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Abstract: 

The structures, energIes and reactivities of nitrogen containing heterocyclic 

compounds are studied using computational methods. A method to calculate 

azole, azine and benzoazole heats of formation using ab initio total energies and 

isolobal reaction schemes is developed, and gives heats of formation to within 0-4 

kcaVmol of experiment. Systematic errors in semi-empirical MNDO, AMI and 

PM3 heats of formation of azoles, azines and benzoazoles are discussed, and 

correction terms suggested. Pentazole, pentazine, hexazine, pyrazepine, indazine, 

punne, azolotriazine and diazoazole heats of formation are then predicted. 

Isocyanate equilibrium geometries calculated with semi-empirical and ab initio 

methods are compared to experiment. 

The cycloaddition reaction of isocyanates with alkenes is modelled using MNDO, 

AMI and PM3. Localized bonding in diazoazole ring systems, and flexibility in 

the diazo group C=N=N bond angle are demonstrated. Thermolytic and 

photolytic 4-diazo-l,2,3-triazole reaction products are predicted by comparing the 

computed relative energies of the azolylidene intermediate singlet and triplet 

states. 

Possible mechanisms for diazoazole cycloaddition reactions with ethyne, ynamine 

and cyanoethyne are discussed and modelled with semi-empirical methods. The 

regio-specificity of diazoazole cycloaddition reactions with ynamine, and the lack 

of diazoazole cycloaddition with cyanoethyne, are predicted and correlated with 

experiment. 

Molecular Mechanics (MM+), semi-empirical and ab initio methods are used to 

generate benzotetrazepinone equilibrium geometries. The racemization of chiral 

benzotetrazepinone is found to occur through a concerted mechanism involving a 

chiral transition state. Mechanisms for the acid-induced ring opening of 

benzotetrazepinone (BTZ) are proposed and investigated using PM3. The 

computational results are compared with UV NIS spectral evidence for the ring-
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opening. The tendency for benzotetrazepinone to ring opening is correlated with 

the Hammett constants of the aryl~ring substituents using PM3 relative energies. 

The pKa of protonated benzotetrazepinone is estimated. 

A simple atom-atom potential method is used to model the stability and dynamics 

of small endohedral gas molecules inside fullerene cages. The results are shown to 

compare qualitatively with available ab initio results. 

The problem of electron correlation is briefly addressed, and relationships 

between Configuration Interaction (CI) and Natural Spin Orbitals (NSOs) are 

discussed. 
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Resume 


Les structures, energies et reactivites d'hetel"ocycles azotes ont ete etudiees par 

des methodes informatique. Nous avons developpe une methode pour calculer les 

chaleurs de formation d'azoles, d'azines et de benzoazoles via les energies ab 

initio ainsi que pour les schemas de reaction isolobale; ce qui donne des chaleurs 

de formation al'interieur de 0-4 kcaVmoi des valeurs experimentales. Les erreurs 

systematiques des chaleurs de formation obtenues par les methodes semi­

empiriques MNDO, AMI et PM3 pour les azoles, azines et benzoazoles sont 

discutees; des termes correctifs sont aussi suggeres. Les chaleurs de formation du 

pentazole, du pentazine, de l'hexazine, de la pyrazepine, de l'indazine, de la 

purine, de I' azolotriazine ainsi que du diazoazole ont ere predites. 

Les geometries d'isocyanates en position d'equiUbre ont ere calculees par 

methods semi-empirique et ab initio et furent comparees aux valeurs 

experimentales. La reaction de cycloaddition d'isocyanates avec des alcenes a ete 

modelisee en utilisant MNDO, AMI et PM3. Nous avons demontre la nature 

localise des liaisons al'interieur du systeme diazoazole ainsi que la flexibilite du 

groupe diazo (C=N=N). Les produits de reaction de thermolyse ainsi que de 

photolyse du 4-diazo-l,2,3-triazole ont ete predits al'aide des valeurs comparees 

des energies relatives calculees pour les etats triplets et singulets de 

l'intermediaire azolylidene. 

Les mecanismes possibles pour les reactions de cycloaddition des diazoazoles 

avec I' ethyne, 1 'ynamine et la cyanoethyne sont discutes puis modelises ai'aide 

de methodes semi-empiriques. La regiospecificire des reactions de cycloaddition 

des diazoazoles avec l'ynamine ainsi que l'absence de reaction dans Ie cas de la 

cyanoethyne sont predites et correlees avec les resultats experimentaux. 

Nous avons utilise les methodes de mecanique moIeculaire (MM+), les methodes 

semi-empiriques ainsi qu'ab initio pour gent5rer les geometries d'equiUbre de 

benzotetrazepinone (BTZ). Nous avons trouve que la racemisation de 
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benzotetrazepinone chirales se produit via un mecanisme concerte avec un etat de 

transition chiral. Nous avons etudie les mecanismes d'ouverture des cycles 

benzotetrazepinone induits par l'acide en utilisant la methode PM3. Les resultats 

des calculs sont compares avec les evidences de spectroscopie UV NIS en ce qui 

concerne l'ouverture des cycles. La tendance des teuazepinones a subir une 

ouverture de cycle est correlee avec les constantes de Hammett pour les 

substituents aryles et les energies relatives obtenues avec PM3. Nous avons 

estime Ie pKa de BTZ protonnees. 

Une approche basee sur un potentiel atome-atome simple a ete utilisee pour 

modeliser la stabilite et la dynamique de petites molecules endohedriques 

gazeuses al'interieur de cages fullereniques. Les resultats obtenus se comparent 

qualitativement avec les resultats ab initio disponibles. 

Les problemes de correlation electronique, d'interactions de configuration (CI) 

ainsi que de "spin orbitalaire naturel" (NSO) sont discutes. 
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Chapter 1: Introduction: 

1.1 Overview of Thesis: 

Computational methods used In this thesis describe the structures, 

reactivities and energies of various pharmacologically interesting chemical 

compounds. Each chapter is a self-contained research paper, as allowed by the 

McGill Faculty of Graduate Studies and Research. The requirements for a paper 

thesis are outlined on page ii; short connecting texts are included between the 

chapters, and the chapters themselves are modified from their published 

manuscript fonn, with short passages which cross-reference between chapters, and 

emphasize common themes throughout the thesis. 

The applicant (C.L Williams) is the primary author of all the chapters. Dr. 

Whitehead initiated the research, and helped with suggestions, insightful 

discussions, manuscript editing and support throughout the thesis. Dr. RJ. Jean­

Claude, Dr. Li Pang and Slaven Suba contributed suggestions and helped edit the 

manuscripts of which they were co-authors. The execution, interpretation and 

reporting of the research was primarily perfonned by the applicant. Thus, this 

thesis represents the applicant's research. 

Chapters two, three, five and seven have been published or accepted for 

publication; chapter eight has been submitted for publication; chapters four, six 

and nine will be submitted for publication. The chemical and computational 

details of each study will be discussed where appropriate. A general discussion of 

the theories and computational methods used in the thesis constitutes the 

remainder of the introduction. 

Chapter two: a simple atom-atom potential method is developed to 

describe the energies and dynamics of endohedral guest molecules in fullerene 

cages. 

Chapters three to eight: the structures, energies and reactivities of nitrogen 

heterocyclic compounds are studied. Chapter three presents a method to calculate 



nitrogen heterocyclic heats offonnation. Azoles (1), benzoazoles (2), azines (3), 

and azepine (4) are some of the ring systems considered. 

x-v xv/1/ \\ ~W(X\ 0W /z 1 II I 
'N Z, ?V N" N NH H H 

1 2 3 4 

V,X,V,W.Z = C-H or N 

Chapter four is a study of isocyanate (5) equilibrium geometries, and 

isocyanate cycloaddition reactions with ethene (6) to fonn 13-lactams (7). The 

structures of the transition states in these cycloaddition reactions are determined 

computationally, and the computed activation energy barriers are correlated with 

experimentally observed reactivity. 

O=C=N + 

\ 

R 


5 6 
R = -H, -CH3 • -CI. -F, -CeHs 

Chapter five includes the heats of fonnation, structures and stabilities of 

diazoazoles (8) and azolylidenes (9). The results explain experimentally observed 

azolylidene addition reaction products, and explain the low temperature ESR 

measurements on azolylidenes. 

v-::;:::;. 
Z
\ 0 v-::;:::;.Z\.

I 0: C-N=N ... I c: 
X:::::: / X:::::: /

W W 

8 X,V,W,Z =C-H or N 9 
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Chapter six: possible mechanisms of diazoazole (8) cycloadditions with 

ethyne, ynamine and cyanoethyne to form azolotriazine (10) are computationally 

modelled. The results explain reactivity and regioselectivity in these reactions . 

.. 

R-- H 

8 

Chapters seven and eight are studies of the relatively unknown 

tetrazepinone compounds (11). In contrast to the well known molecules in 

chapters three to six, the stabilities of tetrazepinones, and their decomposition 

mechanisms are not well understood; almost no physical chemical measurements 

or mechanistic studies have been made on them. These two chapters advance the 

knowledge of these compounds, and the information has been useful to the 

organic chemists and oncologists, who are developing tetrazepinones for use as 

anti-tumor agents. These chapters exemplify the unique power of computational 

chemistry at investigating molecular structure, and properties of new compounds. 

-:/" ­~ I 
-

'N-Mea N N 

,.t~ 
11 

Chapter nine is a purely theoretical quantum chemistry study. Despite the 

success of computational chemistry, there remains to be developed a unique 

theoretical and computational approach, which can fully explain and predict all 

desired chemical properties. As a contribution to this ideal, the well known 

problem of Configuration Interaction (CI) and the Natural Spin Orbital 

Representation (NSO) of the total electronic wavefunction are discussed, in 
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conjunction with the problem ofelectron correlation in ab initio calculations. New 

original theoretical relationships between the CI expansion coefficients and the 

Natural Spin Orbital occupation numbers are developed. 

1.2 Overview of Computational Methods: 

The prediction of chemical properties by computation should facilitate 

research, by allowing an intimate study of molecular processes which are 

otherwise difficult, or impossible, to study experimentally. Dirac stated in 1929 

that in principle, it is possible to study all ofchemistry computationally, because 

''the underlying physical laws necessary for the mathematical theory of 

the whole ofchemistry are completely known." I 

However, Dirac also recognized that "application of these physical laws 

leads to equations much too complicated to be soluble." 1 Modem computing has 

greatly changed this situation; however, the main limitation to all computational 

chemistry is still the number of atoms, the number of electrons, and the number 

and complexity of the equations to be solved. Consequently, many different 

approaches to modelling and calculating chemical systems have been developed, 

all of which are of limited application. Nevertheless, computational methods are 

increasingly used by chemists to solve structure and reactivity problems, and to 

predict properties of new molecules. The field of Computational Chemistry has 

consequently developed, and a number of journals (such as the "Journal of 

Computational Chemistry", the "Journal of Molecular Structure" the "Journal of 

Computer-Aided Molecular Design" and the "International Journal of Quantum 

Chemistry") are now devoted to the development and application of 

computational methods. Just as molecular modelling kits help chemists to 

visualize molecular structure, computational methods, such as molecular 

modelling, help chemists to enhanced their research activity with a variety of 

4 



quantitative results for molecular structure, from simple visualizations of complex 

macromolecules, to advanced electronic structures of small systems. 

The computational method chosen to solve a particular chemical problem 

depends on the properties required, and the complexity of the chemical system. 

Faced with a particular 'real' chemical problem, the computational chemist 

judicially chooses which computational approach is appropriate for the study, and 

assesses the significance of the assumptions and the inherent errors of the method. 

A combination of computational approaches is often needed to give a real 

chemical insight into the problem. 

The approaches to modelling chemical systems divide into molecular 

mechanics and quantum mechanical methods (see figure on page Sa). Molecular 

mechanics calculates molecular energies using empirically fitted model potential 

energy functions, based on the classical "ball-and-spring" picture of the molecule. 

They are not suited for calculation of electronic properties, and their accuracy 

depends on extensive parameterization. Their advantage over quantum­

mechanical methods is their speed of computing. Molecular mechanics methods 

are used to explore conformational and non-bonded potential energy surfaces of 

systems for which they are well parameterized. Molecular mechanics methods can 

be applied to biologically interesting molecules, ensembles, and other systems too 

large for a complete quantum mechanically based study. 

Quantum mechanics uses the Schrodinger wave equation to describe 

atomic and molecular electronic structure, and to calculate total energies, heats of 

formation, spectral properties, vibrational quantities, various electronic properties, 

and equilibrium and transition state molecular geometries. Quantum mechanical 

methods are too time consuming and expensive for large systems, but they can 

give detailed information about structure, reactivity, and reaction coordinates. 

The molecular mechanical and quantum mechanical methods used in this 

thesis are in the HyperChem2 and GAMESS3 programs. An understanding of the 

theories employed in these packages is necessary, therefore the characteristics 
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Choice of Computational Method 


Methods 
D.f 

Computation 

Quantum Mechanics 

IN' =E'¥ 

-computation of 
electronic structure 

- ab initio and 
semi-empirical (MNDO, 
AMI, and PM3) 

- computationally 
intensive 
(SCF procedure 
with many integrals) 

Molecular Mechanics 

Angle 
Bend 

Energies 

a) MM+force field used to generate 
input structures for QM calculations; 

b) AAPpotential used to calculate 
non-bonded fullereneiguest 
complexing energies 

QM methods are the most suitable 
methodsfor calculating structure 
and reactivity ofnitrogen heterocycles; 

page Sa 



which define and differentiate the various molecular-mechanics and quantum 

mechanics methods are described. 

1.3: Molecular Mechanics: 

Molecular Mechanics (or Molecular modelling) methods use 

experimentally and theoretically parameterized classical harmonic oscillator type 

equations to define a force field, which describes the potential energy of a 

molecule as a function of its conformation. Molecular mechanical energies 

quantitatively measure the effect of bond stretch, bond angle distortion, and 

torsional angle rotation on the total energy of the molecule. Empirically and 

theoretically parameterized non-bonded atom-atom potentials are also included in 

these methods; consequently, they are suited to model collections of molecules, as 

in solute/solvent systems and interfacial monolayers.4,s 

The recent foundations of molecular mechanics were laid by Allinger and 

co-workers,6-10 with their MM family of molecular mechanics programs. Other 

models, such as AMBERlia and OPLSlIb,c have been developed to deal with 

proteins and other biopolymers. The simplest form of the total molecular 

mechanics energy, common to all methods, divides the total molecular strain 

energy (Etot ) into bond stretch (Ebonds), bond angle bend (Eangles), torsion angle 

rotation (Etorsions) and non-bonded (E non-bonde~ energies. 

(1) Etot =Ebonds + Eangles + Ewrsions + Enon-bonded 

In (1), the bond stretch terms are commonly approximated by simple I-D 

harmonic oscillator equations 

(2) Ebonds L:kb (l-IJ
2 

bonds 

where ~ is the spring force constant for the particular bond, I is the actual length 

of bond, and 10 is the equilibrium or UDStretched bond length. The kb and 10 

parameters can be optimized from experimental and theoretical results. When all 

the bond lengths are at their equilibrium lengths 10 ,then Eoonds =0, regardless of 
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the functional form of Ebonds' Cubic bond stretch terms are added to generate 

more refined force fields, as in MM2, and the MM+ force field in the HyperChem 

program.2 

The bond angle distortion energies are described by harmonic-oscillator 

type equations similar in form to the bond stretch terms 

(3) Eangles = IKe(9-9oi.
angles 

Here, Ke is the bond angle bend force constant, 9 is the bond angle and 90 is the 

equilibrium bond angle. Other bond angle energy equations include cubic, quartic 

and other terms to describe the bond angle distortion energy. Bond-stretch/angle­

bend cross terms are also employed in the MM2 family of molecular modelling 

programs. 

Torsion angle (or dihedral angle) energies reflect the rotational symmetry 

and the energy of rotation about individual bonds. The total torsion angle energy 

is given as the sum over all the individual 1-4 torsion angle interactions, co. 

(4) 

Each E()) term may be expanded as a Fourier series in the torsion angle, co, 

(5) 
n 

where Vn is the energy of the n-fold barrier, and n represents the periodicity of the 

rotation (Le. n=2 for ethene, n=3 for ethane). In ethene, the eclipsed form is the 

minimum, and s = -1; the staggered form is the minimum in ethane, and s = +1. 

Rotations of increasing complexity and periodicity are adequately described by 

inclusion of more terms in the Fourier expansion. The bond stretch, bond angle 

bend and torsion angle rotation terms constitute the molecular mechanics bonded 

interaction terms. Bonded interaction evaluation depends upon the connectivitl 

of the molecule, which is the arrangement of formal bonds connecting the atoms 

in the molecule. 

In contrast, non-bonded energy terms depend upon interatomic distances, 

and are calculated between atoms whose connectivity is greater than 1-4. The 
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non-bonded tenns in the molecular mechanics energy include van der Waals 

tenns (EVDW)' electrostatic interaction tenns (EcHo), dipole interaction tenns 

(EDlP) and the H-bonded tenns (EH~' Each tenn has its own functional fonn. 

Van der Waals l2a interactions are often described by a Lennard-Jones l2b 

function, 

(6) EVDW = L[;~ -!:a].

B>A AD AD 

Here, RAD is the non~bonded distance between atoms A and B, and aAD and bAD 

are van der Waals parameters for the interaction of atoms A and B. Other 

functional fonns, such as 

(7) 

used in chapter two to describe van der Waals interactions between host and guest 

molecules in endohedral fullerene complexes, can also simulate van der Waals 

interactions. The electrostatic energy is usually simulated with a basic 

electrostatic interaction 

(8) 

where ~ and ~ are point charge approximations for ions A and B, RAD is the A­

B internuclear distance, and &0 is the effective dielectric constant of the medium. 

The interaction between two dipoles, fJ.i and fJ.j' is given by 

(8a) 

Here, ry is the distance between the two dipoles, x is the angle between the two 

dipoles, ai and aj are the angles between each dipole and the vector connecting 

the two dipoles, and &0 is the effective dielectric constant. 

Since most of the thesis (Chapters 3-8) focuses on the prediction of 

electronic structure dependent properties, molecular mechanics methods are 

unsuitable, except for generating input structures. Throughout this thesis, the 

MM+ force field2 is used for molecular mechanics calculations. MM+ is an MM 
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type force field, and contains stretch-bend, torsion-bend and other energy cross­

terms more complex than the general ones stated here. For details of the MM+ 

method, see the HyperChem documentation? MM+ has an advantage over the 

United Atom force fields such as AMBER and OPLS, because it treats every 

atom explicitly, with a complex potential energy function. Consequently, it is 

ideally suited to generate geometries of the novel ground state structures studied 

in the forthcoming chapters. A detailed study in chapter 7 justifies this approach, 

by showing that quantum mechanical optimizations of MM+ input structures 

produce structures identical to those obtained by quantum mechanical 

optimization of X-ray input structures. Because the molecules considered in the 

thesis are all relatively small «40 atoms), using such a complicated force field 

still has a minimal computational cost. Since the MM+ method is used primarily 

to generate input for quantum calculations, possible improvements to the MM+ 

method were not considered. 

1.4 Electronic Structure and Quantum Mechanical Methods 

All quantum mechanical methods solve the Schrodinger wave equation, to 

gIve the total molecular energy and wavefunction of the system. The total 

wavefunction, in principle, allows calculation of all properties related to 

molecular structure, such as spectra, dipole moments, polarizability and 

thermodynamic properties. A comprehensive review of the quantum mechanics 

relevant to chemistry is beyond the scope of this thesis; the reader is referred to a 

few excellent textbooks for thorough treatments. 13-22 

There are many quantum mechanical approaches to molecular structure, 

from simple Huckel MO based theories to extensive ab initio and density­
26functional methods.23

- These methods differ in their level of approximation and 

computational time and cost, but they all employ the Born-Oppenheimer 

approximation, which 'freezes' the nuclear positions during the electronic 

structure calculation. The nuclei of a molecule are a set of external point charges, 
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which interact with the electrons. This separates the total electronic and nuclear 

wavefunction of the molecule, n, into the wavefunction of the nuclei, and the 

wave function of electronic part of the system only, '¥. In the Born-Oppenheimer 

approximation, the time-independent electronic SchrOdinger wave equation is 

(9) H'P =E'¥, 


where E is the total electronic energy and '¥ is the total electronic wavefunction. 


H is the Hamiltonian which describes the various mathematical operators of the 


system. For an N electron system, in the field of stationary nuclei (A,B), the non­


relativistic Hamiltonian which describes the energy of the system is (in atomic 


units, a.u. ; hl21t = I, ~ (Bohr radius) = 1, charge on electron, e =1 ). 


N 1 N N 1 
(10) H = I --v~ -II ZA +2:2:­

i-I 2 i-I ARiA i= I j>i rij 

The first two terms in the Hamiltonian (equation 10) describe the electron 

kinetic and electron-nuclear attraction energies respectively. The third term is the 

electron-electron interaction operator. The summations i and j are over all the 

electrons in the system. The summations over A and B in the last term are over 

all nuclei in the system, and represent the nuclear-nuclear point charge repulsion 

energies. The nuclear-nuclear repulsion terms are non-quantum mechanical in 

nature, and are usually added to the electronic energy after solving the 

Schrodinger wave equation for the electrons. 

161.4.1. Hartree-Fock Wave/unctions13
­

The Schrodinger equation cannot be solved exactly for systems with more than 

one electron; therefore, the total electronic wavefunction '¥ must be 

approximated. A common approximation for an N electron system is the Hartree­

Fock (HF) wavefunction, which consists of an N x N Slater determinant of 
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orthononnal one-electron spin wave functions Xi ;16 (IXi Xj dx = cSu; cSu = 1 if i = 

j, cSij =0 ifi ~ j). 

XI(X t ) ... Xi (X t ) 

(11) 'JI(xl' X2 .. • XN) = ~ 
XI (X N) '''Xi (X N) 

Here, XI is the space and spin coordinate of electron I, and (11N!)1f2 is a 

nonnalization constant, which ensures that 

(12) 

The dxi in (12) refers to the space (drj ) and spin (droj ) coordinates of electron 'i'. 

The detenninantal nature of the wavefunction is necessary because of the 

fennionic nature ofelectrons. The general HF wavefunction can be simplified to l6 

(13) 'JIHF (XI'" x N) = 1XI (XI )X2 (x2 )... Xi (xJ... XN-l (X N_1)XN (XN) >, 

which includes the nonnalization constant, and only shows the diagonal elements 

of the Slater detenninant in (11). An N electron closed-shell spin-restricted HF 

wavefunction (RHF),27 used for systems with no net spin (multiplicity = 1), 

consists of N/2 doubly occupied spatial orbitals 'Vi' Electrons with different spin 

are distinguished with aero) and (3(ro) spin functions. The spin orbital Xi (Xi) in 

(13) is replaced by the product of a spatial orbital and a spin function; Xi (Xi) 'Vi 

(rJa(roJ. Thus, the spatial orbitals, "'i> in "'i(rJa(roJ and 'Vj(rJ(3(roJ are spatially 

and energetically equivalent. The RHF wavefunction, 'l'RHF is 

(14) 'JIRHF =1 'V I (rl)a(ro 1)\jJ I (r2)(3(ro 2)-" 'V Nil (rN_1)a(ro N-I)'V N/2 (rN )(3(ro N) > 

The Pauli exclusion principle is satisfied by the following spin integrals; 

(15) Ia(ro)a(ro)dro = I(3(ro)(3(ro)dro = 1; Ia(ro)(3(ro)dro = I ~(ro)a(ro)dro = o. 

Systems with net spin (multiplicities greater than S=1) can be treated with a spin­

unrestricted Hartree-Fock wavefunction (UHF),28 which allows the spatial 'VIa 

and 'V IPorbitals to differ energetically and spatially.16 

(16) 'I' UHF =1 \jJ~ (rl )aero I )"'~ (r2 )(3(ro 2)-" \jJ~a (rNa )aero Na )\jJ ~IJ (rNIJ )(3(ro NIJ) > 
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In the UHF wavefunction above, Na is the number ofa spin electrons, and NP is 

the number of ~ spin electrons. The number of a and pspin electrons need not 

be equal in a UHF calculation. UHF calculations can be used for systems with an 

odd number of electrons. 

Insertion of either type of HF wavefunction into the Schrodinger wave 

equation (9) results in a set of one-electron SchrOdinger wave equations, or 

"(Hartree-) Fock" equations. In the closed-shell RHF case, the one-electron Fock 

equation ofelectron 1 in the ith orbital, with alpha spin, is 

(17) 

Here, Ej is the eigenvalue of the one-electron wavefunction 'l'j' and F(I) 

is the one-electron 'Fock' operator. Upon integration over the a and p spin 

coordinates, the closed-shell RHF Fock operator has the form 

N/2 

(18) F(l) = H~oRE + ~)2Jj(1) - Kj(l)]. 
j 

The ftrst term in the Fock operator, HCORE 
, consists of the one-electron kinetic and 

nuclear attraction operators, and is referred to as the "one-electron-core" operator. 

(I8a) H~ORE = -.! V'~ - L ZA 
2 A rIA 

The Jj (1) term in the Fock operator in (18) is the two-electron coulomb repulsion 

operator, given byl3,16 

'I'; (r2 )'1' j (r2)
(18b) Jj(1)'I' j (rl ) = dr2 '" j (r,) ,r12 =Irl - r21J r l2 

The coulomb operator Jj (1) represents the coulombic repulsion between electron 

1 in the ith orbital and the smeared out charge density (l'I'j (r2 )12 ) of electron 2 in 

the jth orbital. The factor of two in front of I j (1) in (18) arises because there are 

two electrons in each closed-shell RHF spatial orbital. The Kj (1) term in (18) is 

the exchange operator, which is defmed as13,16 

(19) 

simple classical 

interpretation. Exchange is a net attractive interaction which arises from the 
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indistinguishabilty of electrons. Exchange occurs between electrons of like spin 

only; therefore, there is no factor of two in front of the Kj (1) term in (18), 

because there is no exchange between electrons of unlike spin. Exchange between 

electrons of unlike spin cancels out upon integration over spin. Spatial 

coordinates (dr2 ) are used in (18b) and (19), because spin has been integrated out. 

Using the Fock operator, the RHF closed·shell one.electron energies Ej in (17) are 

given by 

NI2 

(20) Sj = 	 = I'll; (rl)H~'Vi(rl)Jrl + L(2Jij - Kij), 
j 

and the exchange integral, Kij , is 

The total electronic energy EEl in the closed-shell RHF case iS13
,16 

Nf2 N/2 N/2 

(23) 	 EEl = 2L Sj - LL(2Jjj - K jj ). 

i j 

Consequently, the total electronic energy is NOT the sum of the individual 

electron energies Ej , because this would count all electron-electron interactions 

twice. 

1.4.2. The MO-LCAO Approximation.27 

The molecular orbitals (MOS)'Vp27 are approximated as a linear combination of 

'M' atomic orbitals (LCAO) or other suitable basis functions 'Ii' referred to as 

the basis set (henceforth denoted with V,J.l,O',A subscripts). 

M 

(24) 	 'Vi(rl )= L c~'Ii(rl) J.l = 1...M 
Ii 
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In (24), c~ is the coefficient of the Jlth basis orbital in the ith molecular orbitaL 

Insertion of the LCAO expansion (24) into the Hartree-Fock equation (17) gives 

the following equation.13
,16 

M 	 M 

(25) 	 :~::C~F(1)q,II(rl)u(rol) = £j I: c~q,1l (r\ )u(ro \) 
II 11 

Multiplying by q,v· (rl) on the left hand side of (25) and integrating over spin, 

gives (in the closed-shell RHF case), 16 the following integrals over dr) 

In equation (26), the expression in equation (18) has been used for the Fock 

operator, F(l). The core-Hamiltonian terms in equation (26) lead to "one-electron 

core" integrals of the following type. 

(27) H~RE = Jq,:(rl)(H~ORE)q,II(rl)drl = (vjH~OREIJl) 

The (vi HfoRE IJl) integral is the one-electron kinetic and nuclear-attraction energy. 

