO-CH3 -153.89019 -153.83487
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Table D1.1:

corrections (E. and E,, respectively), for all species examined.

B3LYP/6-311+G(2df,p) energies, with and without B3LYP/6-31G(d,p) ZVPE

Species

N-acetylproline methylamide (cis)

N-acetylproline methylamide (¢rans)
N-acetylproline methylamide (TS1a)
N-acetylproline methylamide (TS1b)

N-4-fluoro(cis)acetylproline methylamide (cis)

N-4-fluoro(cis)acetylproline methylamide (trans)
N-4-fluoro(cis)acetylproline methylamide (TS2a)
N-4-fluoro(cis)acetylproline methylamide (TS2b)

N-4-fluoro(trans)acetylproline methylamide (cis)

N-4-fluoro(trans)acetylproline methylamide (trans)
N-4-fluoro(trans)acetylproline methylamide (TS3a)
N-4-fluoro(trans)acetylproline methylamide (TS3b)

N-4-hydroxy(cis)acetylproline methylamide (cis)

N-4-hydroxy(cis)acetylproline methylamide (trans)
N-4-hydroxy(cis)acetylproline methylamide (TS4a)
N-4-hydroxy(cis)acetylproline methylamide (TS4b)

N-4-hydroxy(¢rans)acetylproline methylamide (cis)

N-4-hydroxy(trans)acetylproline methylamide (trans)
N-4-hydroxy(¢rans)acetylproline methylamide (TS5a)
N-4-hydroxy(trans)acetylproline methylamide (TS5b)

Total Energy (hartrees)
EO Ee

-573.46175 -573.23870
-573.46718 -573.24366
-573.43361 -573.21185
-573.43396 -573.21188
-672.73582 -672.52074
-672.73708 -672.52188
-672.70934 -672.49534
-672.70293  -672.48909
-672.73258 -672.51756
-672.43942 -672.52384
-672.70409 -672.49020
-672.70397 -672.48967
-648.70543 -648.47780
-648.70614 -648.47860
-648.67979  -648.45309
-648.67836 -648.45215
-648.70451 -648.47736
-648.71047 -648.48275
-648.67865 -648.45229
-648.67600 -648.45011

155



Appendix D

156

Figure D1.1: Schematic illustrations of the transition structures showing charge distribution on
the heavy atoms, determined by Mulliken population analysis (hydrogens summed into heavy

atoms).
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