M M 
Substitution of LCAO expansions 'Vj (r2) = Lc{q,).(;) and 'V/(r2) = L(c~)'+:(r2) 

A 	 a 

into the coulomb operator (equation 18b), and subsequent insertion into (26), 

gives coulomb integrals with the following form; 

J+:(rl)1 j(l)+11 (rl)dr, = L L c{ (c!)" II +:(rl)+", (rl),: (r2)+). (r2 ) dr dr 
(28) 	 A a G2 

1 2 

=LLc~(c~f( VJ.1IUA) 
). a 

An analogous expansion of the exchange operator, (19), and subsequent insertion 

into (26), gives exchange integrals, which have the form16 

I+:(r)Kj(l)q,,, (rl)dr, =L L C{(C!)" IIf.,(r.)+). (r,)+: (r2 )+,,(r2 ) dr,dr
2

(29) 	 ). a ~ 

=L L c{(c!f( VAIUJ.1) 
A a 

The (vJllerA) notation is used to simplify the two-electron coulomb and exchange 

integrals in (28) and (29). This follows the nomenclature used by Szabo and 

Ostlund;6 where curved bracket ( I ) notation is used for spatial orbital (q,) 

14 



integrals. This is different from Dirac notation <vIlIO'A>, which is reserved for 

spin orbital integrals.16 Using equations (27)-(29), the Fock matrix F can be 

constructed. In the RHF case. elements of the Fock matrix, Fvll , are 

N/2 

(30) Flip = H~RE + L LLci(c~)"[2(vIlIO'A)-(vAI0'~)]' 
1. a 	 j 

Equation (30) can be simplified further by introducing the density matrix P, 
16whose elements are

N/2 
j (c j(31) 	 P = 2"" c ) •.l,a L.,.1.a' 

j 

The summation in (31) is over all occupied orbitals. Using the density matrix 

elements, equation (30) then becomes 

(31a) FVI1 = H~ORE + L LPl,a[(vIlIO'A)-1/2(vAI0'1l)]. 
1. a 

By defining the overlap matrix S, whose elements are 

(32) 

and expressing the coefficients ( c ~) ofthe ith molecular orbital as a column vector 

16 
Cj • the one-electron wave equation in (26) can be converted to a matrix equation.

(33) FCj = EjSci • i 1.2,3, ...... M 

where M is the number of basis functions. The one-electron matrix wave 

equations in (33) combine to give a single matrix equation for the entire electronic 

system, when the coefficient vectors Cj are grouped into a coefficient matrix C, 

and the eigenvalues E j into an eigenValue matrix E. The matrix fonn of the 

Hartree-Fock equation is often referred to as the Hartree-Fock-Roothan 

equation.27 The F ock matrix F depends upon the density matrix P, which in turn 

depends upon the coefficient matrix C, so the Fock matrix in equation (34) is 

written as F(C) to emphasize its dependence on the coefficient matrix C. 

(34) 	 F(C)C = SCE 

Insertion of the UHF wavefunction into the Hartree-Fock wave equation 

(17) results in the unrestricted Hartree-Fock-Roothaan, or Pople-Nesbet28 matrix 

equations. 
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(35) Fa(C(\ C~) Ca =SCa ell; F~(Ca, CIl) C~ =SC~ Ell. 

The two matrix equations in (35) couple, because both the Fa and FP Fock 

matrices are dependent upon the ex and C ll coefficient matrices. The different 

Clland C il coefficients lead to different alpha and beta spin density matrices pa 

and p~, with elementsl6 

N" NP 

Pa _ ~ ja( a)•.(36) }'(J-,L.c), c(Jj , pfcr =Lcf(c~)·; 

Here pU and pll are the a and J3 spin-density matrices, PT is the total density 

matrix, and NU and NPare the number of a and J3 spin electrons respectively. The 

elements of the ~ and FPFock matrices are l6 

(37) 

},(J 

As with the spin-restricted HF case, the spin-unrestricted matrix equations in (35) 

must be solved iteratively, since both Fa and FP depend upon the coefficient 

matrices CIl and CPo 

1.4.3. SCF Procedure13
-
16 

Both equations (34) and (35) must be solved by iteration to self­

consistency because F(C) depends upon C. A typical procedure to accomplish 

this is to find a transform matrix X, such that XtSX = 1, and XX· I 1, and insert 

it into equation (34) to give 

(38) xt F(C)XX-1C = X tsxx-Ic£ 

(39) ( xt F(C)X )(X-I C) =X· I CE 

Defining F'(C) = xt F(C)X and X-I C =C' and inserting into (39) gives 

(40) F'(C)C' 

Equation (40) can be solved for C' by diagonalizing F'(C). The C' matrix is 

then used to compute a new C matrix (by the relation XC' = C), which is then 

used to form a new Fock matrix F(C). The iterative procedure is repeated until the 

difference between the old and new Fock matrices (F(C) and F'(C) ) is less than a 
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preset convergence criteria. Different approaches to iterative solution of the 

Hartree-Fock-Roothaan equations exist;6 but essentially they all follow similar 

principles, and are referred to as 'self-consistent-field,16 (SCF) calculations. 

Solution of the restricted or unrestricted Hartree-Fock equations by SCF 

procedures can be computationally expensive. The number of integrals required 

to compute an N electron Fock matrix varies as ~ , so the number of integrals 

can reach millions for even small molecules. The computational cost of Hartree­

Fock calculations has given rise to different approaches to their solution, such as 

the ab initio and semi-empirical methods. 

1.5: Semi-Empirical Methods: 

Semi-empirical methods depend on using experimental and theoretical 

data to parameterize and approximate certain integrals in the Fock matrix (34). 

This approach reduces the computational time and cost of a Hartree-Fock 

calculation, while maintaining chemical accuracy. The two-electron integrals are 

the most numerous and costly to calculate in any Hartree-Fock type electronic 

structure calculation. All semi-empirical methods attempt to accelerate HF 

calculations, by neglect or modification of these integrals. Semi-empirical 

methods are defined by the different approximations and parameterizations used 

to simplify the Fock matrix. An overview of semi-empirical approaches is given 
30in various books and reviews.29

­

1.6 The MNDO, AM1 and PM3 Methods 

In this thesis, the theoretically similar MNDO, AMI and PM3 semi­

empirical methods are used, because they have previously given accurate results 

for many chemical properties. The MNDO method (Modified Neglect of 

Differential Overlap) is the oldest method, and was introduced by Dewar et. al. in 
31 34

1977. - MNDO was developed as an extension to Dewar's previous MINDO/3 
3s 36method. - The AMI (Austin Modell) method, a modification of the MNDO 
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method by Dewar and co*workers,37-38 corrected MNDO deficiencies. The PM3 

(~arameterization Model 3) method, introduced by Stewart30,39 in 1989, re­

parameterized the MNDO method, using modified nuclear repulsion terms similar 

to those in AMI. 

The MNDO, AMI and PM3 methods are all NDDO (Neglect of 

Differential Diatomic Qverlap)40a type theories, because they simplifY the Fock 

matrix by systematic neglect of diatomic differential overlap integrals, (vAIO'J.t). 

For example, all the three- and four-centered two-electron integrals are not 

calculated. 

The heat of formation of a molecule (MIr) is approximated in MNDO, 

AMI and PM3 b 30,32, Y 

(41) LlH f = EEl +ENuc - IE~l + LMI~ 
A A 

EEl is the calculated molecular electronic energy, and E~l is the calculated 

electronic energy of the isolated atom A. ENuc is the calculated nuclear-nuclear 

repulsion energy. LlH~ is the experimental heat of formation of atom A. 

1.6.1. MNDO, AM] and PM3 Electronic Energies 

A Slater orbital basis set is used in MNDO, AMI and PM3 calculations. 

Slater-type orbitals (STOs) differ from hydro genic orbitals in radial form only; 

STO's have the general form 13 

(42) 

where YIm(9,~) are identical to the hydrogenic orbital spherical harmonics. The 

radial component of STOs, R(r,n,l:;), have the general form13,30 

1 I 
o(43) R(r,n,l:;) =(21:;! a o )n+2[(2n)!] 2 r -

1 exp(-~! a o )' 

where r is the distance of the electron from the nucleus, n is a parameter related to 

the principle quantum number, 8.0 is the Bohr radius, and l:; is the orbital exponent. 
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The most theoretically difficult and computationally expensive term in 

equation (41) is the electronic energy of the molecule. Complete solution of (41) 

by semi-empirical approaches depends upon using a set of parameters to construct 

elements of the Fock matrix. The Fock matrix elements are divided into one-

center and two-center terms. The one-center terms are further divided into one-

orbital and two-orbital terms. The diagonal elements of the Fock matrix are ~ 

center one-orbital terms; following Dewar,32 the one-center one-orbital diagonal 

element of the closed-shell Fock matrix, for a basis function J..I. on center A, is 
32approximated as

1 
(44) F"" = H~~RE + LA pvJ(J.lJ.llvv)--{j.1vIJ.lv)]+ L L BI BP).a(J.lJ.lIA.a). 

v 2 B.. A A. " 

Here L Band L B indicate summations over all basis functions (A.,a) on center 
A. " 

B, L indicates a summation over all centers except A, and I A indicates a 
B.. A v 

summation over all basis functions (v ) on center A. The notation used here is 

similar to that of Pilar,30c and modifies Dewar's notation32 to be clearer. The ~ 

center two-orbital terms, F VI! ' are off-diagonal Fock matrix elements that occur 

between different.pl! and.pv orbitals on the same nucleus, center A. In the RHF 

case they are approximated as32 

(45) 

J.l on A, v on A, v * J.l 
The two-center terms are all off-diagonal terms; in the restricted Fock matrix, they 

are approximated as32 

1
(46) Fj1A. = H~RE -"2 L ALB Pva (J.lvlA.a); J.l, v on A; A.,a on B; A *B 

v " 
Evaluation of each integral in equations (44)-(46) is now outlined. 

One-Electron Integrals: The one-center one-orbital one-electron integral, H~RE 

in (44), is given b/o,32 

(47a) 

19 

http:different.pl
http:pvJ(J.lJ.llvv)--{j.1vIJ.lv


The U ~J.I parameters are core-electron attraction plus kinetic energy integrals. 

These are computed for each element from experimental data, as outlined in 

Areference 41. The V~ term represents the attraction of the (Jl\L ) electron 

density on center A to the core of center B. The expression for V: is a 

generalization of the expression used in the MINDO/3 method,3S,36 and has the 

form32 

(47b) 

Here, ZB is the core charge of nucleus B (nuclear point charge minus inner shell 

electron charges). Thus, the atomic core of center B is simulated as an "ss" orbital 

valence-shell charge distribution. The core charge distribution and the "ss" 

charge distribution both have no multipole moments higher than the monopole.32 

The (J..I.J..I.I ss) term is identical to a two-electron repulsion integral, whose form 

will be discussed in the next section. 

Orbitals on one center are orthogonal; therefore UVJ.l = 0 for V,Jl on A, v ¢ 

Jl. The one-center two-orbital one-electron H ~ORE term is given bl2 

(47c) H~RE= -:LZS{yAJ..I.A\SBSB); y,J..I.onA,Y¢J..I. 
B"A 

The two-center one-electron integrals, H ~RE , are often referred to as the 

one-electron core resonance integrals. These integrals are proportional to the 

overlap of the atomic Slater orbitals, S~A' and are approximated as32 

(48) A. , Jl on different centers. 

Here, p~ and p~ are a<ljustable parameters, specific to each atomic orbital (J..I., A) 

and element (A, B). The SJ.l\l overlap integrals are evaluated analytically, using 

the STO orbital exponents.32 The H ~RE integrals are the main contributors to the 

bonding energy of the molecule.32,42b 

Two-Electron Integrals: The two-electron integrals in the Fock matrix are 

divided into one-center terms and two-center terms. The one-center two-electron 

terms in (44) and (45) are the two-electron terms involving y and J..I. only. The v 
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and J..l correspond to the s and p atomic orbitals on center A. There are five unique 

one-center two-electron integrals for each atom.30 

(49) (sslss) = Gss (sslpp) = Gsp (Pplpp) =Gpp (Pplp'p') =Gp2 (splsp) =Hsp 

The notation used for these integrals is that used by Stewart in his first PM3 

paper,30 and subsequent publications. In (49), "s" represents an s orbital, while p 

and p' represent p orbitals that differ in angular orientation. These quantities are 

all part of the parameter set for each element, and are assigned values derived 

from atomic spectra.30,42 

The two-center electron repulsions are the (vA I 0",1.) type terms in (44), 

(45) and (46), which occur between orbitals on different centers. Explicit 

evaluation of these integral using STOs would require too much computer time; 

therefore, the two-center electron-electron repulsion energy in MNDO, AMI and 
32PM3 are approximated as a sum of classical multipolar interactions. Each pair 

of densities in the two-center integrals is approximated by a set of point charges 

that depends on their symmetry, as described below2 and in reference 32. 

Orbitals Mllltipgl~ Des~riptioD 

Iss) monopole lone -1 charge centered at the nucleus 
Isp) dipole one -112 at (-D) ,) one +112 charge at (+01 ) 

Ipp) monopole + +114 charge at the nucleus and 
linear quadrupole +114 charge at the nucleus, and two -114 charges, 

located at ( +202 ) and (-202 ) 

Ipp') square two -114 charges and two + 114 charges, forming a 
quadrupole square of side 202 centered at the nucleus . .

The (DJ rn the table above represent the distance of the pornt charge from the 

nucleus. The Di are determined from STO orbital exponents, using the condition 

that the multipole moment of each multipole distribution is equal to that of the 

corresponding charge distribution. The simplest of the multipolar two-center 
32terms is the (SASA ISBSB ) repulsion integral, which is approximated as

(50) 

in MNDO, AMI and PM3. All other two-centered electron repulsion integrals are 

more complicated functions of the c; Slater orbital exponents, and the G ij and Hsp 
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one-center two-electron repulsion integrals. The repulsion integrals are derived by 

ensuring the correct asymptotic behaviour of the repulsion integral in the limits of 

RAB -...+ 00, and RAB -...+ O. For example. ifA and B are the same element (A = B) in 

(50), the resulting {SASAlsAS~ goes to GssA (the monocentric A (ssls's') repulsion 

integral) as RAA ~ 0, and to 0 as RAA -...+ 00. For a complete discussion of MNDO 

two-centered electron-electron integral evaluation, see references 32 and 42. 

1.6.2. MNDO, AMI and PM3 Nuclear Repulsion Terms: 

The inner shell electrons are not included explicitly in MNDO, AMI and 

PM3 electronic structure calculations. The inner shell electrons are combined 

with the nuclear charge to form an atomic core. The inner-shell electrons 

effectively screen the bare nucleus, so the nuclear-nuclear repulsion terms are 

replaced with core-core repulsion terms. It is in the nuclear repulsion expressions 

where the functional forms of the MNDO, AMI and PM3 methods differ. In 

MNDO, the nuclear-core repulsion terms between atoms A and B are 

. d 32approxunate as 

(51) EN {A, B) =ZAZB{SASAlsBSB)[1 + exp(-aAR AB ) +exp{-aBRAB)] , 

where (SASAlssss) is two-center (sslss) electron-electron repulsion integral. The 

aA and as are atom-specific adjustable parameters. With the nuclear repulsion 

term above, MNDO overestimates the repulsion between atoms at their van der 

Waals distance.37 To correct this trend, Dewar and co-workers37-38 developed the 

AMI (Austin Modell) method. AMI is identical to MNDO, except that the 

core-core repulsions are modified to better describe sterically crowded systems, 

strained ring systems, and hydrogen-bonding. To correctly account for hydrogen 

bonding, the core-core repulsion terms for N-H and O-H interactions in AMI are 

modified from MNDO, and Gaussian terms are added,37 
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Atom-atom core repulsion, other than those involving hydrogen bonding, are 
37modified from MNDO only by the addition of Gaussian terms.

~(A,B)=ZAZs{SASAISaSa) (I +eq:(-aARAB ) +eq:(-aaRAB) 

(53) ZAZs(~ 2 ~ 2 )+-- ~akA exp[-bkA(RAB -ckA ) ]+ ~akBexp[-bJcB(RAB -ckB) ] 
RAB k k 

In the AMI method, the summations in (53) are over k = 1~3. The PM3 

parameterization of uses the same nuclear repulsion terms as AM 1, except that 

fewer gaussians are used (k = 1~2).30 

The parameters discussed in the previous section are summarized in the 

following table. Each element in the MNDO, AMI and PM3 methods has its own 

set of parameters, a complete list of which may be found in the HyperChem 

manual? The notation used here for these parameters is the same as used by 

Stewart,30 and as employed in the HyperChem manual.2 

Table 1.1: MNDO, AMI and PM3 Parameter Types: 
Parameter comment Parameter comment 
(unit) (unit) 

Vss (eV) "s" one-electron energy Ss a.u. "s" STO exponent 

Vpp (eV) "p" one-electron energy l;p a.u. "p" STO exponent 

Gss (eV) (sslss )one-center two-electron ~s (eV) "s" one electron two center 
repulsion resonance 

Gpp (eV) (Pplpp )one-center two-electron ~p (eV) "p" one-electron two center 
repulsion resonance 

Gp2 (eV) (Pplp' p ')one-center a. (Arl core-core repulsion 
two-electron repulsion parameter 

Gsp (eV) (sslpp )one-center at_x gaussian coefficients 
two-electron repulsion (AMI x =3: PM3 x = 2) 

(none for MNDO) 
Hsp (eV) (splsp )one-center two-electron b l _x , gaussian exponents terms 

repulsion Ct-x (AMI x =3: PM3 x=2) 
(none for MNDO) 
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1.7 Ab initio Methods: 

1. 7.1. Hartree Fock Ab initio Methods 

Hartree-Fock ab initio methods solve the Schrodinger equation using only 

fundamental physical constants, such as the electron mass and Plank's constant. 

The variational principle states that any calculated energy will be greater than the 

true energy. 

J'P*Ir¥dx
Etrue ::;; Ecalc(54) = 

J':P *':Pdx 

Therefore, any trial molecular 'P will produce a calculated energy Ecalc greater 

than the true energy Etrue
• Increasingly more refmed and adjustable expansions for 

':P are better approximations for the true wavefunction ':Ptrue
, and will consequently 

yield calculated energies closer to the true energy. In practice, using increasingly 

more refmed atomic basis functions <p for the Hartree-Fock wavefunction will 

lower calculated energy. 

Ab initio calculations require the solution of many integrals for chemical 

accuracy, so they are often perfonned with Gaussian-type orbitals, which have the 

general fonn 

(55) 

Here, the zeta ( l; ) orbital exponents are optimized for each type of orbital in each 

element. The k, 1, and m are integers which detennine the angular behaviour of 

the orbital (e.g. for an's' orbital, k,l and m 0). N is a normalization factor. 

Gaussian type orbitals are more easily evaluated than Slater type orbitals, 

because the product of two gaussian functions is another gaussian. This property 

greatly simplifies multi-center integral computation. However, gaussian orbitals 

are not a good approximation to atomic orbitals, and are a worse representation of 

atomic orbitals than Slater type orbitals. Therefore, a linear combination of 

primitive gaussian orbitals gGTO,s are combined to fonn a contracted gaussian AO 

basis function <pOTO , which more closely reproduces the STOs and the cusp at the 

nucleus in hydrogenic orbitals. 16 

24 



(56) 


The dj in (56) are fixed throughout the SCF calculation, and are determined by 

fitting the contracted Gaussian to an optimized Slater type orbital. 

Ab initio results are very sensitive to the form of the basis set.43 Gaussian­

type basis sets as classified by how many primitive gjGTO gaussians are used to 

describe each cpGTO, and by how many contracted cpGTO are used to form each AO. 

A minimal basis consists ofone contracted cpGTO for each AO, while double-zeta 

basis sets use two cpGTO basis functions, each with the same k,l, and m, but 

different ~ 's, to describe each AO. Triple-zeta use three cpGTO basis functions 

with the same k,l, and m, but with different ~ 's, to describe each AO. Split­

valence basis sets use a minimal basis set for the core AO's, and a double-zeta or 

triple-zeta basis set for the valence electrons. 

Gaussian orbital basis sets are further refined by the addition of p-type 

polarization functions to H and He, and d-type polarization functions to second 

row elements. Polarization functions have I quantum numbers one larger than the 

highest valence electron I quantum number of the element in its ground state. 

The commonly used 3-21G, 4-31G and 6-310 basis sets,4449 with and 

without polarization functions, are employed in this thesis. These are all split­

valence basis sets, which used one contracted GTO for each inner shell AO. The 

3-21G basis set uses three primitive gjGTOS to form the contracted GTO inner shell 

AO. The 4-31 G basis set uses four primitives gjGTOs to form the inner shell 

contracted GTO AO, and the 6-31G basis uses six primitive gaussians to form the 

contracted inner shell AO. The 3-21G, 4-31G and 6-310 basis sets all used one 

contracted GTO and one diffuse primitive GTO to approximate each valence 

orbital. The 3-21G basis uses two primitive gjGTO functions for the contracted 

valence GTO, while the 4-31G and 6-31 basis sets both use three primitive 

gaussians to form each contracted valence GTO. 
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The number of polarization functions in the basis set is indicated by 

asterixes after the basis set specification. Thus, a 6-310 basis set with d­

polarization functions is denoted by 6-310*; the same basis set with p- and d­

polarization functions is denoted by 6-310**. An alternate nomenclature, 6­

310(d) for 6-310* and 6-310(d,p) for 6-310** can also be used. 

It is instructive to note that the relative computational times for semi­

empirical, 3-210, 4-310 and 6-310** Hartree-Fock calculations are 

approximately 1 for semi-empirical (MNDO, AMI and PM3), 100 for STO-30, 

600 for 4-310 and 3000 for 6_310*·.50 

1.7.2 Electron Correlation andAb Initio Methods: 16 

The Hartree-F ock ab initio total energy is improved by increasing and 

optimizing the basis set. However, there is a limit to the accuracy obtained with a 

single determinant HF wavefunction; the Hartree-Fock limit. Further 

improvement of the ab initio total energy is achieved by going beyond the HF 

single-determinant approximation, and expanding the total electronic 

wavefunction <1> as a linear combination of Slater determinants 'P 

(57). <1> = Co'Po + 2 Cs'Ps + L Cd'Pd + LCt'Pt + ... 
d 

Here, 'Po is the ground state, or reference determinant. The other 'Pj Slater 

determinants, are formed by promoting electrons from occupied states in 'Po, to 

virtual states. The singly excited determinant 'Ps is formed by promoting one 

electron from an occupied state to a virtual state. The doubly excited 'P d 

determinant is formed by promoting two electrons from occupied to virtual states. 

The 'Pi excited state determinants are different confi"urations of the ground state 

determinant in (57).16 The <1> wavefunction is a post-Hartree-Fock wavefunction, 

and is often referred to as a Configuration Interaction (CI) expansion:6 The C's in 

(57) are variationally determined coefficients. Ideally, the expansion includes an 

infInite number of configurations and basis functions. This unattainable upper 

limit to a CI calculation would, in principle, yields the ~ total energy of the 

26 

http:6_310*�.50


system, Etnle
• In practice, the CI expansion must always be truncated; therefore 

calculated CI total energies are always an upper bound to the exact total energy 

(58) 

However, CI calculations give energies closer to Etrue than HF calculations. The 

difference between the HF energy EHF and the true energy Etnie is referred to as the 

•correlation energy' Eoon 
; 

(59a) 

which can be approximated as 

(59b) 

In practice, Eoon is about 0.5%-2.0% of the total energy; however, this can be 

200-2000 kcallmol of energy, depending upon the value of the total energy, and 

the magnitude of the correlation error. Consequently, the correlation energy can 

have a large effect on ab initio calculated reaction energies. Correlation effects 

can however cancel, as will be seen in chapter three. 

Extensive CI calculations on even the smallest molecules are nearly 

impossible, even with the most powerful computers. However, a recent paper by 

Wulfov51 suggests that it may be possible to extrapolate to the full CI limit using 

an efficient algorithm, on a personal computer. A fuller discussion of 

Configuration Interaction and correlation energy is in chapter nine. 

All calculations in this thesis, except for those in chapter nine, are not 

performed with post-Hartree-Fock theories, because the size and number of 

compounds to be studied make such calculations too expensive. Relativistic 

effects are ignored, because the main properties studied arise from valence 

electrons in light elements, where relativistic effects are negligible. 
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1.8 Hessians and Gradients:s2
•
56 

Calculating the molecular energy for a molecule containing 'A' nuclei at a 

fixed set of coordinates, by either molecular mechanics, semi-empirical or ab 

initio methods, gives the total energy at a point on the 3A dimensional potential 

energy surface (PES) of the nuclei. Such calculations are denoted as "single­

point" calculations. The nuclear coordinates are fixed in a single-point calculation. 

The single point energy E(R) of a given nuclear configuration is parametrically 

dependent upon the nuclear coordinates, represented by a row vector R t = 

(Rb....R3.J. A is the total number of nuclei. Following an incremental 

displacement of each nucleus by oRAj, the energy at R+oR can be expanded as 

the first two terms in a Taylor series,54 

(60) E(R+oR) = E(R) + oRt g(R) + 1I2oRt H(R) oR. 

In equation (60), oR is a column vector of the oRAi increments, and g(R) is a 
54column vector of gradients, whose elements, gj , are 

(61) 

The H(R) in equation (60) is called the Hessian matrix. The Hessian must 

be calculated to differentiate between different types ofextrema. The Hessian is a 

3A X 3A matrix ofsecond-derivatives, whose elements are54 

2 
H.. = 0 E(R) .(62) 

IJ oR-oR. 
I J 

The gradient gives the forces on the atoms at that point on the fotential 

Energy Surface (PES). Near-zero-gradients (g(R) =0) correspond to local extrema 

on the PES, and show that there are almost no forces on the nuclei in that 
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geometry. Gradients can be obtained numerically or analytically at little 

computational cost~ as discussed in various papers on this topic. 52-56 

Diagonalization of the Hessian matrix leads to eigenvalues which reflect 

the curvature of the PES. F or linear molecules, five of these eigenvalues will 

correspond to rotations and translations, while for non-linear molecules, six of 

these eigenValues will correspond to rotations and translations. From the 

harmonic oscillator approximation, the square-root of each remaining vibrational 

Hessian matrix eigenvalue (excluding the rotational and translational components) 

is proportional to the vibrational frequency for that internal coordinate. 

If all the Hessian eigenvalues are positive, the vibrational frequencies are 

all mil, and the structure is at a local minima on the PES. This corresponds 

chemically to an equilibrium or intermediate structure. 

Any negative Hessian eigenvalues correspond to imaginary vibrational 

frequencies, which indicate that the structure is at an extrema other than a local 

minima. Structures with only one imaginary vibrational frequency represent 

saddle-points (or cols) on the PES, and are of interest because they correspond to 

transition states in conformational and chemical changes.57
,58 Energies at cols 

correspond to activation energy barriers. Structures with more than one imaginary 

vibrational frequency can be shown to minimize to structures either one or no 

imaginary vibrational frequency;59 therefore, they are of little chemical interest. 

The force constants and vibrational frequencies from Hessian calculations can 

also be used to compute thermodynamic properties such as entropies and heat 

capacities. 

Like gradients, Hessians can be computed numerically or analytically, but 

unlike gradients, calculation of Hessians is computationally costly, and often 

requires more computational time than gradient-only driven geometry 

optimizations. 
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1.9 Geometry Optimizations.60
,61 

Geometry optimization calculations are performed to determine 

equilibrium, excited state and transition state molecular geometries. A geometry 

optimization is initiated by a single point energy and gradient calculation on a 

given input structure. If the gradient is greater than a preset threshold, the nuclei 

are moved in a direction predicted to reduce the energy. A new energy and 

gradient are then computed. The procedure is repeated until the gradient is 

reduced to almost zero. In practice, the criteria for geometric convergence is often 

that the root-mean square (RMS) of the gradient, defined as2 

(63) RMS Gradient 

be below a preset threshold. At this point the geometry is said to be "optimized." 

Molecular structures are "optimized" by performing a geometry 

optimization routine. Geometry optimization input structures may be obtained 

from experimental data, computation, or from chemically intuitive approximation. 

An optimized structure represents a stationary point, or local extrema on 

the PES. Chemically interesting structures are almost always extrema on the PES. 

Geometry optimizations can be used to calculate equilibrium molecular 

geometries, sometimes with an accuracy that rivals experiment. S4 

Reviews and outlines of different geometry optimization algorithms are in 

references 52-56. In this thesis, semi-empirical and ab initio geometry 

optimizations were performed with the Baker60 and Schlegel61 methods included 
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in the GAMESS3 package. Molecular mechanics (MM+) geometry optimizations 

were performed with the Newton-Raphson block--diagonal method included in the 

HyperChem2 package. 

Geometry optimizations on molecules with many conformational degrees 

of freedom depend on the input structure, the geometry optimization algorithm, 

and the choice of coordinate system (internal or Cartesian). Geometry 

optimizations on highly flexible molecules may get caught in one of many local 

minima, which can be quite different from the groWld state structure. A tree­

branch method, developed by Villamagna, S overcomes the multiple minima 

problem in the prediction of hydrocarbon surfactant chain conformations. 

However, since all the molecules in the thesis are ring systems with few degrees 

of freedom, location of minima other than the ground state structure is 

improbable. Semi-empirical and ab initio geometry optimizations were found to 

invariably return identical ground state geometries, regardless of optimization 

algorithm or molecular coordinate system. 

1.10 Computational Approach 

The previously described theories, as implemented in the HyperChem and 

GAMESS computational packages,2.3 were used to study the structures, energies 

and reactivities of the various compounds discussed at the beginning of the 

introduction. A typical procedure to model a chemical systems with these 

methods is outlined in Figure 1.1. 
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Optimized Structure Generation with Experimental Data 

ab initioExperimental or 
Modified Experimental Optimized Structure 

structure ab Initio 
Geometry 
Optimization

SemI-Emplrlcal 

(MNDO, AM1,PM3) 


Geometry 

Optlmlzatlon 


Semi-Empirical Optimized 

Structure 


Optimized Structure Generation without Experimental Data 

Structure generated with standard I MM+ Optimized
bond lengths and angles ... 

Structure I 
MM+ 

geometry optimization Semi-Empirical 
(MNDO, AM1, PM3 

Geometry 
Optimlzation 

ab initio Semi-Empirical Optimized 
Optimized Structure StructureBb Initio 

GeoR!etry
Optimization 

(plain boxes indicate input; bolded boxes indicate 
optimized structures,which can be used as input) 

Figure 1.1 

Outline of Modelling Procedure 

In Figure 1.1, experimental structures (mostly X-ray) are input for geometry 

optimizations whenever possible. In the absence of experimental data, input for 

quantum calculations were generated using either MM+ minimized molecular 

structures, or modified quantum mechanically optimized structures. Inputs for 

transition state geometry searches were created by intuitive alteration of relevant 
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reactant and product structures. The energies and geometries resulting from the 

quantum calculations are analyzed to yield chemical information. The details of 

the computations used in each study are given in the respective chapters. 

Throughout the thesis, energy differences are reported in kilocalories per 

mol (kcaVmol), as customary in quantum chemistry. The conversion of 

kilocalories to Joules is I kcal = 4 184 J. Bond distance are reported in angstroms 

10-10(A); 1 A = m. Ab initio total energies are reported in atomic units (a.u.); 1 

a.u. = 2625 kJ/mol; to convert to kcaVmol, 1 a.u. = 627.5 kcal/mol. 

Glossary: 

Molecular Mechanics: 

MM+ 	 MM+ force field2 based on Allinger's MM2 force 
field6

-
9 

AMBER 	 Assisted Model Building and Energy Refinement Iia 

-developed for proteins and nucleic acids ... not used in 
the thesis 

OPLS+ 	 Qptimized fotentials for Liquid Simulationsllb,c 

- similar to AMBER; not used in the thesis 

Semi-Empirical Quantum Mechanics 

MNDO 	 Modified Neglect ofDifferential Qverlap 

-a semi-empirical method developed by Dewar et. 
al.,31-33 which simplifies the Fock matrix with 
experimental parameters, and by neglect of diatomic 
differential overlap terms. 

AMI 	 Austin Modell 

-an imporved MNDO method, developed by Dewar et. 
al. in Austin, Texas.37

,38 

PM3 	 faramaterization Model 3. 

-an MNDOIAMI method, which was reparameterized 
by Stewart.30,39 
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The endohedral and exohedral complexing of small molecules with fullerenes has 

been of interest since the discovery of fullerene systems. In chapter 2, the 

accuracy of a simple atom-atom potential method for calculating these 

complexing energies is assessed. The atom-atom potentials give results 

quantitatively and qualitatively similar to ab initio calculations. This paper 

justifies the use of the atom-atom potential method for studying these non-bonded 

systems. This chapter also shows that high level ab initio calculations do not 

necessarily give results better than simpler and less computationally expensive 

methods. 
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Chapter 2: 

INTERACTION AND DYNAMICS OF ENDOHEDRAL GAS MOLECULES IN 

C60 ISOMERS AND C70 

C. 1. Williams, L. Pang and M. A. Whitehead, 

Published inJ. Phys Chem. 97,11652 (1993). 
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2.1 Abstract 

Atom-atom potential energies of endohedral gas fullerene complexes, 0@C60 and

°0@C70 (0 :::; H2, N2, 2, F2, HF, HCI, CO, H20, CH4 and CO2) have been 

calculated semi-empirically. The non-bonded energies give insight into the 

molecular interactions and dynamics of the gas guest molecules inside cavities of 

four C60 isomers and C70• Only complexes where the gas molecules and the 

fullerene cavities have minimum van der Waals overlap are stable. The degree of 

molecular motion of the gas molecule inside the fullerene cavities is determined 

from the rotational energy barriers. 

2.2 Introduction 

The discovery of Buckminsterfullerene} opened up a new family of 

compounds. Since their discovery, C60 and other fullerene solids have been found 

to absorb metal elements 2 and give endohedral fullerene complexes; this led to the 

discovery of fullerene superconductors3
• However, the large, closed spheroidal 

shapes of the fullerene molecules suggest that they could hold a variety of small 

guest atoms and/or molecules and form endohedral complexes defined by the 

formula 0@C60• Indeed, C60 fullerenes containing La, Ni, Na, K, Rb, Cs atoms4
-
6 

and helium, neon atoms7
-
9 have been observed. Extensive calculations have been 

made on both the static and dynamic properties of guest atoms inside fullerene 
10-13 cages. 

The results of a semi-empirical atom-atom potential (AAP) treatment of 

fullerene-guest interactions is presented. The AAP method calculates mainly non­

bonded interactions using a Buckingham potential akin to the non-bonded 

potentials used in molecular mechanics force fields. This method has described the 

molecular dynamics and complexing characteristics14
,15 of inclusion compounds. 

For fullerenes, the stability of each fullerene-guest system is determined by the 

change in potential energy as a function of the relative distance between the 

fullerene and the guest molecule. At infinite fullerene-guest separation, the 
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potential energy is assumed zero; energy changes that occur in the system as the 

fullerene and the guest are brought together are the complexing energies. There is 

particular interest in the complexing energies of four different C60 fullerene isomers 

with H20, CH4, H2, O2, N2, F2, HF and HCl. The Coo isomer geometries were from 

MNDO calculations. 16 The C60 isomers studied were Buckminsterfullerene 

(abbreviated BF, Ih symmetry), Graphitene (abbreviated GR, D6h symmetry) and 

two other isomers having C2v symmetry and D2h symmetry. (henceforth abbreviated 

SWI and SW2 respectively). The geometry ofC70 was from reference 17. 

2.3 Methods 

The calculations were performed on a 386 IBM compatible personal 

computer with an AAP programme developed in our laboratory. The programme 

was derived from Gavezotti's OPEC programme,18 and written in the Pascal 

language for the IBM PC utility. The modification was made to allow the rotation 

and translation of the guest molecule along a predefined direction relative to the 

host system. Thus, translational motion has been defined along the z axis, and 

rotations around the x, y, and z axes. The atom-atom potential function is a two 

center functionl9 

The index i runs over the atoms in the fullerene host molecule, and j over the atoms 

in the guest molecule. The form of the potential Eij is 

where ru is the distance between the ith atom in the guest molecule and the jth atom 

in the host. The parameters Aij, BU' and Cij are empirical parameters given by 

Mirsklo and extended to the halogen elements by Gavezzotti. 18 The guest 

molecule geometries were constructed with known bond lengths and angles.21 The 
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diatomic molecules lie on the x axis, making rotation around the x axis redundant. 

The origins of the diatomic molecule coordinate systems were defined to lie either 

at the midway point between the atoms (in N2, O2, F2, CO) or at the coordinates of 

the heavy atom (in HF, HCl). The origin of the fullerene host molecule remained 

fixed at the gravimetric center of the fullerene cage throughout each calculation, 

Fig. 2.1. The direction of translational motion was in the z axis. The relative 

distance was the distance between the origins of the fullerene and the guest 

molecule coordinate systems. The rotational freedom of the guest molecules, inside 

the fullerene cavities, was investigated by calculating the atom-atom potential at 

different rotational angles between the fullerene cage and the guest molecule 

coordinate system. 

The AAP results were analyzed in terms of the relative sizes of the guest 

molecules and the fullerene cavities. The size of a guest molecule or a cavity was 

derived from its molecular geometry and the van der Waals radii of its constituent 

atoms. The van der Waals radii are in Table 2.1.22 

The size of a guest molecule is expressed as a van der Waals volume, or 

simply by the three maximum van der Waals lengths of the molecule along the x, y, 

and z axes, I VDW(x) , I VOW(y)' I VOW(z)' These parameters can be calculated from, 

(3) lvow(i) = limax - iminl + R VDW(imax) + R VDW(imin) (i = x, y, z) 

where imax and imin are the maximum and minimum i-coordinates of the molecule; 

RVOW(imax) and R VOW(imin) are the van der Waals radii of the atoms at imax and imino 

The size of a fullerene cavity can be expressed by the van der Waals cavity 

diameters along the x, y and z axes, e.g. dvow(x), dVDW(y) and dvow(z), calculated 

from 

(4) dvow(i) = limax - iminl- 2 RVDW (i = x, y, z) 
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where imax and imin are the maximum and minimum i-coordinate of the fullerene; 

RVDW is the van der Waals radius of the aromatic carbon. Fig. 2.2 illustrates the 

lVDw(i) and dVDwCi) of the COIBF-C60 complex on the xz plane. A complete list of 

van der Waals lengths is in Table 2.2. A complete list of fullerene van der Waals 

dimensions is in Table 2.3. 

Table 2.1: Van der Waals Radii ofSeleded atoms (A). 

Atom Rvow 

C (aromatic) 1.75 

H 1.17 

0 1.40 

F 1.30 

N 1. 55 

Cl 1. 77 


Table 2.2: Van der Waals Lengths ofthe Guest Molecules (A). 

Guest Bond Length lvow (x) lvow (y) lvow (z) 

H2 0.747 3.1 2.4 2.4 
F2 1. 570 4.3 2.7 2.7 
N2 1.120 4.1 3.0 3.0 
O2 1.208 4.0 2.8 2.8 
CO 1.103 4.4 3.7 3.7 
HF 0.917 3.5 2.7 2.7 
HCl 1.270 4.3 3.6 3.6 
CO2 1.159 5.1 3.7 3.7 
H2O 0.957 3.9 3.2 2.8 
CH4 1. 090 3.7 4.2 4.2 
COH2 (C-H) 1.120 4.4 4.3 3.7 

(C-O) 1.210 
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The difference between lVDw(i) and dvow(i) is defined as the van der Waals overlap 

between a guest molecule and a fullerene cavity, along each of the three axes of the 

fullerene. It can be seen from equation (2) that small overlaps between the van der 

Waals radii of the guest molecule and the fullerene, result in a net lowering of the 

potential energy, and that large overlaps result in a net increase of the potential 

energy. The differences in van der Waals radii overlaps between the guest and the 

fullerene, as a function of rotational angle, were used to analyze the AAP results. 

Thus, changes in the van der Waals radii overlaps, at different guest molecule 

orientations, are correlated with the AAP potential as a function ofrotational angle. 

Table 2.3:Van der Waals Dimensions ofFullerenes (A) 

Fullerene dVDW (x) dVDW (y) dVDW (Z) 

BF-C60 ( I h ) 3.3 3.3 3.3 
GR-C60 (D6h ) 3.9 1.2 4.6 
SW1-C6o ( C2V ) 3.7 3.3 3.0 
SW2-C60 (D2h ) 3.9 3.3 2.7 
C70 (DSh ) 4.3 3.2 3.2 

2.4: Results and Discussion 

2.4.1. Translational Plots 

Fig. 2.3 shows the plots of the atom-atom potential interactions of H2, F2, N2 and 

O2 in BF -C60• At a relative distance of loA there are almost no attractive or 

repulsive forces between the host and guest molecules, and the potential energy of 

the host/guest system is approximately zero. As the relative distance between the 

fullerene and the guest is decreased, attractive forces between them increase, 

resulting in a gradual net lowering of the potential energy. The potential energy 

continues to decrease until a minimum is reached, at about 6.6-6.8 A, near the 

outside surface of the fullerene cage. At this point, the van der Waals radii of the 
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guest molecule and the fullerene are touching. This minimum represents the most 

stable exohedral interaction between the two molecules, with the guest molecule 

bound to the outside of the fullerene cage. As the relative distance between the 

guest and the fullerene is decreased by another 0.1-0.2 A the van der Waals radii of 

the fullerene and the guest molecule begin to overlap slightly, resulting in a small 

potential energy increase. However, if the overlaps remain less than 0.2 A 

attractive forces will still dominate, and the net potential energy will still be 

negative. When the relative distance between the guest molecule and the fullerene 

is decreased further, large overlaps between their van der Waals radii generate 

repulsive forces which raise the potential energy, resulting in a net positive 

potential energy. As the guest molecule passes through the surface of the fullerene 

(relative position in the range 1.5-5.0 A), the distances between their atoms 

approach zero. At this point, the proximity of the atoms in the guest and in the 

fullerene suggest that bonded interactions will occur, and changes in the geometry 

of the fullerene and the guest would be expected. Since there are no terms in our 

AAP energy to describe these interactions, the AAP energies calculated when the 

guest passes through the fullerene surface are meaningless. Mowreyet. al.23 have 

described the inclusion of He into C60+ ions using a many body potential that 

contains terms which describe bond-breaking and bond formation. However, we 

have yet to include such terms in our potential, which at present is unable to 

describe the barrier to inclusion. When the guest molecule has passed through the 

outside surface of the fullerene cage (relative position < 1.5 A), the bonded 

interactions disappear, and the AAP energies again become meaningful. At a 

relative position of 1.5-1.0 A, large van der Waals overlaps between the guest and 

the fullerene give rise to repulsive forces that result in a net positive potential 

energy. As the guest molecule approaches the center of the fullerene cage (relative 

position = 0 A), the van der Waals overlaps between the guest and the fullerene 

decrease to a minimum. If the fullerene cavity is sufficiently large, the van der 

Waals radii overlaps will decrease to a point where repulsive forces give way to 
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Figure 2.3: Translational Plots ofhomo nuclear diatomics in BF-C60 

attractive forces that lower the potential energy, resulting in a negative net potential 

energy at the endohedral minimum. This potential energy minimum represents the 

most stable endohedral guest-fullerene interaction. If the endohedral minimum of a 

particular guest-fullerene system is lower than the exohedral minimum the guest 

molecule is more energetically stable inside the fullerene cage than on the outside 

surface. Conversely, if the exohedral minimum is lower than the endohedral 
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minimwn, the guest molecule is more energetically stable on the outside surface of 

the fullerene cage, than inside the cavity. Thus. the translational plots allow us to 

compare the energies of the exohedral and endohedral complexes. However, the 

AAP potential cannot be used to calculate the energy barrier for the insertion of a 

molecule into a fullerene cavity, because the AAP energy does not contain terms 

which allow for bond relaxation, or bonded guest-host interactions. The potential 

energies of the gas molecules under consideration in four C60 isomers and C70 at the 

endohedral and exohedral minima are in Table 2.4. 

Table 2.4: 

Potential Energies of Endohedral and Exohedral Gas-Fullerene Complexes. 

(kcallmole) 


Guest BF-C60 GR-C60 SW1-C6o SW2-C60 C70 

H2 endo -4.85 -2.34 -4.81 -4.82 -4.68 
exo -0.60 -0.53 -0.62 -0.63 -0.69 

F2 endo -2.26 a -4.02 -4.60 -7.96 
exo -1. 01 -0.85 -0.99 -1. 01 -1.17 

N2 endo -3.26 a -4.02 -3.50 -8.39 
exo 1. 06 -0.91 -1.05 -1.08 -1.22 

O2 endo -7.29 a 8.22 -8.09 11.10 
exo -1.31 -1.13 1.33 -1.35 1. 53 

CO endo -3.04 a -4.13 -3.67 -9.55 
exo 1.23 -1. 05 -1.21 -1. 25 -1.41 

HF endo -5.69 a -6.10 -5.96 -6.65 
exo 0.77 -0.67 0.78 -0.80 0.89 

HCl endo -1.57 a -2.14 -1. 05 -8.68 
exo -1. 33 -1.15 -1. 35 -1.37 1.53 

H2O endo 8.32 a -8.50 -8.51 -9.92 
exo -1. 21 -1. 06 -1.22 -1.25 -1.39 

CH4 endo -3.90 a -4.62 -3.32 11.88 
exo -1.43 -1. 21 -1.44 -1.46 -1.67 

CO2 endo a a a a -11.75 
exo -1. 82 -1. 54 -1. 81 -1. 83 -2.10 

COH2 endo a a a a -4.24 
exo -1. 69 -1.41 -1. 67 -1. 68 1.92 

aGuest is unstable inside fullerene cavity 
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Figure 2.4: Translational Plots ofNz in four C60 isomers and C70 

A comparison of the translational plots of the atom-atom potential energies of 

N2 in Ih, D 6h, C2v and DZh isomers of C60 and in C70 are in Fig. 2.4. As the sizes of 

the fullerene cavities increase, the endohedral minima broaden and become more 

negative, reflecting the increased ability of the fulleme cage to accommodate the 
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guest molecule. Note that all the exohedral minima are at approximately the same 

energy. This is expected, because the van der Waals radii overlaps between the 

exohedrally bound guest molecule and the different fullerenes, are approximately 

equal, because all fullerenes that have roughly the same curvature. 

To summarize the results of homonuclear diatomic-fullerene AAP 

interactions, the results predict that all the fullerenes except the D6h isomer of C60 

will form energetically favorable endohedral complexes with these diatomics. The 

cavity inside the D6h isomer (GR) is too small to enclose even the small N2, O2, or 

F2 gas molecules. However, the translational plots reveal that H2 is sufficiently 

small to form a stable endohedral complex with the D6h isomer. In all cases, except 

H2, the C70 endohedral complex has a lower potential energy than any of the C60 

complexes. 

Translational plots of CO, HCI, HF, CH4, H20, CO2 and COH2 were also 

generated and analyzed in Figs. 2.5-2.6. The AAP energies of all these guest­

fullerene complexes at both the endohedral and exohedral minima are given in 

Table 2.4. All the heteronuclear diatomics were stable inside the BF-, SWl-, SWl­

C60 and C70 cavities. Thus, both CO and HF are stable inside the SW2-C60 cavity, 

while HCI is 0.33 kcallmole more stable on the outside surface of the SW2-C60 

isomer than inside the cavity. All the heteronuclear diatomics are unstable inside 

the GR-C60 isomer cavity because of its small volume. All the heteronuclear 

diatomics have lower endohedral minima inside the C70 cavity than inside any of 

the C60 isomer cavity, because of the larger size of the C70 cavity. All the small 

molecules (three atoms or more) were unstable inside the GR-C60 isomer because 

of its small size. Only H20 and CH4 were stable inside the other C60 isomers, with 

H20 having the greater stability in all cases. This was expected, since H20 and 

CH4 have smaller van der Waals lengths than CO2 or COH2• In C70, the endohedral 

minima of all the small molecules were lower than the exohedral minima, 

indicating that the increased cavity size of C70 may accommodate these molecules. 
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2.4.2. Rotational Plots 

Plots of the endohedral minimum as a function of rotation angle are given for 

N2 in the three C60 isomers and C70 in Fig. 2.7. These plots were obtained by 

calculating the AAP energy at every 2° increment while rotating the guest 

molecule around the y and z axes. In the SWI- and SW2-C60 isomers and in C70, 

the endohedral AAP energy was found to change, as a function of rotation angle, 

resulting in an energy barrier to rotation. The size of the energy barrier is measured 
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at the maxima of the rotational plot. Since all the fullerenes (except GR-C60) were 

defined to have their largest cavity diameters along the x axis (see Fig. 2.1), the 

guest molecules experience an increased van der Waals overlap with the fullerene 

cage when they are rotated to lie on either of the y or z axes. The absolute energy 

of the rotational barrier (kcal/mole) is found by subtracting the AAP energy at the 

endohedral minimum from the maximum AAP energy experienced during the 

rotation. It should be noted that rotation by 900 about the y axis places the guest on 

the z axis of the fullerene, and vice versa. 

The absolute values of the rotational energy barriers experienced by the all 

the molecules studied are in Table 2.5. Note that there are no rotational barriers 

reported for the BF -C60. It was found that all the molecules which form stable 

endohedral complexes with BF-C6o experience negligible energy changes ( > 0.02 

kcal/mole) when rotated around the axes of the Ih isomer. This suggests that while 

BF-C6o has icosohedral symmetry, for the purposes of the AAP energy, and to the 

degree in which the AAP energy may be resolved, the Ih isomer approximates 

spherical symmetry. The lack of rotational barrier in BF -C60 is exemplified by the 

rotational plots of homonuclear diatomics in Fig. 2.8. The plots show the AAP 

energy as approximately equal at all rotational angles. The lack of a rotational 

barrier was also observed in BF -C60 complexes with heteronuclear diatomics, water 

and methane. 

Because of its small size, and resulting lack of van der Waals overlaps with 

the fullerene host, H2 does not experience a rotational barrier in any of the 

fullerenes, except a small rotational barrier around the z axis in the GR-C60 isomer. 

This rotational barrier is not surprising, since the y axis cavity diameter in GR-C60 

is only 1.2 A, while the van der Waals length of H2 is 3.1 A. All the other 

homonuclear diatomics experience rotational barriers about both axes in SWl-, 

SW2-C60 and in C70, because their van der Waals overlaps with the fullerene 

cavities change as a function of rotation angle. 
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Table 2.5: 

Rotational Barriers in SW1-, SW2-C60 and C70 (kcallmole) Around the y and z 

Axes. 


Guest SW1-C6o SW2-C60 C70 

Z z zY Y Y 

H2 0.23 0.10 0.54 0.18 0.16 0.16 
F2 6.07 2.68 13.91 4.66 4.97 4.96 
N2 4.09 1. 85 9.22 3.26 3.50 3.49 
02 4.08 1.82 9.33 3.19 3.27 3.26 
CO 5.32 1. 90 11. 97 4.22 4.61 4.59 
HF 1.17 0.38 2.72 0.88 0.91 0.89 
RCI 4.44 1. 59 a a 3.86 3.64 
H2O 1.12 0.22 4.73 0.77 1. 69 0.75 
CH4 5.95 4.34 13.26 5.15 4.72 4.71 
CO2 a a a a 28.51 28.49 
COH2 a a a a 27.44 27.46 

a -Guest is unstable inside fullerene cage 

All molecules experience higher rotational barriers when they are rotated to 

lie along the axis of the shortest fullerene cavity diameter. In the C70 fullerene, the 

y axis and the z axis rotational barriers are equal, because the y axis and z axis 

cavity diameters are equal (see Fig. 2.1). The absolute values of the rotational 

barriers decrease as the size of the fullerene cavity increases. This is exemplified 

by the reported energy barriers, and the rotational plot of homonuclear diatomics in 

C70* Although the rotational barrier occurs at the same rotation angle in both SW2­

C60 and C70, the rotational barriers in C70 are much smaller. The absolute value of 

the rotational energy barrier also reflects the size of the guest molecule. For 

example, CO has the largest van der Waals length of the heteronuclear diatomics 

studied, and it experiences the largest rotational barriers. HF has the smallest van 

der Waals length of the heteronuclear diatomics, and it experiences the smallest 
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rotational barriers. In fact, HF represents a borderline case of hindered rotation; in 

the SW1- and SW2-C60 isomers, HF is almost free to rotate around the z axis, since 

the van der Waals length of HF is 3.5 Awhile the y axis cavity diameters of the 

SWI and SW2 isomers are both about 3.3 A. In C70, HF is again almost free to 

rotate, because the y and z axis cavity diameters are both 3.2 A. Both CO and HCI 

experience hindered rotation in these fullerenes, because their van der Waals 

lengths are about 1.0 Alonger than either the y of z axes cavity diameters of these 

fullerenes. 

Rotational plots of small molecule-fullerene endohedral complexes 

(exemplified by Fig. 2.9) revealed similar trends to those observed for the 

diatomics studied. Only CH4 and H20 were energetically stable inside the C60 

cavities. As in the case of the diatomics, the greatest rotational barriers were 

experienced when the van der Waals overlaps between the guest at the host was at a 

maximum. H20 had the smallest van der Waals dimensions of the small molecules 

studied, and it accordingly experienced the smallest rotational barriers. In the 

SWI-C6o and C70 fullerenes, H20 experiences small rotational barriers, because its 

van der Waals dimensions are not much larger than the dimensions of the cavities. 

CH4, like H20, is stable in SWI- SW2-C60 and C70, but it experiences higher 

rotational barriers than H20 because of its larger size. The other two small 

molecules studied (C02 and COH2) form stable endohedral complexes with the C70 

fullerene only. CO2 experiences the large rotational barriers around both the y and 

z axes, because its x axis van der Waals length of 5.1 A is much larger than any of 

the C70 van der Waals cavity diameters. In contrast, COH2 experiences a large 

rotational barrier around the y axis only, because its x axis van der Waals length is 

4.4A. 
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Figure 2.8: Rotational Plots of Homonuclear Diatomics in BF-C60 
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2.4.3: Comparisons ofAAP and ab initio Results: 

Ab initio calculations on some endohedral gas have been performed by 

Cioslowsky et. al. ll Table 2.6 compares our results with the ab initio results. 

Although the same trend of stability is predicted by both methods, our results 

predict more negative complexing energies than the ab initio method. Possible 
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discrepancies between the AAP and ab initio methods could arise from the fact that 

the ab initio BF-C60 geometry yields a slightly smaller cage than that is produced 

by the MNDO geometry optimization. In addition, the bond lengths in the guest 

are not allowed to relax in our calculations, (as they are in the ab initio work), and 

the AAP potential does not contain dipole-dipole interactions between the 

polarizable fullerene cage and the polar guest molecules HF and CO. Nevertheless, 

both AAP and ab initio methods produce numbers with an order of magnitude 

which show that the formation of endohedral complexes is enegetically feasible. In 

some cases, the discrepancy between AAP and ab initio is only 4 kcallmole. In the 

worst case, it is about 14 kcallmole. 

Discrepancies between the ab initio and AAP complexing energies may also 

arise from errors in the ab initio energies. As will be shown in the next chapter 

(Chapter 3), ab initio enthalpies of reaction can be in error by as much as 10 

kcal/mol for even small systems; therefore, the ab initio results for fullerene/guest 

complexing energies may also be in error by similar quantities. 

The advantage of using the AAP method over ab initio methods for these 

systems is the substantial reduction in computer CPU time. All calculations in this 

paper were performed in less than one hour of CPU time on a PC, as compared with 

the 6000 hours of workstation CPU time required to perform the ab initio 

calculations. 11 

Table 2.6: 

Comparison of AAP and ab initio Endohedral Complexing Energies 

(kcaJ/mole) of gaslBF -C60 Fullerene Complexes. 


Guest AAP(this work) ab initi 

HF -5.69 -1. 94 
H2 -4.85 1. 22 
N2 -3.26 9.60 
CO -3.04 11. 20 

a The values are from Ref. 11. 

60 



2.5: Conclusion: 

The AAP method was used to investigate the non-bonded potential energies 

of a series of fullerene-guest systems. The stability and the rotational dynamics of 

a guest molecule inside a fullerene cavity were found to reflect the van der Waals 

dimensions of both the guest molecule and the fullerene host. A small degree of 

overlap between the van der Waals radii of the fullerene host and the guest 

molecule introduces attractive, or stabilizing energies, while larger overlaps 

produce repulsive, or destabilizing energies. H2, the smallest of the molecules 

studied, is stable inside all the fullerene cavities considered, and it is the only 

molecule that is stable inside the D6h isomer of C60 (GR-C60). All other diatomics 

have varying degrees of stability inside the other fullerene cavities, with the general 

trend suggesting that increased cavity size results in an increased stability of the 

endohedral complex. Of the small molecules studied (3 atoms or more), only CH4 

and H20 appear to be stable inside any of the C60 isomers. Carbon dioxide and 

formaldehyde are too large to fit inside any of the C60 cavities, but they both fit 

inside the C70 cavity, when correctly oriented. 
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The energies, structures and reactivities of nitrogen heterocyclic compounds are 

the research focus of this thesis. In chapter two, it was shown that simple models 

(i.e. the AAP model) can often give results which correlate well with high level ab 

initio results. However, the AAP method in chapter two does not treat chemical 

bonds, and cannot be used to study nitrogen heterocyclic energies and reactivities. 

Quantum mechanical methods are the only methods suited to compute these 

properties. The two most common quantum mechanical methods, semi-empirical 

and ab initio, are used in this chapter to generate nitrogen heterocyclic heats of 

formation. Ab initio methods, although in principle superior to semi-empirical, 

will be shown to suffer from basis set and correlation defects. Accurate nitrogen 

heterocyclic heats of formation can be obtained using ab initio total energies, but 

only by cancelling out basis set and correlation errors by averaging over different 

basis sets and a number of different isolobal reaction schemes. Semi-empirical 

methods are much less computationally intensive than ab initio, but they will be 

shown to yield qualitatively correct nitrogen heterocyclic heats of formation. 

Simple correction terms are developed to increase the accuracy of semi-empirical 

calculated heats of formation. Most importantly, the PM3 semi-empirical method 

will be shown to give the most accurate nitrogen heterocyclic heats of formation 

of all the semi-empirical methods considered. The accuracy ofPM3 with nitrogen 

heterocyclics will justify its use in forthcoming chapters. 
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CHAPTER 3: 

AROMATIC NITROGEN HETEROCYCLIC HEATS OF FORMATION: A 

COMPARISON OF SEMI-EMPIRICAL AND AB INITIO TREATMENTS 

by C.1. Williams and M.A. Whitehead, 


accepted J. Mol. Struct. (THEOCHEM), October 1996. 
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3.1 Abstract: 

Ab initio total energies and isolobal reaction schemes are used to calculate 

azoIe, azine and benzoazole heats of formation to within 0-4 kcaVmol of 

experiment. The ab initio heats of formation are compared with calculated semi-

empirical (MNDO, AMI, PM3) heats of formation. The MNDO method 

systematically underestimates all nitrogen heterocyclic heats of formation. The 

AMI method overestimates azole, and underestimates azine heats of formation. 

The PM3 method performs well on azoles and benzoazoles, but underestimates 

azine heats of formation. Overall, the PM3 method is the most accurate semi­

empirical method for calculating these nitrogen heterocyclic heats of formation. 

Correction terms for the semi-empirical azine heats of formation are suggested, 

which bring semi-empirical values into agreement with experiment. Semi-

empirical and ab initio methods are used to predict pentazole, pentazine, hexazine, 

pyrazepine, indazine, purine and azolotriazine heats of formation. 

KEYWORDS: isolobal, ab initio, semi-empirical, azoles, azines 

3.2 Introduction: 

Heats of formation can be obtained experimentally, but when a compound is 

unstable or difficult to purify, experimental heats of formation become increasingly 

difficult to measure. For example, experimental heats of formation exist for azoles 

and azines (Figs. 3.1 and 3.2) with up to three nitrogen atoms, but little data exists 

for azoles with four or more nitrogen atoms. No experimental heats of formation 

exist for azines with four or more nitrogen atoms because of their instability ,1,2 

The numbering schemes in Figs. 3.1-3.4 reflect that azoles, azines, 

benzoazoles and purines (Figs. 3.1-3.4) are similar in structure to cyclopentadiene, 

indene and benzene, except that N or N-H groups have been successively 

substituted for C-H and CH2 groups. The first digit in the molecule number gives 

the total number of atoms in the ring, while the second digit gives the number of 

nitrogen heteroatoms. For example, benzene is a six-memberd ring with no N 
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heteroatoms, so it is numbered 60. Pyridine, a six-membered ring with one N 

heteroatom, is numbered 61. Letters after the numbers differentiate structural 

isomers, such as imidazole 52a and pyrazole 52b, which are both structural isomers 

of a five-membered ring with two nitrogen heteroatoms. Benzoazoles are indicated 

with a 'B' before the number reflecting the azole ring. For example, indole is 

benzo-fused pyrrole (51), so indole is numbered B51. This numbering scheme was 

introduced to facilitate balancing the isolobal reaction schemes used to generate the 

ab initio heats of formation. The purines are numbered PI and P2 for simplicity. 
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53a 53b 54 55 

Figure 3.1: Cyclopentadiene and Related Azole Ring Systems 

The numbering scheme is meant to reflect the structure of the azoles; the 
first digit indicates the total number of atoms in the ring, while the second 
digit indicates the number of nitrogen heteroatoms. Letters after the 
numbers differentiate structural isomers. For example, triazoles are 5­
membered rings with 3 N heteroatoms, so they are numbered 53; 53a and 
53b refer to the 1,2,4- and the 1,2,3-triazole isomers respectively. 

67 



N:) (N)
N, # l#0 0 0

N N N N 

60 61 62a 62b 62c 

N N N
N~NN:) N/ ) (~
II II() l)N, # N, # N, 9'N 

N N N N N 

63a 63b 63c 64a 64b 

N N~N N/ 
N 
~N( ~N 

II I II IJ, ) 
N

N, 9'N N, 9'N 
N N 

64c 65 66 

Figure 3.2: Benzene and Related Azines: 

(see text and caption ofFigure 1 for explination ofnumbering scheme) 
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Figure 3.3 Indene and Related Benzoazoles: 

(see text and caption ofFigure 1 for explination ofnumbering scheme) 
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Figure 3.4: Purines 

Because the experimental heats of formation are either difficult or 

impossible to obtain for some azoles and azines, their heats of formation will be 

calculated using both semi-empirical and ab initio methods. Well-established 

semi-empirical methods (MNDO, AMI and PM3) automatically return heats of 

formations from their calculations (see chapter 1). Ab initio calculations return 

only total energies, so ab initio heats of formation must be calculated by some 

method which uses the ab initio total energies. One approach to calculating the ab 

initio heat of formation of a target molecule (X) is to formulate a hypothetical 

chemical reaction that includes the target molecule (X) and other molecules whose 

experimental heats of formation are known (A, B, C). The ab initio energy for the 

reaction scheme (ErxJ is then calculated, and used with the known heats of 

formation to solve the target molecule heat of formation (AHrX) using Hess's law. 

(1) A+B~C+X 

This approach takes advantage of experimental heats of formation. When the 

experimental heats of formation are accurate, the errors in the ab initio heats of 

formation calculated by this method arise solely from errors in the ab initio heats of 
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reaction. The ab initio reaction energy (Erxn) for a given scheme and temperature 

(1) is 

(2) Erxn (~Ep - ~ Er) + (~ZPEp -~ ZPEr ) + (L TCp - ~ TCr) + 4(m - n)RT 

where (Ep , Er) are the total electronic energies of the products and reactants, 

(ZPEp,ZPEr) are the product and reactant zero-point energies, and (TCp ,TCr) are the 

product and reactant thermal corrections. The final4(m - n)RT term in equation (2) 

is the translational contribution; here m and n are the product and reactant 

stoichiometric coefficients. 

Calculation of Erxn by eq. 2 is computationally costly, because zero-point 

energies and thermal correction must be calculated. However, equation (2) can be 

simplified; when the number of vibrational modes in the reactants and product is 

the same, and when the reactants and products are chemically similar, the zero­

point energies and thermal corrections will almost canceL 7 Also, when the number 

of molecules is the same on both sides of the reaction scheme (m n), the 

translational contribution cancels. The simplified expression for Erxn is 

(3) 

Equation (3) is less accurate than equation (2), but it is more useful because 

it requires the calculation of ab initio total electronic energies only. An abundance 

of ab initio total energies already exist in the literature, so using equation (3) to 

calculate a desired heat of reaction will in many cases require only one or two ab 

initio calculations. However, the accuracy of heats of formation calculated with 

these heats of reaction will depend upon cancellation of the zero-point energies and 

thermal correction terms in equation (2), which will only occur if the product and 

reactant molecules are similar. The accuracy of ab initio reaction energies 

calculated by equation (3) will also depend upon cancellation of correlation 

energies between reactants and products. Thus, the main drawback to this approach 

is that the accuracy of the results depends upon the judicious choice of a reaction 

. d . 3 h d . 4 • • 56 d' I bal7 •sch There ore, ISO esmlC, omo esmlC, Isogync' an ISO 0 reactIOneme. fi 
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schemes, all discussed in the literature,3-7 have been designed to cancel correlation 

effects, and in some cases, ZPE and TC terms. 

Isodesmic reaction schemes (reactions where products and reactants have 

the same number, but different arrangements, of formal bond types) are the most 

commonly used type of reaction scheme for computing ab initio enthalpies of 
. 89fiormatIon. ' Isodesmic reaction schemes work well because the correlation 

energies of electrons in like bonds partially cancel, giving accurate heats of reaction 

and heats of formation even at the Hartree-Fock leve1.8
,9 However, isodesmic 

schemes do not give accurate results when aromatic and non-aromatic molecules 

are in the same reaction, because the formal bond count which defines an isodesmic 

reaction is ambiguous in aromatic systems with many resonance structures. 

In this chapter, azole, azine, benzoazole and purine ab initio heats of 

formation will be calculated with isolobal reaction schemes. Isolobal reaction 

schemes have recently been used to successfully evaluate heats of formation of 

thienopyridine isomers,7 so their use here is justified. Isolobal reaction schemes 

can be used to increase the number of nitrogen atoms in the a ring systems by 

successively replacing C-H groups with nitrogen atoms. For example, 1,3,5­

triazine (63c) can be generated from pyridine (Fig. 3.5). The similarity of these 

molecules allows use ofequation (3) to calculate the ab initio heat of this reaction. 

+ 

63c 60 

Figure 3.5: Isolobal Reaction for Generation of 1,3,5,-Triazine from Pyridine 

(Note that the numbering scheme can be used to check that the 
isolobal reaction is balanced; The reaction can be written as 3 (61) 
-+ 63 + 2 (60); It is balanced because 3(61) =63 + 2(60) 183.) 
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To increase the accuracy of the isolobal reaction energies, the following 

conditions will be imposed on the isolobal reaction schemes: 

a) the number of five, six and seven membered ring systems must be the same 

on both sides of the reaction. 

b) the number of localized and delocalized systems must be the same on both 

sides of the reaction, and 

c) the number ofN-C, N-N, C-C, C-H and N-H linkages must be the same on 

both sides of the reaction. 

Condition (a) partially cancels correlation effects caused by ring systems, 

while condition (b) partially cancels correlation effects caused by localized and 

delocalized systems. Condition (c) cancels effects caused by specific atom-atom 

linkages. These conditions all help to cancel the TC and ZPE terms from equation 

(1), allowing use of equation (3) for the ab initio reaction energy. The equivalence 

of formal bond types is nQ1 a condition, because counting formal bonds is 

ambiguous in delocalized ring systems. A few reaction schemes which did not 

satisfy all the above conditions were also included to demonstrate the poor quality 

of the results obtained when these conditions are relaxed. 

BenzoJusion reaction schemes, which join two ring systems by elimination 

of an ethene molecule (Fig. 3.6), will be used in addition to isolobal schemes to 

calculate ab initio heats of formation of benzofused compounds. Benzofusion 

reaction schemes have been successfully used to calculate heats of formation of a 

number of fused ring systems.4,7 Benzoazole and purine heats of formation will be 

generated by both isolobal and benzofusion reaction schemes. 
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60 53b B53 

Figure 3.6: Benzofusion Reaction Scheme 

In the absence of experimental data, the quality of the calculated heats of 

fonnation will be assesed by comparison with semi-empirical (MNDO, PM3 and 

AMI) heats of fonnation. Systematic errors in semi-empirical heats of fonnation 

will be discussed, and correction tenns to semi-empirical heats of fonnation will be 

suggested. Semi-empirical and ab initio methods will be used to predict 

azolotriazine (Fig. 3.8) and pyazepine (Fig. 3.9) heats of fonnations. 

3.3 Method: 

All calculations were perfonned on a SUN Sparc 1 0 workstation using the 

GAMESS IO package. Full geometry optimizations were allowed, and RHF 

wavefunctions used. Experimental geometries (when available) were input; 

otherwise, geometries were created by substituting nitrogen atoms into existing 

geometries. Equilibrium geometries were verified as local minima by force 

constant analysis. Ab initio calculations used 4-31 G and 6-31 G* * basis sets. Ab 

initio total energies are in Table 3.Al (Appendix). 

Isolobal reaction schemes: Suitable isolobal reaction schemes were devised for 

each target molecule. Reaction schemes were written so that the target molecule 

would be a product. The heats of reaction and subsequent heats of fonnation were 

calculated for each reaction scheme using both the 4-31G and 6-31G** basis sets. 

The 4-31G and 6-31G** heats of reaction and the resulting target molecule heats of 

fonnation are all included for comparison (Appendix Tables 3.A2-3.A5). Errors in 

ab initio heats of fonnation which arise from the choice of reaction schemes were 

reduced by averaging the heat of fonnation over all reaction schemes. By Hess's 

law, II all the reaction schemes could be added together to give a 'master' reaction 
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scheme, so averaging the ab initio heats of formation is equivalent to calculating 

the heat of formation from the 'master' reaction scheme. The process gives better 

results, because it includes more molecules with known heats of formation than a 

single reaction scheme, and partially eliminates errors in the heats of formation 

caused by peculiarities in each reaction scheme. A few reaction schemes which do 

not satisfy all of the requirements (a-c) (asterixed '*') are included for comparison. 

Reaction schemes whose heats of formation are not included in the averaging 

process are tagged with a question mark" ? ". 

3.4 Results and Discussion: 

3.4.1. Azoles: Azoles have been extensively studied with semi-empirical and ab 

. . . h d 12-15 d 1 d h . I . talImtlO met 0 s, an , except J:".J.or pentazo e an t e tnazo es, expenmen gas 

phase heats of formation are well known. Therefore, this series of molecules is 

perfect for testing the accuracy of the heats of formation generated by isolobal 

reaction schemes. The 4-31 G and 6-31 G** ab initio heats of formation, generated 

by isolobal reaction schemes, are compared with semi-empirical and experimental 

azole heats of formation in Table 3.1. 

The ab initio reaction schemes and heats of reaction used to generate azole 

heats of formation are in Table 3.A2 (Appendix). For any given isolobal reaction 

scheme, the 4-31G and 6-31G** reaction energies are within 8 kcal/mol of each 

other. This similarity in the 4-31 G and 6-31 G** reaction energies indicates that 

correlation and basis set effects partially cancel out by using these reaction 

schemes. In contrast, the 4-31G and 6-31G** reaction energies of the non-isoloba! 

reaction cyclopentadiene + pyridine ~ pyrrole + benzene differ by 42 kcal/mol, 

and have opposite signs! Correlation energy errors are not effectively cancelled in 

this reaction scheme, because this scheme is neither isodesmic, nor does it satisfy 

conditions (a), (b) and (c). This reaction is included as an example of a poor choice 

of reaction scheme for calculating ab initio azole heats of formation. The 

isomerization reactions (52 a ~ 52b and 53a ~ 53b) are also poor choices, because 
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they do not satisfy all of the isolobal conditions; heats of formation derived from 

them are less accurate than those derived from reaction schemes which satisfy the 

isolobal conditions. 

TABLE 3.1: 

Semi-Empirical,Ah initio and Experimental Azole Heats of Formation: 


Compound 6Hf (kcal/mol) 
semi-empirical This work 
-------------- ...... 

MNDO AMI PM3 4-31G 6-31G** A expt. 

50 32.1 37.1 31.8 31.9a 

51 32.5 39.9 27.1 29.8 26.6 28.2 26.0a 

52a 33.3 50.8 31.3 32.8 37.3 35.1 35.0a 

52b 45.4 65.6 48.8 43.2 41.9 42.6 44.0 a 

53a 43.7 76.9 51. 8 49.8 42.2 45.7 46.0b 

53b 49.8 86.4 67.9 64.4 63.4 63.9 c 

54 53.8 109.7 86.2 84.1 77.7 80.9 80.1a 

55 65.8 146.9 120.7 115.0 106.2 110.6 

A = average of 4-31 G and 6-31 G** values; 

a = ref. 14; b = estimated experimental (ref. 15); 

c = value used as 'experimental' value in subsequent computations 


Heats of formation generated from individual reaction schemes can be in 

error by as much as 10 kcallmol, (Table 3.A2) emphasizing the fact that ab initio 

reaction energies can be in error by 10 kcallmole or more. However, averaging 

over all the reaction schemes within each basis set (4-310 and 6-310**) gives 

azole heats of formation which differ from experiment by 1-5 kcallmol. This is 

better than the azole heats of formation calculated from one reaction scheme alone. 

Furthermore, averaging the 4-310 and 6-310** heats of formation gives azole 

heats of formation remarkably close to experimental results for this modest level of 

theory (absolute errors ranging from 0.3 to 2.1 kcallmol). The averaging process 

improves these results by reducing errors due to basis sets and electron correlation. 
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The PM3 method gives the best semi-empirical azole heats of formation. 

AMI consistently overestimates azole heats of formation by 20-30 kcal/mol, while 

MNDO performs well on pyrrole and imidazole, but underestimates heats of 

formation of azoles with three or more nitrogen atoms. The errors in MNDO and 

AMI nitrogen-heterocyclic heats of formation will be discussed again in Chapter 

Five. Corrections to MNDO and AMI values have been suggested by other 

workers,II-15 but the close fit between PM3 and experimental values suggests that 

PM3 is the most trustworthy semi-empirical method for azoles. 

Because of the good fit obtained with the other azoles, the ab initio 1,2,3­

triazole heat of formation is probably quite accurate. The average of the 4-31G and 

6-31G** 1,2,3-triazole heats of formation (63.9 kcal/mol) will be used as an 

'experimental' value in subsequent isolobal reaction schemes involving 1,2,3­

triazole. The PM3 and isolobal ab initio heats of formation are in good agreement 

for pentazole, although the PM3 value is 10 kcal/mol higher than the ab initio 

value. However, since PM3 triazole and tetrazole heats are 6-7 kcal/mol higher 

than experimental values, a high value for the PM3 pentazole heat of formation is 

expected. Consequently, the ab initio value of 110.6 kcallmol is the best estimate 

for the pentazole heat of formation from this work. 

3.4.2. Azines: Azines have been extensively studied with semi-empirical and ab 

initio methods,1
1-13 and experimental gas phase heats of formation have been 

reported for azines with up to three nitrogen heteroatoms. All semi-empirical 

methods perform well on pyridine, but underestimate other azine heats of formation 

by amounts which increase with both the number of nitrogen atoms in the azine 

ring, and the number of N-N linkages. Previous workers have suggested 

corrections to MNDO azine heats of formation, and this approach is now extended 

by suggesting corrections for AMI and PM3 azine heats of formation. The 

correction terms (outlined in Table 3.2) bring the semi-empirical heats of formation 

in line with experimental values. 
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The isolobal reaction schemes and ab initio reaction energies used to 

calculate the ab initio azine heats of formation are in Table 3.A3 (Appendix). 

The 6-310** and 4-31 G reaction energies are all within 10 kcal/mol of each other 

for any given reaction scheme, and the difference between the 4-31 and 6-310** 

reaction energies is often only 2-4 kcal/moL This suggests that the chosen reaction 

schemes successfully cancel basis set and correlation errors. 

TABLE 3.2: Semi-Empirical, Corrected Semi-Empirical* and Experimental 
Azine Heats of Formation: 

AHf (kcal/mol) * 

MNDO AMl PM3 expt. 

60 21.3 22.0 23.5 19.8a 

61 28.1 (33.3) 32.0 (32.0) 30.4 (34.0) 34.6a 

62a 43.6 (66.5) 55.3 (66.5) 56.0 (66.5) 66.5a 

62b 35.0 (45.4) 43.9 (43.9) 38.0 (45.2) 47.0a 
62c 37.8 (48.2) 44.2 (44.2) 39.3 (46.5) 46.9a 

63a 55.7 (101.5) 81. 6 (104.0) 81. 7 (102.7) 
63b 51. 5 (79.6) 69.5 (80.7) 65.8 (79.9) 
63c 40.0 (55.6) 58.0 (58.0) 46.2 (57.0) 53.9b 

64a 70.2 (138.9) 110.5 (144.1) 110.1 (141.6) 

64b 62.8 (113.8) 98.1 (120.5) 92.2 (116.8) 

64c 67.7 (112.6) 97.5 (119.9) 94.6 (115.6) 


6S 84.3 (175.9) 142.0 (186.8) 139.2 (181.2) 


66 104.4 (241.8) 189.8 (257.0) 186.8 (249.8) 


a = ref. 14 b ref. 16 *(corrected values in parentheses) 


Corrections for semi-empirical azine heats of formation are calculated as follows: 


-correction for C-N-C = (8(61) + 8(62b) + 8(62c) + 8(63c» 18 

-correction for N-N 8(62); where o(X) = AHf X (expt.) - AHf (semi-empirical) 


MNDO AMI PM3 
Corrections: (kcallmol) perN-N +22.9 +11.2 +10.5 

per C-N-C +5.2 0.0 +3.6 

77 



Isolobal ab initio azine heats of fonnation agree well with experiment 

(Table 3.3). As with azoles, averaging the 4-31 G and 6-31 G** values improves 

the quality of the ab initio results, giving azine heats offonnation which differ from 

experimental values by 1-4 kcallmol. Where experimental values are not available 

(Le. the tetrazines), corrected semi-empirical and ab initio azine heats of fonnation 

agree well, suggesting that the ab initio and corrected semi-empirical azine heats of 

fonnation are accurate and predictive. Corrected semi-empirical and ab initio 

azine heats of fonnation agree up to the tetrazines, but with pentazine and 

hexazine, the corrected semi-empirical heats of fonnation are higher than the ab 

initio results. This is probably because the semi-empirical correction tenn for the 

N-N link is too large; however, a better correction tenn could not be calculated 

because there is only one experimental heat of fonnation for an azine with an N-N 

linkage (1 ,2-diazine). 

TABLE 3.3: Corrected Semi-empirical, Ab initio and Experimental Azine 
Heats of Formation: 

MI f (kcal/mol) 
corrected* ab initio expt. 

semi-empirical (This work) 

MNDO AM1 PM3 A 

61 33.3 32.0 34.0 34.8 34.6a 

62a 66.5 66.5 66.5 68.2 66.5a 

62b 45.4 43.9 45.2 44.5 47.2a 

62c 48.2 44.2 46.5 51.0 46.9a 

63a 101. 5 104.0 102.7 98.2 
63b 79.6 80.7 79.9 82.0 
63c 55.6 58.0 57.0 54.5 53.9h 

64a 138.9 144.1 141.6 133.5 
64b 113.8 120.5 116.8 111. 8 
64c 112.6 119.9 115.6 117.0 
65 175.9 186.8 181.2 166.5 
66 241. 8 257.0 249.8 223.1 

A = average of4-31 G and 6-31 G** values (see Table 3.A3). 

a = ref. 14 b = ref. 16 * see Table 3.2 for semi-empirical correction tenns 
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3.4.3 Benzo-Fused Compounds and Purines: Ab initio heats of formation of 

benzoazoles and purines were calculated with both isolobal and benzofusion 

reaction schemes. Reaction schemes, heats of reaction and subsequent heats of 

formation are in Table 3.A4 (Appendix). The isolobal and benzofusion 4-31 G and 

6-31G* * reaction energies are very close to each other, indicating that basis set and 

electron correlation errors almost completely cancel; therefore, these are excellent 

schemes for heats of formation calculations. Semi-empirical and ab initio 

benzoazole and purine heats of formation are compared with available experimental 

data in Table 3.4. The ab initio heats of formation are the best fit to experiment. 

PM3, which performs well on azoles, also performs well on benzoazoles. Errors in 

MNDO and AMI benzoazole heats of formation are similar to MNDO and AMI 

errors in azole heats of formation. 

TABLE 3.4: Semi-Empirical and Ab initio Heats of Formation of Benzofused 
Azoles: 

AHf (kcaljmol) 
This work 

semi-empirical ab initio 

Compound MNDO AM1 PM3 A expt. 

BSO 
BSl 

Indene 
Indole 

38.3 
44.2 

45.8 
55.2 

40.7 
42.6 

37.5 
40.8 

39.0a 

37.4a 

BS2a 
Benzoimidazole 45.9 
BS2b 
Benzopyrazole 
B53 

58.4 

67.1 

82.3 

47.8 

65.7 

48.9 

62.4 

Benzotriazole 
Pl Purine (1 ) 

P2 Purine (2) 

64.0 
59.5 
69.9 
64.0 
74.4 

104.2 
90.0 

94.0 

85.6 
62.3 
69.5 
65.8 
73.0 

81.1 
68.3 

73.2 

A := average of 4-31 G and 6-31 G** values (see Table 3.A4). a ref.16 
i talicB = corrected semi-empirical (see Table 3.2 for correction terms) 
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Semi-empirical and ab initio purine heats of formation are not in good 

agreement because purines contain an azine moiety. However, by applying the 

previously developed semi-empirical azine heat of formation correction terms (see 

Table 3.2) to MNDO and PM3 purine heats of formation improves the MNDO and 

PM3 results. Corrected PM3 and MNDO purine heats of formation agree well with 

the ab initio purine heats of formation. Azine correction terms do not help the 

AMI purine heats of formation, because purines contain azole rings which are 

poorly predicted by AMI. Interestingly, AMI overestimates purine heats of 

formation by 20-30 kcal/mol, which is similar to the AMI overestimation of azole 

heats of formation. 

3.4.4. Assessment ofMethod: The scatter plot in Fig. 3.7 compares the isolobal ab 

initio heats of formation with experimental values. The close fit between 

experiment and isolobal ab initio heats of formation over the range of compounds 

studied shows that the ab initio values are trustworthy, and can reasonably be 

applied to predict heats of formation of systems similar to these. 

90 
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ab initio 
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I 
40 
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20 30 40 50 60 70 80 90 

Experimental ~Hf (kcal/mol) 

Figure 3.7: 


Correlation between ab initio Isolobal and Experimental Azole, Azine and 


Benzoazole Heats ofFormation (straight line = experimental) 
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3.4.5. Extension to Indazine and Azolotriazine Heats of Formation: Indazine 

(91, Fig. 3.8) and azolotriazines (93-95b, Fig. 3.8) are compounds similar to 

benzotriazoles and purines, except that a nitrogen atom is shared by both the five­

and six-membered rings. 

N 

en 
91 93 94a 

94b 95a 95b 
Figure 3.8: Indazine and Some Related Azolotriazines 

(see text and caption ofFigure 3.1 for numbering scheme explination) 

Isolobal reaction schemes that generate indazine and azolotriazine from azoles and 

azines could not be found, because all the reaction schemes considered violate one 

or more of the conditions set forth for isolobal reactions. However, since all the 

azolotriazines can easily be generated from isolobal reactions involving indazine, 

the indazine heat of formation was calculated from the non-isolobal isomerization 

reaction 

indole ~ indazine. 

The calculated indazine heat of formation was used as the 'experimental' indazine 

heat of formation in subsequent isolobal reaction schemes. The ab initio indazine 
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heat of fonnation calculated by the isomerization reaction agrees with the corrected 

PM3 and MNDO indazine heats of fonnation (Table 3.5), suggesting that the ab 

initio value is reasonable, because MNDO and PM3 perfonn well on azoles and 

azines with one or two nitrogen heteroatoms. Reaction schemes used to generate 

azolotriazine heats of fonnation are in Table 3.A5 (Appendix). 

Table 3.5: 

Semi-Empirical andAb initio Indazine and Azolotriazine Heats of Formation 


Compound MIf (kcal/mol) 
semi-empirical ab initio 

MNDO AM1 PM3 A 

Indazine 91 55.7 72.3 50.5 54.5* 
60.9 54.1 

93 78.7 107.5 85.1 104.5 
106.8 99.2 

94a 81.4 120.7 91. 8 115.5 
109.5 105.9 

94b 91.8 135.3 109.1 116.2 
119.9 123.2 

9Sa 93.0 148.5 117.4 138.5 
121.1 131.5 

9Sb 94.4 151.7 117.1 125.9 
122.5 131.2 

*taken as the 'experimental' indazine MI f in subsequent 
isolobal reaction schemes 

italics = corrected semi-empirical 

A = average of 4-31G and 6-31G** results 
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As with azines, the MNDO and PM3 azolotriazine heats of formation are 

consistently lower than the ab initio values, because MNDO and PM3 

underestimate the energy of the azine portion of the azolotriazine. However, 

applying the MNDO and PM3 azine heat of formation correction terms to the 

azolotriazine heats of formation brings their values closer to the ab initio results. 

AMI consistently gives azolotriazine heats of formation larger than the ab initio 

values, presumably because AMI overestimates the energy of the azole portion of 

the azolotriazine. Thus, as with purines, the AMI azine heat of formation 

correction terms were not applied to AMI azolotriazine heats of formation, as they 

would not improve the AMI results. Unfortunately, there are no experimental 

azolotriazine heats of formation with which to compare with the results. 

3.4.6 Extension to Pyrazepine Heat of Formation 

For indole, the good result obtained by the isolobal reaction scheme 

indene + pyrrole ~ cyclopentadiene + indole 

IS of particular interest, because it provides a route to introduce the N-H 

functionality into a cyclo-olefin, as in the generation of pyrazepine from pyrrole 

and I,3,5-cycloheptatriene (Fig. 3.9). 

+ +o 
N, 
H 

70 51 71 50 

Figure 3.9: 


Isolobal Reaction for Pyrazepine Heat ofFormation 


(see Figure 3.1 for numbering scheme explination) 
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This reaction scheme was used to calculate the pyrazepine heat of 

formation. Pyrazepine and 1,3,5-cycloheptatriene can both either planar or non­

planar, so calculations were performed on both planar and out-of-plane 

conformations of these molecules. The 6-310** total energies show that 1,3,5­

cycloheptatriene prefers to be out-of-plane by 4.3 kcal/mol (Table 3.6). Semi­

empirical values parallel this, and predict that 1,3,5-cycloheptatriene prefers the 

non-planar conformation by 0.9 (MNDO) to 3.9 kcal/mol (PM3). The 

experimentall,3,5-cycloheptatriene heat of formation is well predicted by the PM3 

method. 

Pyrazepine should prefer a non-planar conformation, because a planar 

pyrazepine is analogous to aromatic pyrrole, except that it would have 8 1t 

electrons and be anti-aromatic. Surprisingly, the 6-310** energy difference 

between the planar and the non-planar conformations of pyrazepine is smaller than 

the energy difference between the planar and non-planar conformations of 1,3,5­

cycloheptatriene (2 kcallmol). In contrast, semi-empirical methods predict that the 

planar to non-planar pyrazepine energy differences are slightly larger than the 

planar to non-planar I ,3,5-cycloheptatriene energy differences (1.9-4.3 kcal/mol). 

Overall, the energy differences between planar and non-planar forms of 

pyazepine and 1,3,5-cycloheptatriene are small. The isolobal reaction scheme used 

the non-planar ab initio total energies of 1,3,5-cycloheptatriene and pyrazepine to 

calculate the pyrazepine heat of formation, since the experimental 1,3,5­

cycloheptatriene heat of formation is undoubtedly for the non-planar conformation. 

The planar pyrazepine heat of formation can be estimated by adding the planar to 

non-planar energy difference to the non-planar pyrazepine heat of formation. The 

resulting ab initio and semi-empirical pyrazepine heats of formation are in Table 

3.6. 

The PM3 and ab initio pyrazepine heats of formation differ by only 5-7 

kcal/mol, while the MNDO and AMI pyrazepine heats of formation differ from the 
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ab initio values by 10-15 kcallmol. There is no data evidence with which to 

compare these values, but because of the accurate azoie, azine and benzoazole heats 

of formation predicted with PM3 and isolobal reactions, and the agreement 

between the ab initio and PM3 pyrazepine heats of formation, the ab initio and 

PM3 pyrazepine heats of formation are probably reliable estimates. 

Table 3.6: Semi-Empirical and Ab initio Pyrazepine Heats of Formation : 

Compound AHf (kcal/mol) 
semi-empirical ab initio 

MNDO AMI PM3 A B C expt. 
1,3,5 
cycloheptatriene 
(70) planar 34.7 41.1 46.4 
(70) oop 33.8 38.3 42.5 43.2 
pyrazepine 
(71) planar 49.0 51. 3 56.6 61. 0 59.8 60.4 
(71) oop 47.3 49.8 52.3 60.2 57.8 59.0 

A =4-310 ABc B = 6-310** ABc C = average of4-310 and 6-310** ABc's 

Table 3.7: 

Isolobal Reaction Energies for Pyrazepine Heat of Formation Calculations 


Target Compound (kcal/mol) AHf 
Reaction Schemes 

4-31G 6-31G** 4-31G 6-31G** 

pyrazepine (71) 


7000p + 51 -+ 7100p + 50 22.9 20.5 60.2 57.8 
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3.5 Conclusions: 

Isolobal reaction schemes were used to calculate ab initio azole, azine and 

benzoazole heats of formation. The best results were obtained when an average 

over a set of possible isolobal reaction schemes were taken, because many similar 

molecules with known heats of formation were included. This process eliminates 

effects of particular reaction schemes by cancelling electron correlation and basis 

set errors. Errors caused by basis sets were further minimized by averaging the 

results from different basis sets ( 4-31 G and 6-31 GU). All averaged isolobal heats 

of formation were within 0-4 kcaVmol of experiment. The calculated heats of 

formation are good enough to use in many thermodynamic applications, and the 

method is useful because it relies on ab initio total electronic energies only, 

allowing direct use of the multitude of ab initio results which already exist in the 

literature. This study considered only nitrogen as a heteroatom, but the method 

obviously applies to other heteroatoms (such as oxygen and sulphur), when there 

are some rei event experimental heats of formation. The accuracy of the heats of 

formation calculated with this method were improved by increasing the number of 

isolobal reactions; therefore, this method would achieve its full potential in the 

form of a computer program that would automatically generate suitable isolobal 

reaction schemes and resulting heats of formation from a data base of ab intio total 

energies and experimental heats of formation. 

Uncorrected PM3 azoles and benzoazoles heats of formation are accurate, 

regardless of the number of nitrogen heteroatoms in the ring system. For azines 

and other six-membered nitrogen heterocyclic systems, simple correction terms can 

be added to the PM3 results to increase their accuracy and predictability. The PM3 

correction terms are smaller than the MNDO correction terms, reflecting the higher 

accuracy ofPM3. Reasonable agreement between the isolobal and corrected 

PM3 purine and azolotriazine heats of formtion indicate that these values are good 

estimates of these quantities. There is also agreement between the PM3 and ab 
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initio pyrazepine heats of fonnation. MNDO tends to seriously underestimate 

nitrogen heterocyclic heats of fonnation when two or more nitrogen heteroatoms 

are in the system. AMI behaves erratically, underestimating azine heats of 

fonnation and overestimating azole heats of fonnation. Overall, these results 

suggest that PM3 is the most reliable semi-empirical method for nitrogen 

containing heterocyclics. Upcoming chapters will further compare the MNDO, 

AMI and PM3 treatments of nitrogen heterocyclic compounds, so as to completely 

assess the results and conclusions of this chapter. 
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APPENDIX 3A: 

TABLE 3.Al: Ab initio Total Energies Used in Study 

-E 
4-31G 

192.51317 
230.37776 

269.28798 
269.29647 

77.92216 

208.50745 
224.47112 
224.45073 
240.41404 
240.38208 
256.31781 
272.22237 

246.33133 
262.24489 
262.28621 
262.27852 
278.16137 
278.19295 
278.24148 
294.07028 
294.10917 
294.09823 
309.97691 
325.84356 

(a.u.) 
6-31G** 

192.80242 
230.71386 

269.68924 
269.69607 

78.03884 

208.81970 
224.82430 
224.80328 
240.80693 
240.77698 
256.76012 
272.71786 

246.70461 
262.65707 
262.70034 
262.68995 
278.61661 
278.64718 
278.70076 
294.57073 
294.61119 
294.59638 
310.52541 
326.44896 

cyclopentadiene (50) 
benzene (60 ) 
l,3,5-cycloheptatriene 
(planar) (70)planar 
(out-of-plane) (70)oop 

ethene 

pyrrole 
imidazole 
pyrazole 
l,2,4-triazole 
l,2,3-triazole 
tetrazole 
pentazole 

pyridine 
l,2-diazine 
l,3-diazine 
l,4-diazine 
l,2,3-triazine 
l,2,4-triazine 
l,3,5-triazine 
l,2,3,4-tetrazine 
l,2,3,5-tetrazine 
l,2,4,5-tetrazine 
pentazine 
hexazine 

(e) 

{51} 
(52a) 
(52b) 
(53a) 
(53b) 
(54a) 

(55 ) 

(61) 
{62a} 
(62b) 
(62c) 
(63a) 
(63b) 
(63c) 
(64a) 
(64b) 
(64c) 
(65 ) 
(66) 
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TABLE 3.Al (cont): Ab initio Total Energies Used in Study 

Indene 
Indole 
Benzoimidazole 
Benzopyrazole 
Benzotriazole 
Purinel 
Purine2 

pyrazepine(planar) 
(oop) 

Indazine 
azolotriazines 

(B50) 
(B51) 
(B52a) 
(B52b) 
(B53 ) 
(PI) 
(P2) 

(71 ) 

(91 ) 

(93) 
(94a) 
(94b) 
(95a) 
(95b) 

-E 
4-31G 

344.96902 
360.95088 
376.91618 
376.88927 
392.82132 
408.82924 
408.82057 

285.25299 
285.25418 

360.92189 

392.78344 
408.73885 
408.72543 
424.66556 
424.68385 

(a.u.) 
6-31G** 

345.47736 
361. 48292 
377.48879 
377.45995 
393.43350 
409.48079 
409.47268 

285.67753 
285.68068 

361. 45763 

393.39532 
409.39148 
409.37912 
425.36240 
425.38487 
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TABLE 3.A2: Azole Isolobal Reaction Schemes 

Target Compound ARrxn ARf 
Reaction schemes (kcal/mol) 

4-31G 6 31G** 4-31G 6-31G** 
pyrrole (51) 

*?50 + 61 ~ 51 + 60 -25.5 16.6 12.0 30.1 

52a + 61 ~ 51 + 62c 10.3 6.8 33.0 29.5 
52a + 60 ~ 51 + 61 6.3 3.4 26.5 23.6 

29.8 26.6 
imidazole 	 (52a) 

51 + 62c ~ 52a + 61 -10.3 -6.8 28.0 31.5 
51 + 61 ~ 52a + 60 -6.3 -3.4 34.5 37.4 

51 + 62b ~ 52a + 61 -5.5 0.3 32.9 38.1 

53a + 52b ~ 52a + 53c 7.3 14.0 35.5 42.2 
32.8 37.3 

pyrazole (52b) 
51 + 62a ~ 52b + 61 -18.6 -19.5 39.3 38.4 

62a + 53a + 51 ~ 
2{52b) + 62c -8.5 -8.4 41.5 41.6 

52a + 62a ~ 52b + 62b -13.1 -14.0 41.2 40.3 
52a + 62a ~ 52b + 62c -8.3 -7.5 46.3 47.1 

*?52a ~ 52b 	 12.8 7.0 47.8 48.9 
43.2 41..9 

1,2,4-triazole 	 (53a) 
51 + 62a ~ 53a + 60 -24.8 -30.8 47.9 41. 9 
52a + 62a ~ 53a + 61 -18.4 -27.4 48.5 39.5 
52a + 52b ~ 53a + 51 0.2 -7.9 53.2 45.1 

49.8 42.2 
l,2,3-triazole (53b) 

62a + 52b ~ 53b + 61 -11.2 -13.2 64.6 62.6 
53a + 52b ~ 53b + 52a 7.3 5.6 62.4 60.7 
2(52b) ~ 53b + 51 7.5 6.2 69.5 68.2 
62a + 53a ~ 53b + 62b -5.9 -8.3 59.4 57.0 
62a + 53a ~ 53b + 62c -1. 0 -1. 8 64.4 63.8 

*?53a ~ 53b 	 20.1 21.9 66.2 68.0 

64.4 63.4 
tetrazole (54) 

62a + 53b ~ 54 + 61 -13.9 -19.3 79.8 74.4 
2 (52b) + 62a ~ 

52a + 54 + 60 -12.8 -19.9 85.1 78.0 
62a 	+ 2(52b) ~ 

54 + 51 + 61 -6.4 -13.1 87.5 80.8 
84.1 77.7 

pentazole (55) 

54 + 2(52b) ~ 
55 + 52a + 51 11.5 3.0 118.6 110.1 

54 	+ 52b + 53a ~ 11.3 2.1 111.4 102.2 
55 + 2(52a) 115.0 106.2 
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TABLE 3.A3: Azine Isolobal Reaction Schemes: 

Target Compound Lllirxn Lllif 
Reaction Schemes (kcal/mol) 

4-31G 6-31G** 4-31G 6-31G** 

pyridine (61) 
52a + 60 ~ 61 + 51 6.3 3.6 35.1 32.2 
53a + 60 ~ 61 + 52b 6.1 8.1 34.9 36.9 

35.0 34.6 
1,2-diazine (62a) 

52b + 61 ~ 62a + 51 18.6 19.5 71.2 72 .1 
52b + 62c ~ 62a + 52a 8.3 6.6 65.1 63.4 
52b + 62b ~ 62a + 52a 13.1 14.0 69.3 70.2 
53a + 60 ~ 62a + 51 24.8 30.8 64.6 70.6 

67.6 69.0 
1,3-diazine (62b) 

*61a ~ 62b -25.9 -27.1 40.5 39.3 
61 + 61 ~ 62b + 60 -0.8 -3.1 48.6 46.3 
52a + 61 ~ 62b + 51 5.5 0.3 47.9 43.9 

45.7 43.2 
1,4-diazine (62c) 

61 + 61 ~ 62c + 60 -0.8 3.4 48.6 52.8 
52a + 61 ~ 62c + 51 10.3 6.8 53.8 50.3 

*62b ~ 62c 4.8 6.5 51.8 53.5 
63c + 61 ~ 62c + 62b 5.0 9.4 46.6 51. 0 

50.1 51.9 
1,2,3-triazine (63a) 

2 (62a) ~ 63a + 61 -1. 8 -4.4 96.6 94.0 
53a + 62a ~ 63a + 52a 16.6 14.2 94.1 91. 7 
52b + 62a ~ 63a + 51 16.8 17.4 101. 3 101.9 

*63c ~ 63a 50.3 52.8 101.7 104.2 
98.4 98.0 

1,2,4-triazine (63b) 
62a + 62c ~ 63b + 61 -0.5 -3.0 78.3 75.8 
62a + 61 ~ 63b + 60 3.5 0.4 84.8 81.7 
52a + 62a ~ 63b + 51 9.8 3.8 85.5 79.3 
62a + 62b ~ 63b + 61 4.3 3.5 83.2 82.4 
53a + 61 ~ 63b + 51 28.2 31.2 82.8 85.8 

* 63c ~ 63b 30.5 33.6 85.5 88.6 
82.9 81.0 
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TABLE 3.A3: (cont.) 

Target Compound 	 MIrxn MIf 
Reaction Schemes 

1,3,5 triazine (63c) 
3 (61) ~ 63c + 2 (60) 
2(62b) ~ 63c + 61 
62b + 61 ~ 63c + 60 
62b + 52a ~ 63c + 51 
62b + 53a ~ 63c + 52b 
62c + 61 ~ 63c + 60 
62c + 52a ~ 63c + 51 
62c + 53a ~ 63c + 52b 

1,2,3,4 
-tetrazine 
3(62a) ~ 64a + 2(61) 
2(52b) + 62a 

~ 64a + 2 (51) 

2(53a) + 62a 


~ 64a + 2(52a) 

3 (52b) + 61 


~ 64a + 3 (51) 

61 + 54 ~ 64a + 51 


1,2,3,5 
-tetrazine 
2 (53a) + 61 ~ 

64b + 52a + 51 
52b + 62a + 62b ~ 


64b + 51 + 61 

52b + 62a + 62c ~ 


64b + 51 + 61 

2(62a) + 62b ~ 

64b + 2(61) 
2(62a) + 63c ~ 

64b + 61 + 62c 

1,2,4,5 
-tetrazine 
2(62a) ~ 64c + 60 
2(53a) + 60 ~ 64c + 2 (51) 

4-31G 

-1. 8 
-0.2 
-1.1 
5.3 
5.0 

-5.9 
0.4 
0.2 

1.1 

38.4 

37.9 

57.0 
44.8 

45.0 

21. 3 

16.4 

2.6 

7.7 

8.7 
58.2 

(kcal/mol) 

6-31G** 4-31G 

-9.2 62.4 
-2.9 59.1 
-6.1 60.7 
-2.7 60.3 
5.2 54.0 

-12.6 	 55.8 
-9.2 57.3 
-4.4 49.1 

57.2 

5.5 131.4 

33.5 141.0 

32.3 125.6 

53.1 145.6 
46.4 133.1 

135.3 

39.7 111.6 

18.1 118.4 

11.6 113.2 

-3.7 113.5 

5.7 113.1 
114.0 

2.4 121.9 
52.8 118.0 

120.0 

6-31G** 

55.0 
56.4 
55.7 
52.6 
54.2 
49.1 
46.7 
44.5 
51.8 

124.8 

136.1 

120.9 

141. 7 
134.7 
131.6 

105.3 

115.2 

108.4 

107.2 

111.1 
109.5 

115.6 
112.6 
114.0 
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TABLE 3.A3:(cont.) 

Target Compound Mirxn 

Reaction Schemes (kcal/mol) 
4-31G 6-31G** 4-31G 6-31G** 

pentazine (65 ) 
54 + 53a + 60 ~ 

65 + 2(51) 73.9 72.9 166.8 165.8 
54 + 52b + 61 ~ 

65 + 2(51) 67.8 64.8 174.5 171.5 
2(62a) + 54 ~ 

65 + 52b + 61 30.5 25.7 165.0 160.5 
2 (54) + 61 ~ 65 + 2(52b) 55.6 58.3 162.4 165.1 

167.2 165.7 
hexazine (66) 

6(62a) ~ 66 + 4(61) + 62b 8.9 -15.9 222.5 197.7 
6 (62a) ~ 66 + 4(61) + 62c 13.8 -9.4 227.5 204.3 
60 + 2 (54a) ~ 66 + 2(51) 97.2 91.5 225.2 219.5 
6(52b) + 60 ~ 66 + 6(51) 121. 7 104.4 249.5 232.2 
3(53b) + 60 ~ 66 + 3(51) 99.2 85.8 232.7 219.3 

231.5 214.6 
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TABLE 3.A4: Reaction Schemes for Benzoazoles and Purines: 

Target Compound ~rxn (kcal/mol) 
Reaction Schemes 
(e= ethene) 4-31G 6-31G** 4-31G 6 31G** 

Indene (B50) 

60 + 50 ~ B50 + e -0.2 0.05 39.0 39.3 

B51 + 50 ~ B50 + 51 -7.8 7.4 35.5 35.9 
37.3 37.6 

Indole 	 (B51) 

60 + 51 ~ B51 + e 7.6 7.4 40.9 40.7 
B50 + 51 ~ B51 + 50 7.8 7.4 40.9 40.5 

40.9 40.6 
Benzoimidazole (B52a) 

60 + 52a ~ B52a + e 6.6 6.6 48.9 48.9 
B50 + 52a ~ B52a + 50 6.8 6.6 48.9 48.7 

48.9 48.8 
Benzopyrazole 	 (B52b) 

60 + 52b ~ B52b + e 10.7 11. 5 62.0 62.8 

B50 + 52b ~ B52b + 50 10.9 11. 5 62.0 62.6 
62.0 62.7 

Benzotriazole 
B2 + 53a + 52b ~ 

B6 + 52a + 51 9.9 16.0 76.3 82.4 
B1 + 52a + 54a 
~ B6 + 50 + 53a 5.9 5.7 82.1 81.9 

60 + 53c ~ B6 + e 10.3 11.6 81.5 82.8 
79.9 82.2 

purine1 (pl) 

62b + 52a ~ p1 + e 3.7 3.1 73.2 72 .6 

62c + 52a ~ p1 + e -1.1 -3.4 68.3 66.0 
indole + 52a + 62b 

~ p1 + 51 + 60 -3.9 -4.2 69.7 69.4 
indole + 63c 

~ p1 + 60 -9.2 -6.9 62.3 64.6 
68.4 68.2 

purine2 (p2) 

62b + 52a ~ p2 + e 9.2 8.2 78.7 77.7 
62c + 52a ~ p2 + e 4.3 1.7 73.1 71.2 
indole + 52a + 62b 

~ purine2 + 51 + 60 1.5 0.8 75.1 74.4 
indole +63c 

~ p2 + 60 -3.7 -1. 8 67.8 69.7 
73.7 73.3 

ethene ~f = 12.5 kcal/mol (ref. 16) 
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Table 3.A5: Indazine and Azolotriazine Isolobal Reaction Schemes 

Target Compound ARrxn (keal/mol) ARf 
Reaction Schemes 
(e= ethene) 4-31G 6-31G** 4-31G 6-31G** 

*B50 ~ 91 18.2 15.9 53.3 55.6 

93 
91 + 62a ~ 93 + 60 3.5 3.5 104.7 104.7 
91 + 53a ~ 93 + 51 28.3 31.1 102.8 105.6 

103.8 105.2 
94a 
91 + 62a + 52a ~ 

94a + 60 + 51 8.7 8.7 118.9 118.9 
91 + 53a + 52a ~ 

94a + 2 (51) 33.5 36.3 116.9 119.9 
91 + 62a + 62b ~ 

94a + 60 + 61 3.2 3.2 116.8 116.8 
91 + 53a + 62e ~ 

94a + 51 + 61 23.1 24.3 109.9 111.1 
91 + 62a + 53e ~ 

94a + 60 + 62b 3.4 6.1 111.5 114.2 
114.8 116.2 

94b 
91 + 62a + 62a ~ 

94b + 60 + 61 -14.3 -16.2 118.8 116.9 
91 + 62a + 53a ~ 

94b + 60 + 52a 4.1 2.7 116.3 114.9 
91 + 53a + 53a ~ 

94b + 51 + 52a 28.8 30.4 114.3 115.9 
116.5 115.9 

95a 

91 + 62a + 53a ~ 


95a + 60 + 51 18.9 16.1 140.1 137.3 
91 + 2(53a)~ 95a + 2(51) 43.6 43.7 138.1 138.2 

139.1 137.8 
95b 
91 + 62a + 53a ~ 

9Sb + 60 + 51 7.4 2.0 128.6 123.2 
91 + 53a + 53a ~ 95b + 2 (51) 32.1 29.6 126.6 124.1 

91 + 62a + 62a ~ 
95b + 2(60) -17.4 -25.6 130.5 122.3 

128.6 123.2 
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The results in chapter three suggested that the PM3 semi-empirical method is the most 

trustworthy for nitrogen heterocyclic heats of fomation. In the next chapter, MNDO, 

AMI and PM3 methods will again be compared with experiment and ab initio methods, 

to further assess their accuracy and predictive power. Isocyanate equilibrium geometries, 

predicted by all the semi-empirical methods, will be shown to agree well with 

experiment. The isocyanate equilibrium geometries, predicted by ab initio, are very 

sensitive to the inclusion of polarization functions in the basis set. The transition state 

geometries, and activation energy barriers, for the isocyanate cycloaddition reaction with 

alkenes to form ~-lactams, will be calculated with the MNDO, AMI and PM3 semi­

empirical methods. The semi-empirical activation barriers and transition state geometries 

will be compared with those obtained from high level ab initio calculations. Again, the 

PM3 method will be shown to yield results superior to MNDO and AMI. PM3 results 

are comparable to post-Hartree-Fock MP2 and MP4 results for the same systems. This 

chapter further justifies the use of PM3 a for nitrogen-heterocyclic study, because PM3 

yields results compaable to post-Hartree-Fock, at a small fraction of the post-Hartree­

F ock computer cost. 
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CHAPTER 4: 

SEMI-EMPIRICAL STUDY OF ISOCYANATE GEOMETRIES, AND J3­

LACTAM FORMATION THROUGH ALKENE-ISOCYANATE CYCLO­

ADDITION REACTIONS: 

4.1 Abstract: 

Semi-empirical and ab initio geometries and energies of ground state isocyanate 

molecules are compared with experimental results. Semi-empirical methods all 

produce isocyanate geometries that compare well with experiment. Without 

polarization functions, 3-21G, 6-31G, and 6-311G ab initio basis sets all perform 

poorly on isocyanate, and produce incorrect linear geometries. Inclusion of 

polarization functions improves the ab initio isocyanate geometries drastically, 

and brings the ab initio results in line with experiment. Semi-empirical methods 

(MNDO, AMI and PM3) are used to study the p-Iactam forming isocyanate 

cycloaddition reaction with various subsutituted alkenes. MNDO and AMI 

transition state geometries for these reactions differ significantly from ab initio 

transition state geometries, while PM3 activation energy barriers and transition 

states are in better agreement with high level ab initio results than either MNDO 

or AMI. The PM3 method is the most accurate semi-empirical method for the 

hydrogen isocyanate heat of formation. 
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4.2 Introduction: 

Isocyanates (1, Fig. 4.1) are useful in the syntheses of J3-lactams1 (3,5,7, 

Fig. 4.2) and imidazotetrazinones.2 Isocayantes are of interest to us because they 

are also produced in the decomposition reactions of benzotetrazepinones,3 which 

will be considered in chapters seven and eight. Isocyanates have been extensively 

studied with CNDO semi-empirical methods4
, as well as minimal and extensive 

9ab initio calculations.5­

R1 = 
a -HN1====C2 ===03 
b 	 -Me 

-CI 
R1
/ 	 c 

d -F 
1 e -C6H5 

Figure 4.1: Isocyanates 

To date, the most extensive ab initio studies are the MP4SDTQ/6-31G** 

calculations of Mack et. al.,9 and the MP2/TZ2P calculations of Handy et. al.5
• 

These studies yielded isocyanate geometries in excellent agreement with 

. I Iexpenmenta resu ts. 10-14 

Isocyanate cyc1oaddition reactions with olefins to form J3-lactams1 (Fig. 

4.2) have been studied at the ab initio RHF/6-31G* and MP2/6-31G* levels of 

theory by Cossio et. al.,15 and Fu et. al. 16 Such state-of-the-art calculations can 

yield excellent results, but they become costly when the number and size of 

molecules to be studied becomes large. Semi-empirical methods (MNDO, AMI 

and PM3) are theoretically less accurate than extensive ab initio calculations, but 

they are orders of magnitude faster, thus allowing a larger number of molecules to 

be studied. In chapter three, it was shown that semi-empirical methods (especially 

PM3) can yield useful heats of formation data for nitrogen heterocyclic 

compounds. 

99 



Semi-empirical methods are further tested in this chapter. MNDO, AMI, 

and PM3 equilibrium geometries for isocyanic acid (la), methyl-isocyanate (lb) 

and chloro-isocyanate (Ie) will be compared with the results from different levels 

of ab initio theory and experiment. Semi-empirical activation energy barriers and 

transition state geometries for isocyanate/olefm cycloaddition reactions will be 

compared with results from ab initio calculations, since no experimental transition 

state geometries of these systems exist. 

+ 

1 2 

N1===C2=03 + 

H
/ 

1a 4 

+ 

41a 

Figure 4.2: 


Isocyanate Cycloaddition Reactions with Olefms to form ~-Lactams 
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4.3 Calculations: 

All calculations were performed on a SUN Sparc 1 0 workstation using the 

GAMESS17 package. Full geometry optimizations with the Baker18 method were 

performed in all cases, and RHF wavefunctions used. Experimental values were 

used for input geometries. In all cases, the equilibrium geometries and transition 

states were verified as such by force constant analysis. Ab initio calculations 

used 6-31 G and 6-311 G and basis sets, with and without p- and d- polarization 

functions. Although isocyanate has been reported as planar, Cs symmetry was 

not enforced, because it would have biased any calculation that would otherwise 

report a non-planar geometry. Calculations which yielded planar optimized 

geometries when C1 symmetry was specified were re-initiated with Cs enforced, 

using the C} optimized geometry as input. 

4.4 Results and Discussion 

4.4.1. Isocyanate Geometries 

In Table 4.1, the MNDO, AMI and PM3 generated equilibrium 

geometries are compared with ab initio5
,9 and experimental results. In all cases 

(experiment, semi-empirical and ab initio) the isocyanate molecules are planar 

with non-linear NCO bond angles. The oxygen is trans to the nitrogen substituent 

(R} ). The NCO bond angle in isocyanic acid and methyl isocyanate is assumed to 

be 1800 by some experimental workers,10-13 but more recent results14 report a bent 

NCO bond, in agreement with our calculations. The NCO bond in 

chloroisocyanate is known to be bent. 1O
-
12 The MNDO, AMI and PM3 methods 

give a slightly more bent CNO bond angle than ab initio methods, with the PM3 

method in closest agreement with experiment. The AMI semi-empirical method 

was best at predicting the N=C and N-H bond distances in isocyanic acid (la). 
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Table 4.1: Semi-Empirical and Experimental Isocyanate Geometries 

RHF MP2 
MNDO AMI PM3 6-31G* 6-31G*a expt. 

H~drQgen ISQ!::~anate (la) 
Bond Lengths (1\) 

14a
N1=C2 1. 249 1.232 1.251 1.199 1.225 1.214

14a
C2=03 1.185 1.202 1.181 1.148 1.183 1.166

14a
N1-H 0.998 0.985 0.985 0.993 1.004 0.995

Bond Angles (degrees) 
14a

C2=N1-H 120.2 127.2 123.7 125.1 124.8 123.9
14a

N1=C2=03 167.6 166.7 168.7 174.3 171.7 172.6

Meth~l ISQ!::~anate (lb) 
Bond Lengths (1\) 

14b
N1=C2 1. 243 1. 236 1. 257 1.180 1.215 1.207

14b
C2=03 1.186 1. 202 1.180 1.158 1.190 1.166
N1-C4 1.443 1.415 1.449 1.437 1.440 
C4-H5 1.113 1.124 1.096 1. 080 1. 079 
C4-H6 1.115 1.124 1. 098 1.083 1. 083 

Bond Angles (degrees) 
14b

C2=N1-C4 130.1 132.2 129.3 142.9 137.6 	 140.1
180.0*14bN1=C2=03 167.1 165.7 168.3 174.9 172.3 

N1-C4-H5 112.1 112.1 112.0 110.7 110.6 
N1-C4-H6 107.3 106.1 105.9 108.6 108.7 

ChlQrQisQ!::~anate (l~) 

Bond Lengths (1\) 

N1=C2 1.276 1.264 1.267 1.217 1.241 1.21814e 
14C

N1-CI 1. 708 1. 658 1.695 1. 694 1. 709 1.703
14e

C2=03 1.178 1.194 1.174 1.141 1.181 1.165
Bond Angles (degrees) 

l4e
C2=N1-CI 116.5 121.5 124.4 120.2 121.9 119.5

l4e
N1=C2=03 168.8 166.7 169.4 173.8 169.7 171.5

14b
* angle of 180.0° was assumed by these authors. 
a = MP2/6-31G** optimized geometry from ref. 9 

102 



PM3 gave the best match to experiment for the H-N=C bond angle. The 

semi-empirical methods predict an N-H bond distance closer to experiment than 

the high level ab initio results. The C=O bond distance was moderately well 

predicted by the semi-empirical methods, with errors ranging from 0.019 to 0.036 

A. Note that the MNDO and PM3 predictions for the c=o bond length are better 

than the RHF/6-31G** predictions, and are essentially identical to the MP2/6­

31G** values.9 Of all the theoretical methods, PM3 gave a C=O bond length 

which is closest to experiment. 

The N=C bond distance was the least satisfactory semi-empirical 

prediction, with N=C bond lengths as much as 0.04 A larger than experiment. 

However, the best semi-empirical result (AMI) over-predicts the C=N bond 

length by about the same amount that RHF/6-31G** under-predicts this bond 

length. The MP2/6-31G** gave the closest match to the experimental N=C bond 

length. 

Ab initio and semi-empirical methods all predict that substitution of a 

methyl group (1b) in place of hydrogen in isocyanic acid had little effect on both 

N=C and C=Q bond distances. This is verified by the experimental results. In 

addition, both ab initio and semi-empirical methods predict only a slight change 

(1'1 in the N=C=O bond angle upon methyl substitution. Unfortunately, the 

experimentally determined geometry of methyl-isocyanate assumes an N=C=O 

bond angle of 180°, so there is no way to compare the theoretical predictions to 

experimental values.14b The semi-empirical and ab initio methods all show that 

the greatest effect of methyl substitution is the opening of the X-N=C bond angle, 

which ab initio predicts to open by 17°, and semi-empirical methods predict to 

open by SO to 10°. This parallels the experimental estimate of a 16.2° opening of 

this bond angle upon methyl substitution. 14b 

For chIoro-isocyanate (tc), all theoretical methods except HF/6-31 ** 

predict N=C and C=O bonds lengths drastically larger than the experimentally 

obtained values. The semi-empirical and MP2/6-31G** ab initio methods9 

predict increases of 0.015 to 0.028 Ii in the N=C bond distance upon chIoro­
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substitution. The experimental results show a 0.004 A increase in this bond length. 

The HF/6-310** C=N bond length is much better than the MP/6-310** result9 

for this bond length, even though MP2 is a higher level of ab initio theory than 

HF. This shows that going to a higher level of ab initio theory does not 

necessarily produce better results. 

The MNDO and PM3 methods predict the N-Cl bond length quite well, 

(MNDO gives a better match to experiment than ab initio in this case) while the 

AMI method seriously underestimates this bond length. The CI-N=C bond angle 

predictions are quite different between the semi-empirical methods, with AMI 

and PM3 overestimating and MNDO underestimating this bond angle. However, 

the semi-empirical CI-N=C bond angles are comparable to the ab initio and 

experimental values. 

Overall, the most glaring weakness of the semi-empirical methods in 

reproducing experimental isocyanate geometries is the drastic overestimation of 

the N=C bond distance. Another weakness of the semi-empirical methods is their 

underestimation of the N=C=O bond angle. However, the semi-empirical methods 

do match experiment and ab initio results by predicting a non-linear N=C=O bond 

angle. With regards to other geometric parameters, the semi-empirical results are 

comparable to the ab initio results. The post-HF MP2 and MP4 methods used by 

workers in references 5,9,15 and 16 require more than 6000 times the amount of 

computer CPU time required by the semi-empirical methods. 

4.4.2. Effect of Polarization Functions on ab initio Optimized Isocyanate 

Geometries: 

Mack et. a1.9 found that a 3-210 basis set, without polarization functions, 

predicts a linear H-N=C bond angle. Modelling isocyanates with ab initio 

methods reveals that inclusion of polarization functions in the ab initio gaussian 

orbital basis sets is necessary to correctly model isocyanates. This point can be 

exemplified by examining the effect of polarization functions on the ab initio 

geometries of isocyanate (la), Table 4.2. Here, the results of HNCO geometry 
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optimization using a 6-311 G basis set, with and without polarization functions 

(Table 4.2) are given. Without polarization functions, many ab initio basis sets 

incorrectly predict an H-N=C bond angle of almost 180°. This total disagrees with 

experiment. The error occurs with the 3-21G, 6-31G and TZV basis sets, as well 

as the 6-311 G basis set results given here. In addition, the N=C=O bond is 

predicted to be almost 1800 in the absence ofpolarization functions. 

Addition of one p-type polarization function to the hydrogen changes the 

ab initio N=C=O bond angle to 174.8°, which is closer to experiment, and is 

qualitatively correct in its prediction of a non-linear N=C=O bond angle. The p­

type polarization function changes the H-N=C bond angle to 146.9°, which is 

closer to experiment than the 180° angle predicted in the absence of polarization 

functions, but is still drastically wrong, and inferior to the semi-empirical results. 

The p-type function also brings all the bond distances into better agreement with 

experiment. 

Addition of one d-type polarization function to each of the heavy atoms 

yields predictions of the H-N=C and N=C=O bond angles in very good agreement 

with experimental results. One d-type function brings the N=C and N-H bond 

distances into better agreement with experiment, but inclusion of the d-type 

function only results in a short c=o bond and a long H-N bond. This is in direct 

contrast with the non-polarized and p-only polarized results, which produce a long 

c=o bond and a short N-H bond relative to experiment. 

Addition of one p-type and one d-type polarization function yields 

isocyanate geometries very similar to the geometries produced by one d-type 

polarization function alone; the difference between the two cases is a slight 

lengthening of the H-N and N=C bonds, a slight shortening of the C=O bond, and 

a slight decrease of the H-N=C and N=C=O bond angles. Addition of three p­

type and three d-type polarization functions yielded results very similar to those 

obtained with only one ofeach type ofpolarization function. 
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Table 4.2: 

Effect of Polarization Functions on Ab Initio Isocyanate Geometry Prediction 


Polarization 
Functions 6-311G Basis set 6-31G 

# p-type 0 101 3 3 

# d-type o o 1 1 3 3 

Bond Lengths (A) 

N1=C2 1.163 1.179 1.195 1.196 1.198 1. 202 
N1-H4 0.972 0.980 0.991 0.994 0.993 0.995 
C2=03 1.182 1.175 1.140 1.139 1.137 1.141 

Bond Angles (degrees) 

C2=N1-H4 179.9 146.9 125.7 123.9 122.2 121. 2 
N1=C2=03 180.0 174.8 174.3 174.4 174.1 174.5 

In total, these results indicate that although high level ab initio results for 

the isocyanates give slightly better results than the semi-empirical methods, one 

must be very cautious when using low level ab initio theories. Even without 

polarization functions, the RHF/6-311G ab initio calculation is about >1000 times 

more computationally costly than semi-empirical calculations; however, it yields 

results which are qualitatively incorrect, and far inferior to the semi-empirical 

results. 

4.4.3. Isocyanate Heats of Formation 

Little thermodynamic data exists for isocyanates,9 but the heat of 

formation ofhydrogen isocyanate (la) is known. 19 The hydrogen isocyanate heat 

of formation has also been computed by isolobal reaction schemes using extensive 

ab initio total energies?O In addition, the methyl isocyanate heat of formation was 

calculated using the 6-31G* * energy of the isodesmic reaction scheme 
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in conjunction with ammonia (-11.0 kcal/mol), methylamine (-6.7 kcal/mol) and 

HNCO (-27.2 kcallmol) experimental heats of formation. 19 

Semi-empirical, experimental and ab initio isocyanate heats of formation 

are compared in Table 4.3. There are no experimental or ab initio heats of 

formation for lc-le with which to compare the semi-empirical results. 

Comparison of experimental, ab initio and semi-empirical la and Ib heats of 

formation shows that semi-empirical methods correctly predict la and Ib to be 

exergonic with respect to the elements, but there are consistent errors of 10-17 

kcal/mol in semi-empirical isocyanate heats of formation. PM3 is in closest 

agreement with ab initio and experiment, while MNDO is in worse agreement. 

Table 4.3: Semi-Empirical Isocyanate Heats of Formation: 

Mif (kcal/mol) 

b . . . 20MNDO AM1 PM3 a 2n2t20* expt. 
Isocyanates 
1a ( -H) -10.8 -15.2 -15.3 -22.4 -24.4 

-21.4 -24.6 -22.5 
1b ( -Me) -16.2 -13.9 -18.5 -25.7 

-26.8 -23.4 -25.7 
1c (-Cl) 5.7 10.4 -14.4 
1d ( F) -11. 3 -5.2 -6.6 
1e (-C6H5) 14.1 18.2 11. 8 

corrected semi-empirical heats of formation (in italic) calculated from 

corrected 8Hf = semi-empirical 8Hf + correction term 


correction terms (kcallmol) 

MNDO AMI PM3 

- 10.6 -9.5 -7.2 
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Because there is only one experimental isocyanate heat of formation, the 

ab initio isocyanate heats of formation were used to calculate correction terms for 

the MNDO, AMI and PM3 isocyanate heats of formation. The correction terms 

were calculated by simply averaging the differences between the semi-empirical 

and ab initio la and Ib heats of formation. The correction terms and resulting 

'corrected' semi-empirical isocyanate heats of formation are also in Table 4.3. 

These correction terms will be used to compare semi-empirical and ab initio 

isocyanate + olefin ~ lactam heats ofreaction. 

4.4.4. Cycloaddition Reactions with Alkenes: 

Cycloaddition reactions between isocyanates and alkenes to form lactams 

(Fig. 2) have been extensively studied with high level ab initio theory by Cossio 
15 16et. al., and Fu et. al. Both groups found the reaction to occur through a 

concerted [2+2] suprafacial mechanism, without involvement of intermediates. 

All transition states, except for the la + 6 ~ 7 reaction transition state (TS3), 

had Cs symmetry. The MNDO, AMI and PM3 semi-empirical methods parallel 

the ab initio results and predict concerted [2+2] suprafacial planar transition 

states, all ofwhich (except for TS3) have Cs symmetry. 

The ab initio and semi-empirical reaction energies are compared in Table 

4.4. Semi-empirical reactant and product heats of formation used to calculate the 

heat of reaction are in Table 4.Al (Appendix). Corrected semi-empirical 

reaction energies take in to account the previously discussed corrections to the 

hydrogen isocyanate and the methyl isocyanate heats of formation. Semi­

empirical olefin heats of formation agree well with experiment, therefore no 

correction terms are required for their heats of formation. No experimental p­

lactam heats of formation exist with which to compare the semi-empirical p­
lactam heats of formation. 
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Although there are discrepancies between the semi-empirical and ab initio 

reaction energies, all methods predict a net exothermic reaction. In some cases 

there is excellent agreement between ab initio and semi-empirical reaction 

energies, but this agreement is inconsistent and apparently random. PM3 and 

MNDO agree well with ab initio lc + 2 ~ 3c reaction energies, while AMI 

agrees well ab initio la + 2 ~ 3a reaction energies. The corrected PM3 la + 2 ~ 

3a heat of reaction agrees well with the ab initio value. Overall, the semi­

empirical MNDO method predicts more exothermic .reaction energies than do the 

ab initio or the other semi-empirical methods, probably because of MNDO's 

overestimation of 4-membered ring stabilities.21 The differences between semi­

empirical and ab initio reaction energies range from 0.7 - 21 kcal/mol. It should 

be noted that within different levels of ab initio theory there are discrepancies of 

3-7 kcal/mol between reaction energies. 

Table 4.4: 
Comparison of ab initio and Semi-Empirical fl-Lactam Reaction Energies 

LlHrxn (kcal/mol) 

Isocyanates with ethene 6-31G* 
MNDO AM1 PM3 RHF RMP2 RMP4 

( -H) -31.5 -10.2 -23.1 -10.9 -15.0 -14.1 
-20.9 -0.7 -15.9 

( -Me) -29.7 -7.8 -22.4 
(-Cl) -29.0 -8.9 -22.7 -22.3 -29.7 
( -F) -31.2 -8.0 -25.3 
(-C6Hs) ip -27.8 -10.4 -24.5 

HNCO with 
(C2H3OH) -33.5 -9.7 -32.7 -13.1 -16.4 
( C3H4 ) -36.7 -11. a -28.4 -18.5 -22.4 

4.4.5. Activation Barriers: 

The semi-empirical activation barriers are in Table 4.5, along with the ab 

initio values from the literature for comparison. For R H, the MNDO and 

lO9 
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AMI activation barriers lie between the RMP2/6-3IG** and the RHF/6-31G* 

values,IS,16 while PM3 is 5.8 kcal/mol smaller than the RMP2 barrier, and 

compares quite well with the very high level and computationally expensive 

RMPSDTQ/6-31Gu value. IS PM3 reaction barriers for the la + 4 ~ 5 and the 

la + 6 ~ 7 reactions are a comparable 4-6 kcallmol smaller than the RMP2 

results, suggesting that the PM3 results would agree well with results from 

RMPSDTQ/6-31 G** calculations. 

All methods predict a decrease in the activation barrier upon substitution 

of -CI or -F for -H, although the semi-empirical methods predict a smaller 

decrease than do the ab initio methods. Little change in the activation barrier 

upon substitution of -CH3 for -H is shown by both semi-empirical and ab initio 

methods. Semi-empirical activation energy barriers also change little upon 

substitution of an aryl ring for -H in isocyanate. There are no ab initio values to 

compare with the semi-empirical aryl isocyanate reaction barriers. 

Table 4.5: Activation energies of Isocyanate/ethene cycloadditions 

AEactivation (kcal/mol) 
semi-empirical ab initio (6 31G*) 
MNDO AMI PM3 RHF RMP2 RMP 

/SDTQ 
TSl 
R1 NCO + C2H4 
a) Rl = -H 48.9 48.1 37.8 57.1 43.6 40.7 
b) RJ. = - CH3 51.4 48.8 36.8 59.1 40.9 
c} Rl = -F 37.2 38.1 28.6 32.2 15.8 
d) Rl = -Cl 35.7 34.9 31.5 39.5 22.1 
e) Rl = -C6 HS 50.5 47.5 36.4 

TS2 
HNCO + C3H4 38.4 60.0 44.9 

TS3 
HNCO + C2H3OH 40~2 26.7 40.6 30.2 
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4.4.6. Transition State Geometries: 

Although both semi-empirical and ab initio methods predict concerted 

mechanisms, semi-empirical transition state geometries differ considerably from 

the ab initio geometries. 15
,16 Ab initio transition states are slightly asynchronous, 

with C2-C3 bonds 0.2-03 A shorter than NI-C4 bonds at the transition state. 

Semi-empirical methods all predict an -opposite asynchronous transition state, 

with C2-C3 bonds longer than C4-NI bonds (Table 4.6). The AMI transition 

states are all markedly asynchronous, with C2-C3 bonds 0.6 - 0.8 A longer than 

the NI-C4 bonds. The PM3 results are less exaggerated, with C4-NI bonds only 

0.3 - 0.4 A shorter than the C2-C3 bonds. Interestingly, for R = -F, MNDO 

predicts a transition state with a geometry very similar to ab initio, but for all 

other substituents, MNDO transition states resemble AMI transition states (Le. 

pronounced asyncronicity). 

Table 4.6 Semi-empirical Transition State CI-C3 and N2-C4 Bond 
Distances 

BOND LENGTHS (A) 

MNDO AM1 PM3 MNDO AM1 PM3 
TSla TSlb 
C2-C3 2.411 2.433 2.212 C2-C3 2.247 2.363 2.171 
N1-C4 1.705 1. 649 1.864 N1-C4 1. 843 1.716 1. 920 

TSlc TSld 
C2 C3 1. 849 2.237 2.151 C2-C3 2.514 2.324 2.180 
N1-C4 2.442 1.806 1. 984 N1-C4 1.700 1.763 1.926 

TSle 
C2-C3 1. 848 2.287 2.170 
N1-C4 2.303 1.778 1.932 

TS2 ( C3 H4 ) TS3 (-OH) 
C2-C3 2.253 C2-C3 1. 634 2.050 
N1-C4 1.856 N1-C4 2.316 2.037 
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Despite the differences between semi-empirical and ab initio transition state 

geometries, trends in semi-empirical transition state geometries reflect trends in 

the ab initio results; substitution of -F and -Cion isocyanate shortens C I-C3 

bonds and lengthens N2-C4 bonds in ab initio transition states, which parallels the 

trend observed with semi-empirical methods. Overall PM3 gave the closest 

match to ab initio TS geometries. Overlays of PM3 and ab initio TSla stick 

diagrams (Fig. 4.3) highlights the similarities and differences between the two. 

The greater asynchronicity of semi-empirical as compared with ab initio transition 

states is not surprising, and has been observed in other cycloadditions involving 

heteroatoms.22 

/C
oo HaolnliloPM3 

~c 
o 

Overlay 

Figure 4.3: 

Overlays ofPM3 andAb Initio TSla Transition State Geometries 
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4.5 Conclusions: 

Isocyanate, methyl-isocyanate and chloro-isocyanate geometries were 

modelled with semi-empirical and ab initio quantum mechanical methods. Semi­

empirical methods verified the experimental findings ofa bent N=C=O bond in all 

cases, although they were poor at predicting the C=O and N=C bond lengths. 

Without polarization functions, ab initio methods yielded drastically incorrect 

predictions of linear H-N=C bond angles for these molecules. However, addition 

of polarization functions to ab initio basis sets corrects this error, and reasonable 

geometries result. 

The semi-empirical methods gave seemingly reasonable and consistent 

heats of formation for isocyanate and methyl-isocyanate, which can easily be 

corrected to match experiment and ab initio. When the semi-empirical correction 

terms for isocyanate heats of formation are applied to isocyanate + olefm ~ 

lactam reactions, the resulting corrected PM3 reaction energies agree well with 

high level ab initio. 

Overall, the PM3 treatment of the isocyanate + olefin ~ lactam reaction 

was in best agreement with high level ab initio. With either hydrogen isocyanate 

or methyl isocyanate as a reactant, PM3 activation barriers agree well with post­

Hartree-Fock values. 

Recently, Jursic23 has shown that performing ab initio density-functional 

stationary point calculations on semi-empirical optimized structures in the 

acetylene-oxazolium cycloaddition reaction produced a reaction coordinates 

essentially identical to that produced by full geometry optimization with ab initio 

methods. The time required to perform the complete optimizations with ab initio 

density-functional method is orders ofmagnitude greater than that required for the 

semi-empirical optimizations. In this work, the semi-empirical MNDO and AMI 

transition state geometries were markedly more asynchronous than the 

corresponding ab initio transition states. The PM3 transition states showed great 

similarity with ab initio transition states, suggesting the PM3 transition state 
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geometries are useful input for either single point or geometry optimization ab 

initio transition state calculations. For these systems, PM3 yields transition state 

geometries and activation barriers comparable to high-level ab initio results at a 

small fraction of the computer cost. These considerations justify the continued 

use of semi-empirical methods (especially PM3) for the remainder of this thesis. 
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Appendix 4.A 

Table 4.Al: Semi-Empirical Product and Reactant Heats of Formation: 

2 (C2H4 ) 

3a ( -H) 
3b ( -Me) 
3c (-Cl) 
3d ( -F) 

3e (C6Hs) ip 
3f (C6Hs ) oop 

4 (C3H4 ) 

Sa 

6 (C2H3OH) 

7a 

LlHf 

MNDO 

15.4 

-26.9 
-30.5 
-7.9 

-27.1 
1.7 
2.0 

43.9 

-3.6 

-34.3 

-76.8 

(kcal/mol) 

AMI 

16.5 

8.9 
-5.2 
18.0 
3.3 

24.3 
29.1 

46.1 

19.9 

-30.3 

-55.2 

PM3 

16.6 

21. 8 
-24.3 
-20.5 
-15.3 

3.9 
7.9 

47.1 

3.4 

-21. 7 

-69.7 
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The results of chapters three and four suggested that the PM3 method would be the most 

suitable semi-empirical method for studying nitrogen heterocyclic compounds. The 

testing of the semi-empirical method continues in this chapter, with the study of 

diazoazoles and azolylidenes. Diazoazole structures and heats of formation will be 

calculated with ab initio atom equivalent methods, and the MNDO, AMI and PM3 semi­

empirical methods. Interestingly, the systematic MNDO and AMI azole heat of 

formation errors discussed in chapter three resurface as similar trends in the MNDO and 

AMI diazoazole heats of formation. The PM3 and ab initio diazoazole heats of 

formation are in good agreement, suggesting that these are the first trustworthy estimates 

of diazoazole heats of formation. With azolylidene stabilities, PM3 is again shown to be 

superior to MNDO and AM I, yielding results which agree with ab initio and experiment. 

The PM3 and ab initio calculations on 4-triazolylidene are used to explain the different 

products obtained from photolysis and thermolysis of 4-diazo-l ,2,3-triazole. In total, this 

chapter is further justification for the continued use of PM3 to investigate nitrogen 

heterocyclic structure and reactivity. 
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5.1 Abstract: 

Semi-empirical (MNDO, AMI, PM3) and ab initio (RlUHF/6-31G**) 

methods are used to calculate the geometries, energies and heats of formation of a 

series of diazoazoles and azolylidenes. Unsubstituted azoles, cyclopentadiene, 

diazo-cyclopentadiene and aminoazoles are studied for comparison. Ab initio and 

semi-empirical conformational analyses demonstrate the floppy nature of the diazo 

C=N=N bond angle. Ring bond lengths in diazoazoles show that bond localization 

is greater in diazoazole rings than in azole or aminoazole rings. Ab initio atom 

equivalent diazoazole heats of formation compare well with the PM3 semi­

empirical values. Calculations predict that the triplet spin state is the most stable 

for all cyclic azolylidenes. All singlet state azolylidenes except 4-triazolylidene are 

stable high energy cyclic species. Singlet state 4-triazolylidene is unstable and 

spontateously undergoes ring scission to diazoacetonitrile, while triplet state 4­

trizaoylidene is stable as a cyclic structure. The results for 4-triazolylidene are used 

to explain why different products are obtained from thermolysis and photolysis of 

4-diazo-l,2,3-triazole. 
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5.2 Introduction: 

Diazoazoles (1h-lf, Fig. 5.1) were synthesized by Thiele in 1892, I and their 

structure detennined in the 1950's by analogy with the suggested structure of 

diazocyclopentadiene. Interest in the diazoazoles has increased because of their 

synthetic usefulness: they can be used to prepare fused heterocyclics, via 

cycloaddition reactions with alkenes, alkynes and isocyanates,2-7 while reactions 

between diazoazoles and 1, I-dimethoxyethene produce interesting spiro-bicyclic 

compounds via [3+2] cycloadditions, which are similar to cycloaddition reactions 

between diazocyclopentadiene (la, Fig. 5.1) and alkynes.8
,IO Some substituted 

diazoazoles internally cyclize because of the flexibility of the C=N=N bond angle. I I 

Diazoazoles can lose nitrogen upon thennolysis or photolysis to fonn azolylidenes, 

which are carbenic intennediates (2b-2f, Fig. 5.1) that can react with points of 

unsaturation in alkenes? Azolylidenes exist in both singlet and triplet states,12 but 

it is believed that the singlet state prevails. 

Because of the relative instability, and sometimes explosive nature of these 

compounds, few X -ray structural data or experimental enthalpies of fonnation exist 

for unsubstituted diazoazoles.2a No experimental enthalpies offonnation or X-ray 

structural data exist for azolylidenes. Therefore, semi-empirical and ab initio 

methods are used to study the geometries and the stabilities of diazoazoles and 

azolylidenes; azoles, aminoazoles, cyclopentadiene and diazo-cyclopentadiene 

will also be studied for comparison. In particular, the C=N=N bond angle 

flexibility will be studied, because the flexibility of this group is believed to play a 

role in diazoazole cycloaddition and internal cyclization reactions. The degree of 

aromaticity m azoles, diazoazoles, aminoazoles, diazocyclopentadiene, 

cyclopentadiene and the cyclopentadienyl anion will be assessed by comparing 

azole ring bond lengths. Heats of fonnation will be generated by semi-empirical 

and atom equivalent ab initio methods. 13
,14 Geometries, relative stabilities and 

heats of fonnation of singlet and triplet state azolylidenes will also be discussed. 
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... 

21 
cyclopentadienylidenediazocyclopentadiene 
and azolylidenes and diazoazoles 

1 and 2 

a W,X,Y,Z = C-H 
b W=N X,Y,Z=C-H 
b' X=N W,Y,Z=C-H 
c W,Z=N X,Y=C-H 
c' W,Y=N X,Z= C-H 
d W,X=N Y,Z= C-H 
d' X,Y=N Z,W=C-H 
e W,X,Y=N Z=C-H 
e' W,X,Z=N Y=C-H 
f W,X,Y,Z=N 

Figure 5.1: 


Diazocyc1opentadiene, Diazoazoles and Corresponding Azolylidenes 


5.3 Calculations: 

Calculations were performed on a SUN SparclO workstation using the 

GAMESS15 package. Preliminary input geometries were generated by 

functionalizing azoles with a diazo group whose bond lengths and angles were the 

same as in diazomethane. Alternate inputs used aromatic diazonium bond lengths 

to generate the diazo group. Both preliminary geometries gave the same structure 

when optimized at the semi-empirical level. Fully optimized MNDO, AMI and 

PM3 geometries were used as input for the 6-31G** geometry optimizations. The 

6-31 G** calculation would always return the same structure regardless of input 

geometry (MNDO, AMI or PM3); RHF wavefunctions were used for singlet state 

molecules; UHF wavefunctions were used for triplet state azolylidenes, whose 

input geometries were generated by eliminating the diazonium nitrogen atoms from 
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the corresponding diazoazole geometries. Equilibrium geometries were verified as 

local minima by force constant analysis. Ab initio calculations used 6-310* and 6­

310** basis sets. Although diazoazoles have been reported as planar, Cs symmetry 

was not enforced (because it would bias any calculation that would otherwise report 

a non-planar geometry). Calculations which yielded planar optimized geometries 

were re-initiated with enforced Cs symmetry. Some structures were initiated with 

C2v symmetry where possible. All diazoazoles were found to be planar. 

Diazocyclopentadiene and some azoles (ld, Ie, If) were found to have C2v 

symmetry. Ab initio total energies used in this study are in appendix Table 5.AI. 

Ab initio heats of formation were generated using both Castro'sJ3 and Yala'sl4 

methods. 

5.4 Results and Discussion: 

5.4.1. Diazoazole Geometries: Diazoazoles with C2v symmetry have 'linear' 

(C=N=N bond angles (180°)), while the others have near 'linear' (C=N=N bond 

angles (>178°)) diazo groups. This compares well with the 179.1° C=N=N X-ray 

value for 3-diazoindazole.16 All methods predict carbon-diazo C-N distances to be 

between 1.30 Aand 1.34 A, which is closer to 1.32 Aaliphatic C-N diazo bond of 

diazomethane than the average 1.402 A C-N bond of other aromatic diazonium 

compounds.2
,2a Diazo N=N bond distances range between I.13A (semi-empirical) 

and 1.08 A (6-310**), which is close to the X-ray values for 3-diazoindazole16 (X­

ray: C-N == 1.338 A; N=N 1.110 A) and 4-acetyl-3-diazo-2,5-diphenylpyrrole2a (X­

ray: C-N = 1.338 A; N=N 1.11 0 A). The semi-empirical and ab initio methods all 

predict a lengthened diazo C=N bond and a shortened N=N diazo bond with 

increasing number of nitrogen atoms in the azole ring. 

5.4.2. Diazo Group Flexibility: 3-D plots in Fig. 5.2 show semi-empirical and ab 

initio diazoazole energies as a function of the C=N=N bond angle and the W­

C=N=N torsion angle. Semi-empirical methods predict a highly flexible C=N=N 
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bond angle, which requires only 20 kcallmol to distort from the equilibriwn value 

of 1800 to 135°. Ab initio predicts slightly less flexibility in this bond angle, 

requiring 28 kcallmol for the same distortion. In all cases, distortions of <30° 

require 6 kcaVmol or less. to Semi-empirical results predict almost free rotation 

about the W-C=N=N torsion angle at any given value of the C=N=N bond angle. 

Ab initio energies about the same torsion angle are slightly affected by the C=N=N 

bond angle, as shown by the maxima along the W-C=N=N torsion angle axis at 

C=N=N values of 160° or less. The largest ab initio barrier to free rotation around 

the W-C=N=N torsion angle (at a C=N=N bond angle of 135.0°) is 11.6 kcal/moL 

The differences between the semi-empirical and ab initio results are minor 

considering the magnitude of the C=N=N bond angle distortions. Ab initio results 

predict a more restricted W-C=N=N torsion angle than do semi-empirical 

calculations, but both methods suggest a 'floppy' C=N=N group, whose bond angle 

may easily bend by >30°. The floppiness of the diazo group is probably what 

allows substituted diazoazoles to undergo autocyclizations and cycloaddition 

reactions. 

5.4.3. Bond Lengths and Delocalization in Diazoazoles: Variations in bond 

lengths around ring systems have been systematically used to assess their aromatic 

character in various chemical environments; 16b bond delocalization results in zero 

to minor bond length variations around a ring system, while bond localization 

results in large bond length variations, corresponding to localized single and double 

bonds. Variations in 6-31 G* * ring bond lengths in diazocyclopentadiene, 

cyclopentadiene and the cyclopentadienyl anion are compared graphically in Fig. 

5.3. Cyclopentadiene is a highly localized system, and therefore, the bond lengths 

vary in a drastic zig-zag fashion reflecting localized single and double bonds. In 

contrast, the cyclopentadienyl anion is completely delocalized, so the ring bond 

lengths are constant throughout the system. 
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6-31G** Bond Lengths in Cyclopentadiene, 
Diazocyclopentadiene and Cydopentadienyl Ring Systems 

1.60 ~----r---'--..-........,"'-----r---'---...-----' 


0 cyclopentadiene 
1.55 diazocyclopentadiene 

'" cyclopentadienyl ion 

1.50 

1.45 
j 

Bond 
Lengths 

1.40 
0 

(A) 

1.35 

1.30 

1.25 

1.20 
1-2 	 2-3 3-4 4-5 5-1 

Bonds 

C3~C\ (f)
I e C1-N=N 
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4=' 
cyc10pentadiene diazocyclopentadiene cyclopentadienyl 

anion 

Figure 5.3: 


6-31 G* * Ring Bond Length Variations in Cyc1opentadiene, Diazocyclopentadiene 


and the Cyc10pentadienyl Anion 
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Diazocyclopentadiene ring bond length variations closely resemble those in 

cyclopentadiene, although the magnitude of the differences between the 'single' and 

'double' bond lengths are smaller in diazocyclopentadiene. However, the 

comparison does reveal that bond localization in diazocyclopentadiene is similar to 

that m cyclopentadiene; thus, there IS little aromatic character m 

diazocyclopentadiene, and the ring system is best described as an alternant 

hydrocarbon, rather than an aromatic system like the cyclopentadienyl anion. 

Experimental azole ring bond lengths for 3-diazoindazole (X_ray)16 and 

pyrazole (microwave (MW))16C are compared with the calculated 6-310** azole 

ring bond lengths of pyrazole and 3-diazopyrazole (Fig. 5.4). Although numerical 

discrepancies exist between the calculated and the experimental results, the plot in 

Fig. 5.4 reveals that unsubstituted pyrazole CI-N2, N2-N3 and N3-C4 bond lengths 

vary only slightly (from 1.34-1.35 A for CI-N2 to 1.34-1.31 A for N3-C4). Lengths 

of the corresponding bonds in 3-diazopyrazole and 3-diazoindazole vary in a zig­

zag fashion, reflecting the single-bondldouble-bond alternation drawn in the 

diazopyrazole chemical structure. Similar variations in other X-ray azole ring bond 

lengths have been attributed to increased bond localization. 17 Thus, as with 

diazocyclopentadiene, diazoazoles appear to be more localized and less aromatic 

than their unsubstituted azole counterparts. 

The effects of an amino and diazo substitution on azole ring bond lengths 

are compared in Fig. 5.5a and Fig. 5.5b. Computed (6-310**) ring bond lengths 

in imidazole, pyrrole and their 2-amino derivatives show that amino substitution 

has little effect on azole ring bond lengths, indicating that bond deiocalization is 

similar in both unsubstituted azoles and aminoazoles. However, diazo substitution 

alters the pattern of azole ring bond lengths substantially. Azole ring bond length 

variations in diazoazoles bear closer resemblance to the zigzag pattern of bond 

length variation found in diazocyclopentadiene and cyclopentadiene. This effect 

was observed for all the diazoazoles in this study, in both the ab initio and semi­

empirical results. Thus, at least by bond length criteria, it appears that azole rings 
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in diazocyclopentadiene and diazoazoles are more localized than their unsubstituted 

azole, cyclopentadienyJ anion and aminoazole counterparts. 

Azole Ring Bond Lengths in Pyrazole (MW, 6-31G**) 
3-diazoindazole (X-Ray) and 3-diazopyrazole (6-31G**) 

1.60 ,..-----,----···,----..----,---T····----, 

1.55 pyrazole (MW) 
• diazoindazole (X-ray) 
.. 6-31G** pyrazole 
,. 6-31G** diazopyrazole 

1.45 
Bond 

Length 1.40 
o 

(A) 
1.35 

1.30 

1.25 

1-2 2-3 3-4 4-5 5-1 

Bonds 

Atom numbering schemes 

3-diazoindazole diazopyrazole pyrazole 

Figure 5.4: 


Comparison ofExperimental and 6-31G** Azole Ring Bond Lengths in 


Unsubstituted Azoles and Diazoazoles 
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6-3IG** Bond Lengths in imidazole, 6-3IG** Bond Lengths in pyrrole, 
2-aminoimidazole and 2-diazoimidazole 2-diazopyrrole and 2-aminopyrrole
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Figures 5.5a and 5.5b: 


Comparison of 6-31 G** Azole Ring Bond Lengths in Unsubstituted Azoles, 


Aminoazoles and Diazoazoles 
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5.4.4. Azole Heats of Formation: Experimental and semi-empirical heats of 

formation of unsubstituted azoles were discussed at length in chapter three, and the 

results are reiterated here (Table 5.1). Semi-empirical PM3 azole heats of 

formation fit experimental data well,18 MNDO performs well on azoles as long as 

N=N-N linkages are absent in the azole ring,19 while AMI consistently 

overestimates azole heats of formation by 20-30 kcaVmo1.20 Corrections to MNDO 

and AMI azole heats of formation have been suggested,19a but in light of the close 

fit between experimental and PM3 data, and the discussion in Chapter Three, the 

PM3 results are probably a more trustworthy semi-empirical method for azoles, and 

possibly diazoazoles. 

Table 5.1: 

Semi-Empirical and Experimental Azole Heats of Formation: 


Compound ARf (kcal/mol) 
MNDO AMl PM3 expt. 

cyclopentadiene 32.1 37.1 31.8 31.9a 

pyrrole 32.5 39.9 27.1 26.0b 

imidazole 33.3 50.8 31.3 35.0b 

pyrazole 45.4 65.6 48.8 44.0c 
el,2,3-triazole 49.8 86.4 67.9 63. g 

l,2,4-triazole 43.7 76.9 51. 8 46.0 d 

tetrazole 53.8 109.7 86.2 80.1a 

(a) ref. 21 (b) ref. 22 (c) ref. 23 
(d) ref. 24 (estimated experimantal value) 
(e) ab ini tio value from isolobal reaction schemes 
(Chapter Three) 

5.4.5. Diazoazole Heats of Formation: Atom equivalent methods can be used to 

estimate diazoazole heats of formation from ab initio total energies. Castro13 and 
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Yala14 have both introduced simple methods by which heats of formation can be 

calculated from 6-31 G* total energies and a small set of ab initio atom equivalents. 

Ab initio atom equivalent heats of formation are calculated from ab initio 6-31 G* 

total energies (Eel) using the equation 

where ks is the number of atoms of a given type, and Bis is the atom equivalent 

parameter for the atom type. The summation is over all atoms in the molecule. 

Atom equivalent parameters from both Castro's work (A, ref. 13) and Yala's work 

(B, ref. 14) were used, because these methods work well on cyclopentadiene, (heats 

of formation errors of less than 0.5 kcal/mol from experiment) and diazomethane 

(errors 3-4 kcallmol from experiment). Large errors (>6 kcal/mol) arise when these 

atom equivalent methods are applied to highly delocalized systems, such as azoles 

and benzene. However, both the C-N diazo bond lengths and the diazoazole ring 

bond lengths suggest that the diazoazole ring systems have altemant hydrocarbon 

character; therefore, the atom equivalent methods should give reasonably accurate 

ab initio diazoazole heats of formation, with errors less than that observed for the 

atom equivalent ab initio benzene heat of formation. 

Atom equivalent ab initio and semi-empirical diazoazole and 

diazocyclopentadiene heats of formation are in Table 5.2. Values of diazomethane 

heats of formation are also given for comparison. The semi-empirical and ab initio 

diazocyclopentadiene heats of formation agree well, although PM3 gives a result 

which is a bit low. However, the low PM3 result is to be expected, since PM3 

underestimates the diazomethane heat of formation by 10 kcallmoL MNDO, which 

performs well on cyclopentadiene and gives the best semi-empirical result for 

diazomethane, gives the closest match to the ab initio diazocyclopentadiene heat of 

formation. 
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As the number of nitro gens in the diazoazole azole ring increases, the PM3 

heats of formation give the closest match to the ab initio heats of formation. The 

trends in semi-empirical diazoazole heats of formation reflect the trends observed 

in semi-empirical azole heats of formation. MNDO and PM3 values agree well for 

diazopyrrole and diazo imidazole, and moderately well for diazopyrazole, as they do 

for unsubstituted pyrrole, imidazole, and pyrazole. However, as with triazoles and 

tetrazole, MNDO diazotriazole and diazotetrazole heats of formation are 

consistently lower than the PM3 values by magnitudes similar to the differences 

between MNDO and PM3 triazole and tetrazole heats of formation. AMI 

consistently gives diazoazole heats of formation which are 20-30 kcallmol higher 

than the PM3 values, reflecting the AMI errors in azole heats of formation. The 

differences in MNDO, AMI and PM3 diazoazole heats of formation are probably 

due to the inability of MNDO and AMI to accurately treat azole rings; the 

differences between the PM3, AMI and MNDO diazoazole heats of formation are 

the same as the differences between PM3, AMI and MNDO unsubstituted azole 

heats of formation. 

Table 5.2: Semi-Empirical and Ab initio Diazoazole and Diazocyclopentadiene 
Heats of Formation: 

Compound ~Hf (kcal/mol) 
MNDO AMI PM3 6-31G* expt. 21 

A B 
1a 98.1 105.3 94.3 101.8 99.8 
1b 101.7 120.3 97.5 103.2 99.2 
1b' 102.9 116.7 99.3 100.2 96.3 
1c 105.2 135.9 102.1 100.0 93.8 
1c' 104.4 132.2 101. 8 99.2 93.0 
1d 111.9 141.3 118.1 131.5 125.3 
1d' 113.5 139.6 121. 0 123.8 117.0 
Ie 119.4 165.6 138.0 137.4 128.9 
lei 112.9 156.8 121. 6 119.1 111.1 
If 124.8 190.8 156.1 152.3 141.5 

diazomethane 67.3 62.6 61.0 67.1 68.1 71 
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No experimental data exist for comparison with the calculated diazoazole 

heats of formation; however, the close fit between ab initio and PM3, the known 

accuracy of PM3 azole heats of formation, and the excellent ab initio atom 

equivalent treatment of diazomethane and cyclopentadiene all suggest that the 

calculated diazoazole heats of formation are good estimates. Although these are 

NOT experimental values, the close match between PM3 and ab initio gIves 

credibility to the PM3 values, justifying the use ofPM3 on these molecules. 

5.4.6. Azolylidenes 

The only previous theoretical work on the azolylidenes used Huckel 

molecular orbital (HMO) calculations,26,27 which predict that azolylidenes without a 

nitrogen atom adjacent to the carbenic center will exist as ground state triplets?7 

All other azolylidenes exist as ground state singlets. In contrast, semi-empirical 

and UHF 16-31 G** energy differences between the triplet and singlet states of 

azololylidenes and cyclopentadienylidene (Table 5.3) predict that the triplet state is 

the most stable spin state for cyclopentadienylidene and for all the azolylidenes. 

These values are not to be treated as exact, because spin contamination in UHF 

calculations is known to affect these energies; however, since the triplet states are 

more energetically stable in all cases, the qualitative conclusion is that the ground 

state of all these species is a triplet spin state. This is not surprising, since 

cyclopentadienylidene is known to exist for hours as a stable triplet state in 

hexachlorobutadiene solvent.25 

Except for 4-azolylidene (discussed below), all singlet and triplet state 

azolylidenes are cyclic. The geometries of the singlet and triplet state azolylidenes 

show that the triplet state is less strained. Ab initio and semi-empirical singlet state 

structures (Figs. 5.6 and 5.7) all have large Z-C-W bond angles (> 130°), and small 

C-W-X bond angles «100°), indicating that the singlet state azolylidene ring 

system is a highly strained distorted pentagon. Triplet state geometries of the same 
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species are much less strained, with ring bond angles closer to ideal pentagon bond 

angles of 108°. Thus, the high energies and highly distorted geometries of singlet 

state azolylidenes suggest that these are less stable than the triplet states. 

TABLE 5.3: 

Semi-Empirical and Ab initio Singletffriplet Cyclopentadienylidene and 

Azolylidene Energy Differences: 


AH(triplet-singlet)kcal/mol; 

Compound MNDO AM1 PM3 6-31G** 

2a -40.2 -39.4 -39.9 -58.3 
2b -36.2 -38.8 -39.6 -44.8 
2b' -38.4 -38.7 -40.0 -56.2 
2c -37.6 41.2 -39.6 34.7 
2c' -38.9 -41.0 -39.8 -49.8 
2e -33.6 -31.3 ** ** 
2e' -37.0 -39.1 -36.3 -2.3 
2f -32.5 -30.6 -11.8 -3.6 

** = 	cyclic structure of sifiglet state azolylidene is Unstable with these methods; 
cyclic structures spontaneously open to diazoacetonitriles 

AHf (kcal/mol); 

PM3 Ab initio 

Castro Yala 

diazoacetronitrile 95.2 97.6 97.6 

The higher stability of the triplet state azolylidenes is also supported by 

ESR analysis of low temperature photolyzed diazoimidazole-4-carboxamide. The 

experimental results show an increasing concentration of the tripet state as a 

function of time, suggesting that the relaxed state of the azolylidene is the triplet 

state. I I Although singlet states of azolylidenes are initally produced, relaxation to 

the triplet state is slow because it involves geometric as well as spin relaxation. 
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Electron spm resonance (ESR) measurements on reactions between 

imidazolylidenes and benzene indicate that the rate determining step is the addition 

of the azolylidene in a p2 singlet state to the benzene;25 Thus, in most cases, 

azolylidenes will probably react or degrade before relaxing to the triplet state. 
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C
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Figure 5.6: 


Comparison ofMNDO and 6-31G** Singlet and Triplet State Cyclopentadienyl 


Geometries: 


(all bond lengths in A; all bond angles in degrees) 
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5.4. 7 Ring Scission in 4-Triazolylidene: Upon geometry optimization in the singlet 

state, all methods produce cyclic structures for every azolylidene except for 4­

triazolylidene. PM3 and ab initio geometry optimizations of cyclic singlet state 4­

azololylidene spontaneouly produce diazo acetonitrile (Fig. 5.8) instead of cyclic 4­

triazolylidene. The similarity between the ab initio and PM3 diazoacetonitrile 

structures, and the good agreement between ab initio atom equivalent and PM3 

diazo acetonitrile heats of formation (Table 5.3) lend confidence to the PM3 and ab 

initio results. MNDO and AMI singlet state geometry optimizations of 4­

triazolylidene give high energy cyclic structures. All methods predict stable cyclic 

structures for triplet state 4-triazolylidene. 

These ab initio and PM3 results explain the experimental fact that 4­

triazolylidenes generated by photolysis almost exclusively undergo ring scission to 

produce diazoacetonitriles, which lose nitrogen and react as cyanocarbenes. Due to 

spin rules, photolysis must initially produce the singlet state 4-triazolylidene 

exclusively. Ab initio and PM3 predict that the singlet state 4-triazolylidene is 

unstable, and thus it will spontaneously undergo ring scission before it can either 

react as a cyclic singlet state, or relax to a stable cyclic triplet state. Therefore, 

reactions under photolytic conditions should produce ring scission products only, as 

is observed experimentally.28 

In contrast, 4-azolylidene generated by thermolysis retains its cyclic 

azolylidene structure, and reacts in a manner analogous to other azoloylidenes.2,28 

Thermolysis can directly produce a triplet state 4-triazolylidene, which both ab 

initio and PM3 predict to have a stable cyclic structure. The cyclic triplet state 4­

triazolylidene can undergo reactions as a cyclic azoloylidene. 
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Instability of Singlet State 4-Triazolylidene: PM3 and ab initio 

geometries of singlet state 4-triazolylidenes are unstable, and 

spontaneously undergo ring scission to give diazoacetonitriles 
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5.5 Conclusions: 

Semi-empirical and ab initio methods predict high flexibility of the 

diazoazole C=N=N bond angle. Ring system bond lengths in diazoazoles and 

diazo-cyclopentadiene indicated a smaller degree of delocalization in these systems 

than in unsubstituted azoles or amino azoles. Bond localization in diazoazole rings 

allows the successful use of ab initio atom equivalent methods for calculating 

diazoazole heats of formation. The ab initio and PM3 heats of formation agree well 

throughout the series of diazoazoles, confmning the accuracy of PM3 in these 

systems. Errors in MNDO and AMI diazoazole heats of formation follow trends 

similar to the AMI and MNDO errors in unsubstituted azole heats offormation. 

Both semi-empirical and ab initio methods predict that the triplet spin state 

is the ground state for all cyclic azolylidenes. All methods predict high energy 

cyclic structures for singlet state azolylidenes, except for 4-triazoazolylidene, where 

PM3 and ab initio geometry optimizations spontaneously open the ring to produce 

diazoacetonitrile. The spontaneous ring scission of singlet state 4-triazoazolylidene 

and the stability of a cyclic triplet state 4-triazoazolylidene predicted by ab initio 

and PM3 account for the fact that reactions under photolytic conditions produce 

ring scission products only, while thermally induced reactions give products 

resulting from additions ofcyclic 4-triazoylidene. 
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Appendix S.A 

TABLE 5. AI: Ab initio Total Energies (a.u.) 

Compound 	 E(a.u.) 

diazoazoles 6-31G* 	 6-31G** 

1a -300.46593 -300.47365 
1b -316.46538 -316.47557 
1b -316.46994 -316.47108' 
1c -332.47247 -332.47617 
1c ' -332.47376 -332.47762 
1d -332.42233 -332.43846 
1d 332.43460 -332.44187' 
1e -348.41496 -348.41688 
lei -348.44340 348.44534 
1f 364.39342 -364.39342 

diazomethane -147.84378 -147.84782 
N2 -108.94395 -108.94395 

azolylidenes 6-31G** 
singlet/RHF triplet/UHF 

2a -191. 46639 -191.55932 
2b -207.49146 -207.56290 
2b ' 207.46684 -207.55645 
2c -223.50603 -223.56139 
2c ' -223.48333 -223.56277 
2e -239.45153** 
2e ' -239.46989 -239.47361 
2f -255.39551 -255.40136 

** = 	 cyclic structure unstable; opens to 
diazoacetonitrile: 6-31G** E(a.u.) = -239.57986 
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The results from chapter five showed that the PM3 semi-empirical method gIves 

reasonable results when applied to diazoazoles. The MNDO and AMI systematic errors 

in azole heats of formation are paralleled in the diazoazole heats of formation. Since the 

MNDO and AMI systematic errors appear to be constant, MNDO, AMI and PM3 energy 

differences in diazoazole reactions with alkynes should be similar to one another, as the 

systematic errors will partially cancel. To investigate this possibility and to further 

justify the use of these semi-empirical methods for studying nitrogen heterocyclic 

reactivity, the MNDO, AMI and PM3 methods were all used to study diazoazole 

cycloaddition reactions with ethyne, ynamine and cyanoethyne. This chapter will test if 

MNDO, AMI and PM3 can predict the regio-specificity and relative reactivity in these 

systems. 
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CHAPTER 6: 

A SEMI-EMPIRICAL AND As INITIO STUDY OF DIAZOAZOLE 

CYCLOADDITION REACTIONS WITH ETHYNE, YNAMINE, AND 

CVANOETHYNE 

by C.I. Williams, M.A. Whitehead 
Theoretical Chemistry Laboratory, Department ofChemistry, McGill University, 
801 Sherbrooke Street West, Montreal, Quebec, Canada H3A 2K6 

and 

Bertrand J. Jean-Claude 
Department of Oncology, McGill University, 3655 Drummond St., Ste. 701, 
Montreal, Quebec, Canada H3G 1Y6 

6.1 Abstract: 

Semi-empirical AMI, MNDO and PM3 methods were used to elucidate 

mechanisms of diazoazole cycloaddition reactions with ethyne, ynamine, and to 

explain the lack of reaction with cyanoethyne. Ethyne was found to react by either 

a [7+2J cycIoaddition, which directly forms azolotriazine products, or by a [3+2J 

cycloaddition which forms spirobicyclic intermediates. The lowest energy reaction 

path for ynamine was neither the [7+2] or the [3+2] concerted cycloadditions, but 

rather a two-step mechanism involving an azo-coupled type intermediate. The 

proposed mechanism for ynamine/diazoazole cycIoaddition predicts both the 

experimentally observed regioselectivity and the increased reactivity of ynamine 

relative to ethyne. The relative reactivities of ynamine, enamine and 1,2­

diaminoethene with diazoazoles were also compared. No transition states were 

found for cyanoethyne/diazoazole cycloadditions, which explains why these 

reactions have not been observed experimentally. Ab initio (RHF/6-31G**) 

methods were used in certain instances to compare with the semi-empirical results. 
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6.2 Introduction: 

Cycloaddition reactions between diazoazoles (1, Fig. 6.1) and points of 

unsaturation in alkenes, alkynes and ynamines (recently reviewed by Cirrincione et. 

al.') are useful in the synthesis of azolotriazines (2, Fig. 6.1). Experimentally, 

ynamines and alkynes both react with diazoazoles, but ynamines are more reactive. ' 

Ynamine reactions with diazoazoles produce exclusively one aminoazolotriazine 

isomer (Fig. 6.1). No cyanoethyne cycloaddition reactions with diazoazoles have 

been reported. The reactions are net I, 7 cycloadditions, but the actual 

mechanisms are still being debated; experimental evidence suggests that diazoazole 

-RC=CR reactions may occur either by a [3+2] cycloaddition, which forms 

spirobicyclic intermediates (3, Fig. 6.1) that quickly rearrange to azolotriazines, or 

by a direct [7+2] cycloaddition?-6 Mechanisms involving aziridine intermediates 

have also been proposed,6 but MNDO, AMI and 3-2IG ab initio studies predict 

these intermediates to be ofhigh energy;7 therefore they will not be discussed here. 

The reliability of semi-empirical methods (AMI, MNDO, PM3) in nitrogen 

heterocyclic chemistry has been extensively investigated, and they have been 

shown to yield reasonable intermediates, transition states and products in nitrogen­

heterocyclic reactions.8-'s In chapters three through five, the MNDO, AMI and 

PM3 semi-empirical methods were used to determine nitrogen heterocyclic heats of 

formation, and to study the reactivities of azolylidenes and isocyanates. The results 

in these chapters suggest that the PM3 method is the most accurate for nitrogen 

heterocyclic compounds. Here, the AMI, MNDO and PM3 methods are applied to 

the diazoazole cycloaddition reactions. AMI, MNDO and RHF/3-2IG 

calculations have already been performed on possible reactions intermediates in 

diazoazole/-H2C=CRR (R= -OH, -H) cycloaddition reactions,7 but no transition 

states were reported, and some aspects of the regioselectivity were not discussed. 

Also, the PM3 method was not used by those workers. Consequently, a detailed 
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semi-empirical investigation of possible diazoazolelH-C=C-R (R= -H, -NH2, -CN) 

reaction mechanisms was performed. In some cases, semi-empirical energy 

differences are compared with RHF/6-31G** predictions. The relative reactivity of 

ynamine, enamine and 1,I-diaminoethene cycloaddition with diazoazoles is also 

discussed. 

spirobicyclic intermediates 

y~X H ---R 

~_1-~=N • c:x;:t + C:x;:t--N [3+2] cycloaddition 
R H H R 

1 
3 3' 

(not observed with these reactants) 

1 sigmatropic shift ~/ 
rearrangement ~~ 

y.-X H - R 
lyN':::::-N lyN':::::-NII }-N= •z_ + N 

N_ [7+2] cycloaddition \~N0H \'Z~N0R 
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R H 

2 2' 
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azolotriazines 

R = -H, -NH2 
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Figure 6.1: 

Diazoazole Cycloaddition Reactions with CsC Triple Bonds 

147 



6.2.1. Cycloadditions Pathways: The three pathways of diazoazole/-C=C­

cycloaddition reactions studied here are summarized in Fig. 6.2 (Paths A-C). Each 

path was studied in detail with ethyne, ynamine and cyanoethyne as sources of the 

C=C bond to investigate the effects of electron withdrawing and electron donating 

substituents. Both possible orientations of the -NH2 and -CN substituents are 

considered. All intermediates, transition states and products with ynarnine and 

cyanoethyne having the substituent orientation R2 = -NH2 or -CN are unprimed 

(ie TS2h). Structures with Rl = -NH2 or -CN are primed (ie TS2h'). In the case of 

ynarnine, the unprimed structures are the experimentally observed products. 

Path A starts with a concerted [3+2] cycloaddition, which forms a spirobicyclic 

intermediate (3) through spiro transition state (TS3). It is believed that spiro 

intermediates spontaneously undergo rearrangements or sigmatropic shifts to form 

azolotriazines. Spirobicyclics are not very stable, but they have been isolated and 

characterized from a cycloaddition reaction between 3-diazo-4-methyl-5­

phenylpyrazole and 1,1-dimethoxy-ethene?,4 These reactions are analogous to 

[3+2] cycloaddition reactions between alkynes and diazocyclopentadiene, which 

also yield stable, isolable spirobicyclic products.2 

Path B is a concerted [7+2] in-plane cycloaddition, which directly forms 

azolotriazine products (2) through planar transition states (TS2). Path B is 

impossible for diazoazoles with no nitrogen atoms a to the diazo group. 

Path C: The fIrst step of Path C is the formation of an open-chain azo-coupled 

intermediate (4) through a TS4 type transition state. The azolotriazine is then 

formed by ring closure through a TS5 type transition state. Intermediates of type 4 

have never been isolated, but they may be stabilized by electron donating groups at 

the R2 position. Type 4 intermediates may exist as trans (E) or cis (Z) isomers, all 

of which will be investigated. 
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Figure 6.2: 

Possible Mechanisms, Intermediates and Transition States in Diazoazole 

Cycloaddition Reactions with Ethyne, Ynamine and Cyanoethyne: 
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6.3 Calculations: 

Calculations were performed on a SUN Sparc1 0 workstation using the 

GAMESS16 package. Full geometry optimizations were allowed,' and RHF 

wavefunctions used. Equilibrium geometries of products, reactants and 

intermediates were verified as local minima by force constant analysis. Ab initio 

type calculations used the 6-31 G* * basis set, and RHF wavefunctions. Although 

diazoazoles have been reported as planar, Cs symmetry was not enforced, because it 

would bias any calculation that would otherwise report a non-planar geometry. 

Transition states were located by initiating saddle point geometry searches on trial 

structures whose Hessians had the desired curvature. Transition states were verified 

by the existence of only one imaginary vibrational eigenvalue. 17 The correct 

precursors and products for each transition state were checked by either running 

intrinsic reaction coordinate calculations initiated from the transition state in 

question, or by performing local minima geometry searches initiated with transition 

state structures that had been slightly distorted along the axes of the forming and/or 

breaking bonds. Structures and energies varied smoothly throughout the reaction 

coordinates in all cases. Semi -empirical heats of formation and 6-31 G* * total 

energies of diazoazoles and other reactants are listed in appendix Table 6.Al. 

6.4 Results and Discussion: 

6.4.1. Ethyne Path A: Spirobicyclic intermediates (3a-g) and transition states 

(TS3a-g) were easily located with all three semi-empirical methods. Heats of 

reaction and activation energies are in Table 6.1. Representative intermediate (3a) 

and transition state (TS3) structures from each semi-empirical method are in Fig. 

6.3 and Fig. 6.4. All methods predict that the spiro-bicyclic formations are 

exothermic. The 6-31G** and PM3 diazoazole ~ spirobicyclic intermediate 

reaction energies are in good agreement throughout the series. AMI reaction 

energies differ from the ab initio values by 4-5 kcallmol, while MNDO differs from 

the ab initio values by 20 kcallmol. 
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Figure 6.3: Representative Diazoazole/ethyne Spirobicyclic Intermediates ( 3b ) 

(all bond lengths in A; all bond angle in degrees) 
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Table 6.1: 

PATH A Diazoazoles + Ethyne Reaction Energies and Activation Barriers: 


8.Hrxn (kcal/mol) 

MNDO AM1 PM3 6-31G** 

Diazoazoles (1) + ethynes spirobicyclics (3) 

la ~ 3a -59.1 -30.6 -37.7 -41.3 
lb ~ 3b -57.9 -29.8 -35.1 -38.9 
lc ~ 3c 57.1 -29.9 -33.9 -17.4 
leI ~ 3d -56.5 -29.6 -33.4 -33.5 
ld ~ 3e -56.3 -29.0 -33.7 -32.6 
1e ~ 3f -54.6 -28.0 -31. 5 -34.6 
leI ~ 3g -56.2 -29.5 -32.4 -32.5 

[3+2] Activation Energies Ea (kcal/mol) 

TS3a 34.9 35.4 37.5 
TS3b 33.7 33.5 38.9 
TS3c 31.5 36.0 38.7 
TS3d 35.0 37.5 38.9 
TS3e 34.4 38.4 40.2 
TS3f 32.5 34.9 39.2 
TS3g 33.6 34.2 39.9 

The PM3 and AMI (TS3a-g) [3+2] cycloaddition reaction transition state 

geometries are quite similar throughout the series of diazoazoles; they are slightly 

asynchronous, with NX~Co bond distances shorter than Ce~C~ bond distances. 

MNDO predicts highly asynchronous transition states, quite different from the 

AMI or PM3 structures. The number of nitrogen atoms in the azole ring has little 

effect on the transition state geometries, or on the activation barriers. MNDO 

152 



predicts the lowest average [3+2] activation barrier (33.7 kcal/mol), while PM3 

predicts the highest (38.9 kcal/mol). 
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MNDO 
Torsion Angles: 
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AMI 
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PM3 
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Representative EthynelDiazoazole [ 3+2 ] Transition States (TS3b) 

(all bond lengths in A; all bond angle in degrees) 
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No transition state for the spirobicyclic ~ azolotriazine sigmatropic shift 

could be found. Since the rearrangement might occur through a stepwise Path C 

type mechanism, this possibility was also explored. Presumably the stepwise 

spirobicyclic rearrangement would begin with an opening of the ring at the CB-C~ 

bond to form an open-chain structure similar to the (4) intermediate in Path C. 

However, no transition states for the spirobicyclic ~ open-chian intermediate 

conversion were found, and repeated attempts to open the spirobicyclic ring led to 

reactants, TS3 transition states, or open-chain intermediates. Therefore, although 

the [3+2] cycloaddition appears straight-forward, the mechanism for the 

spirobicyclic ~ azolotriazine rearrangement is still not computationally treated. 

Ethyne Path B: PM3, MNDO, and AMI energies for diazoazole ~ azolotriazine 

reactions (Table 6.2) are not in as good agreement with the 6-31G** values as were 

the diazoazole ~ spirobicyclic intermediates reaction energies; however correlation 

between semi-empirical and ab initio energies was close enough for the semi­

emprical values to be trusted. The azolotriazines are much more 

thermodynamically stable than either the reactants or the corresponding 

spirobicyclic intermediates. 

Transition states for the [7+2] cycloaddition (TS2a-g) were easily located. 

Representative MNDO, AMI and PM3 transition state geometries are in Fig. 6.5. 

Activation energies are in Table 6.2. As with the [3+2] transition states, the 

number ofnitro gens in the azole ring has little effect on activation energy barriers. 

MNDO predicts the smallest average [7+2] activation barrier (28.4 

kcal/mol), while PM3 predicts the largest (40.1 kcallmol). PM3 TS2 transition 

states are slightly more asynchronous than PM3 TS3 spiro-transition states. The 

AMI and MNDO TS2 transition states differ substantially from the PM3 

geometries; they are highly asynchronous, with short NX-Co bond distances and 

very long NCt-C~ bond distances. 
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Table 6.2: 

PATH B Diazoazoles + ethyne Reaction Energies and Activation Barriers: 


MIrxn (kcal/mol) 

MNDO AM1 PM3 6-31G** 

Diazoazoles (1) + ethynes ~ products (2) 

1b ~ 2a -80.9 67.6 -63.1 61.4 
1c ~ 2b 81. 8 -70.0 -61.0 -36.9 
1c' ~ 2c' -80.9 -66.3 -60.7 -57.7 
1d ~ 2d -78.0 -60.8 -59.7 -72.4 
1e ~ 2e 78.8 -62.2 -57.9 
1e' ~ 2f 76.4 -59.9 -55.2 -73.9 

~ 2g -77.8 -63.1 -54.9 -59.8 

[7+2] Activation Energies Ea (kcal/mol) 

TS2a 28.9 33.1 40.1 
TS2b 30.2 33.6 41.5 
TS2c 28.0 32.1 39.1 
TS2d 28.4 31.9 39.9 
TS2e 26.3 30.2 38.1 
TS2f 28.3 32.4 40.6 
TS2g 28.4 32.1 41.1 
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Figure 6.5: 

Representative DiazoazolelEthyne [7+2] Cyc1oaddition 

Transition States (all bond lengths in A; all bond angle in degrees) 

Ethyne Path C: Intemediates with azo-coupled side chains coplanar with the azole 

ring (Fig. 6.6) were unstable, and these types of structures all revert to either 
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reactants, TS2 type transition states, or products upon geometry optimization. 

However, azo-coupled intermediates (4a-4g) could be located when the azo side­

chain was in an out-of-plane conformation (henceforth labelled 4aoop-4~op, Fig. 

6.7). Reaction energies for diazoazole + ethyne ~ 400p were typically 28 kcal/mol 

(MNDO) to 52 (PM3) kcallmol. The out-of-plane structures were investigated 

further, since they might be intermediates involved in a stepwise spirobicyclic ~ 

azolotriazine rearrangement. A transition state was found for closure of the (4oop) 

structure to azolotriazines, but no transition state could be found for closure of the 

(4oop) type structures to spiro-bicyclics. 

6.4.2. Mechanisms of Diazoazolelethyne cycloaddition: Semi-empirical reaction 

coordinates for diazoazole-ethyne cycloadditions are in (Fig. 6.8). The relatively 

high activation energy barriers of both [7+2] and [3+2] additions reflect the slow 

rate at which these reactions proceed. I The detailed energy profile of the 

spirobicyclic rearrangement could not be determined. However, since out-of-plane 

azo-coupled structures (4oop) structures easily close to azolotriazines, the (4oop) ~ 

azolotriazine step is included as an approximation of a possible stepwise 

spirobicyclic rearrangement. The activation barrier for (4oop) ~ azolotriazine is 

only 1 kcal/mol, so it is not included explicitly in the reaction coordinate. A 

transition state for the spirobicyc1ic open-chain (4oop) conversion could not be 

found, but for the sake of argument, the conversion was assumed to be barrierless; 

this step is therefore denoted by a dotted line on the reaction coordinate. Even with 

a zero activation barrier for the spiro ~ 400p conversion, the 400p type intermediate 

is of such high energy that the overall activation energy barrier for the 

rearrangement is quite large ( >80 kcal/mol). 
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Figure 6.7: 

Out-of-Plane Conformation ofDiazoazole/ethyne Azo-Coupled Intermediate 
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Within each method, activation energIes for the [7+2] and [3+2] 

cycloadditions are similar; PM3 favours the [3+2] cycloaddition by an average of 

1.5 kcallmol, while AMI and MNDO both favour the [7+2] cycloaddition by 

averages of 3.7 and 5.3 kcaVmol respectively. The differences between the [7+2] 

and [3+2] cycloaddition reaction barriers are small within each method, therefore 

both cycloadditions could occur. Although [3+2] cycloadditions can occur, the 

spirobicyclic --+ azolotriazine rearrangement is energetically unfavourable, and 

probably does not occur; therefore, formation of azolotriazines from ethyne and 

diazoazole probably occurs by the Path B, direct [7+2] cycloaddition. The Path C 

mechanism is unfeasible for ethyne, since all in-plane azo-coupled intemediates are 

unstable. 

6.4.3 Investigation ofthe /7+2} Transition State Col: 

The asynchronicity of PM3 TS2 transition states was investigated by 

constructing a potential energy surface (PES) around a sample PM3 transition state 

col (TS2c). The data for the plots were generated by constraining the NX-Co and 

Na-C~ bond lengths but optimizing all other geometric parameters around the col. 

When viewed along the No-CX and CE-C~ axes independently (Fig. 6.9), the plots 

clearly show shortening of the No-CX bond before shortening of the CE-C~ at the 

point where the col is crossed. 
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6.4.4. Ynamines: 

Ynamine Path A: Relative to the diazoazole/ethyne reaction energies, all the 

methods predict increased thermodynamic stability for spirobicyclic intermediates 

(3h-3n') resulting from diazoazoles reactions with electron-rich ynamine ( Table 

6.3): structures were similar to the alkyne/diazoazole spirobicyclics. No transition 

states (TS3) for the formation of spiro- bicyclic intermediates were found for either 

Rl = -NH2 or R2 = -NH2. Attempts at locating these transition states resulted in 

either reactants or out-of-plane conformations of azo-coupled intermediates 

(discussed below). 

Ynamine Path B: PM3 and MNDO predict comparable thermodynamic stability 

of both the Rl = -NH2 and R2 = -NH2 isomers of azolotriazine (2h-n'). AMI 

slightly favours the experimentally observed R2 = -NH2 isomer, but not by enough 

energy to convincingly explain the experimentally observed selectivity ( Table 

6.4). However, because of their structural similarity, it would be expected that the 

azolotriazine isomers are of comparable thermodynamic stability. Products 2h-2n' 

are about 4 kcal/mole more stable if -NH2 has a pyramidal rather than planar 

geometry, suggesting there is little conjugation between the NH2 lone pair and the 

rest of the azolotriazine aromatic system. There is a 4 kcallmol maximum barrier to 

free rotation of the amino group. 

162 



Table 6.3: 

Reaction Energies for Diazoazoles + Ynamines ~ Spiro-bicyclic 

Intermediates: 


(kea1/mo1)8Hrxn 

MNDO AMI PM3 

Diazoazo1e (1) + ynamine ~ spiro-intermediates (3) 

Ib ~ 3h -65.7 -36.8 -46.5 
~ 3h' -65.7 -32.0 -46.2 

1e ~ 3i -64.6 -36.7 -44.7 
~ 3i' -65.7 -32.3 -45.5 

1e' ~ 3j 65.1 -35.7 -44.9 
~ 3j , -64.9 -32.1 -44.8 

ld ~ 3k -64.5 -35.9 -45.1 
~ 3k' -64.8 -31. 6 -45.2 

Ie ~ 31 -63.0 -35.3 -43.0 
~ 31' -63.3 -31. 2 -43.5 

Ie' ~ 3m -63.6 -36.5 -43.2 
~ 3m' -65.1 -32.5 -44.4 

In-plane [7+2] TS2 type transition states with ynamines (Fig. 6.10) are only 

stable when Rl -NH2• Activation energies (Table 6.4) are comparable to those of 

diazoazole/ethyne [7+2] cyc1oadditions. PM3, MNDO and AMI geometries of 

ynamine TS2 transition states mirror the diazoazole/ethyne TS2 transition state 

structures, although asynchronicity is more pronounced in the ynamine TS2 

transition states. TS2 transition states do not exist when R2 = -NH2' and attempts to 

locate TS2 type transition states where R2 = -NH2 resulted in either products, 

reactants, or in-plane type 4 azo-coupled intermediates. 

Ynamine Path C: The most striking result for Path C with ynamines is the 

stability of planar azo-coupled intermediates. Semi-empirical energies of planar 

azo-coupled intermediates and transition states involved in Path C (4h-4n', TS4h­

nt, TS5h-n') depend heavily upon both the azo side-chain conformation, and the 

position of amino group. Representative structures and activation energies are in 
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Figure 6.11 and Table 6.S respectively. Unlike planar azo-coupled intennediates 

in ethyne/diazoazole reactions, planar azo-coupled intennediates (4ip) resulting 

from diazoazole/ynamine reactions are stable and of low energy if R2= -NH2. 

These intennediates have linear Co-CP-Ny bond angles, and hydrogens on the 

ynamine nitrogen are in a plane perpendicUlar to the plane of the rest of the 

intennediate (Fig. 6.11). However, minimization of in-plane azo-coupled 

intennediates (4 jp) with Rl = -NH2 return either separated reactants, products, or 

TS2 type transition states; therefore, the 4ip type intennediates with Rl = -NH2 are 

unstable, just like their diazoazole/ethyne counterparts. 

Table 6.4: PATH B Diazoazoles + ynamines ~ aminoazolotriazines; Reaction 
Energies and Activation Energies: 

LlHrxn (kcal/mol) 

MNDO AM1 PM3 

Diazoazole (1 ) + ynamine ~ products (2 ) 
1b ~ 2h -82.3 -66.3 -68.2 

~ 2h' 83.8 -64.7 -72.0 
1c ~ 2i 82.0 -66.1 64.6 

~ 2i' -82.4 -63.8 61.0 
1c' ~ 2j -82.7 -65.4 -66.2 

~ 2j' -84.4 -64.0 -70.3 
1d ~ 2k -82.7 -62.6 -67.1 

~ 2k' -81. 0 -57.5 -68.8 
l.e ~ 21 -84.0 -64.7 -66.0 

~ 21' -82.3 -59.7 -67.6 
lei ~ 2m -82.3 -62.7 -63.6 

~ 2m' 79.3 -56.7 -65.0 
~ 2n -80.9 -63.1 -61. 2 
~ 2n' -81. 5 -61.2 -65.4 

[7+2] Activation Energies Ea (kcal/mol) 
(R1 -NH2 onlYi R2 = -NH2 are unstable) 

TS2h' 24.3 39.2 40.3 
TS2i' 22.7 38.2 39.7 
TS2j' 25.6 35.6 38.1 
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Representative Diazoazole/ynamine [ 7+2 ] Cyc1oaddition Transition States (TS2h) 

(all bond lengths in A; all bond angle in degrees) 
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Representative Diazoazole/ynamine PM3 Path C Structures (TS4h, 4h TS5h) 


(all bond lengths in A; all bond angle in degrees) 


The relative stabilities of the Rl = -NH2 and R2 = -NH2 isomers of the 4ip 

intennediates can be explained by fonnal bonding. Electron donation from -NH2 in 

the -R2 position stabilizes the 4ip intennediate through resonance in the H2N+=C=C 

group. Instability of 4ip type intennediates with Rl = -NH2 is also expected from 

fonnal bonding, because stabilization of the C~ atom by resonance with the amino 

nitrogen is not possible in this isomer. Type 4ip intennediates with Rl = -NH2 do 

not fonn, and Path C is inaccessible to ynamines with this substituent orientation. 

It should be noted that transient intennediates with structures remarkably similar to 

that of the (4 jp) intennediate have been proposed by Leonard et. al. in 5­

· I' 18amethy a I denme trans ocabve rearrangements. 
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Table 6.5: PATH C Diazoazoles + Ynamines; Reaction Energies and 
Activation Barriers: 

AHrxn (kcal/mol) 
MNDO AM1 PM3 

(R2 = -NH2 ) in-plane (4 ip ) comformation 
1b ~ 4h -17.8 -15.9 -5.0 
1c ~ 4i -15.9 -14.1 -3.3 

1c' ~ 4j -19.7 -17.9 -6.4 
1d ~ 4k -19.1 17.6 -7.5 
1e ~ 41 -18.4 -16.6 -6.4 

~ 4m -18.3 15.9 -7.9 
1e' ~ 4n -22.3 -20.4 -10.4 

out-of-plane ( 4 ) comformationsoop 

1b ~ 4h -21. 8 -13.7 -8.7 

(R1 = -NH2 in plane conformation unstable) 

1b ~ 4h' 17.2 47.6 42.7 

Activation Energies Ea (kcal/mol) 

TS4h 13.8 14.0 14.9 
TS4i 13.6 14.0 14.6 
TS4j 12.2 12.6 13.3 
TS4k 12.0 11. 8 12.6 
TS41 11. 7 11. 6 12.2 
TS4m 11. 9 12.4 13.0 
TS4n 10.2 9.6 10.6 

TS5h 1.1 6.0 1.9 
TS5i 1.0 5.4 1.9 
TS5j 0.9 6.3 1.7 
TS5k 0.6 5.8 1.2 
TS51 0.4 5.5 1.1 
TS5m 0.8 6.1 1.0 
TS5n 0.3 5.7 0.7 
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Interesting similarities in the TS4, TS5, 4 and TS2 geometries can be 

revealed by superimposing their skeletal structures (Fig. 6.12). Geometry changes 

in the azo-coupled side chain are small through the course of the (TS4 ~ 4 ~ TS5) 

portion of Path C, and changes in the azole ring are minimal. Orientation of the 

C~=CB portion of the ynamine moiety in TS2 is approximately an average of the 

orientations assumed by the same moiety in structures TS4, TS5, and 4. However, 

TS2 is a transition state, with one large imaginary vibrational eigenvalue, and 4 is 

an intermediate. Transition states of the type TS2 cannot be located with R2 

NH2; geometries in the vicinity of the TS2 transition state revert to 4ip 

intermediates, since electron donation by the amino group stabilizes the 4ip 

structure, creating a true intermediate. Resonance is not possible when the amino 

group is in the RI position, so when ynamines with RI = -NH2 assume geometries 

similar to 4ip, they revert to (TS2) transition states. 

Equilibrium structures of out-of-plane azo-coupled intermediates (4oop) 

could be located for both RI = -NH2 and R2 = -NH2 isomers. Conformations of 

diazoazole + ynamine out-of-plane azo-coupled intermediates are similar to the 4a­

4~p conformations found in the study of ethyne + diazoazole reactions. Azo­

coupled out-of-plane (4oop) intermediates with RI = -NH2 are 50-60 kcal/mol less 

stable than corresponding intermediates with R2= -NH2. 400p structures with R2 =­

NH2 are of comparable in energy to their in-plane 4ip structures ( Table 6.5). 

6.4.5. Mechanisms of Diazoazolelynamine Cycloadditions: Examples of 

MNDO, AMI and PM3 reaction coordinates for the Path B and Path C (Fig. 6.13) 

mechanisms show that all the semi-empirical methods favour Path C. The Path C 

mechanism, possible only when R2 = -NHz, yields the experimentally observed 

amino-azolotriazine isomer. Product isomers with Rl = -NH2 may only form 

through the unfavourable high energy concerted pathway (path B) involving 

transition states TS2h'-TS2n', and are therefore never observed experimentally. 

The low energy barriers of the Path C ynamine mechanism explain the greater 

reactivity of ynamines as compared with unsubstituted alkynes. Alkynes react 

through concerted [7+2] cycloadditions, with a high energy barriers of 28.4-41.1 
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kcaIfmol, while ynamines are more reactive because they react through Path C, 

whose largest activation energy barrier is only 9.6-14.9 kcaIfmol. The activation 

barrier heights reflect the temperatures at which these reactions are known to occur; 

reactions between alkynes and diazoazoles are carried out at temperatures around 

30-40 °C,1,19 while reactions between ynamines and diazoazoles give better yields, 

and can be carried out at lower temperatures (-10 to -30 °C).20 The reaction barrier 

for the rate determining step in Path C decreases slightly with increasing number 

of nitrogen atoms in the azole ring, reflecting the experimentally observed order of 

diazoazole/ynamine reactivity (i.e. diazotriazoles > diazoimidazole, diazopyrazole 

> diazopyrrole).1 

~h 

JS5h 

Figure 6.12: 


Superimposed skeletal structures of (TS4h, 4h, TS5h and TS2h ') 


(TS2h' in bold) 
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6.4.6. Reactivities o/enamine and l,l-diaminoethene: The fIrst step of the Path C 

diazoazole + ynamine cycloaddition mechanism is the nucleophilic attack of the 

terminal diazo nitrogen by the ynamine, which forms the 4 type intermediate (Fig. 

6.14). The 4 type intermediate then resonates with the azole ring, concentrating 

negative charge on the a N atom, which undergoes nucleophilic attack of the 

ynamine carbon ajacent to the amino group. Since the first step resembles the C 

alkylation reactions of enamines, the Path C mechanism was applied to diazoazole 

cycloaddition with enamine and 1, I-diaminoethene. Only the PM3 method was 

used. Both these reactions are found to occur through the Path C mechanism, and 

the order of reactivity (ynamine > 1,I-diaminoethene > enamine) reflects 

experimental observations. i The Path C mechanism also accounts for the observed 

stereospecificity in enamine and 1, I-diaminoethene diazoazole cycloaddition 

reactions. 

6.4.7. Cyanoethyne: The hypothetical cyanoacetylene + diazoazole was studied to 

compare with the ynamine + diazoazole and ethyne + diazoazole reactions. 

Reaction energies in Table 6.6 show that the cyano-azolotriazine are 

thermodynamically stable. The semi-empirical methods showed no marked 

thermodynamic preference for either the R2 or R} positions of -CN in the 

azolotriazine. No spiro [3+2] (TS3) or planar [7+2] (TS2) transition states were 

found. High energy out-of-plane (4oop) type intermediates were found, with the R2 

-CN isomers thermodynamically preferred by 10-15 kcal/mol (Table 6.6). Cyano 

substituted 400p intermediates share similar conformational features with the ethyne 

and ynamine 400p intermediates. However, calculations with cyanoethyne failed to 

find stable in-plane 4ip intermediates with cyano substituents, verifying the formal 

bonding prediction that in-plane 4 type intermediates with electron withdrawing 

substituents are unstable regardless of the -CN substituent position. Since no 

reasonable transition states were found for any of the proposed 

cyanoethyne/diazoazole cyc1oaddition mechanisms, these reactions probably do not 

occur. This was expected, since no cyanoethyne + diazoazole cyc1oaddition 

reactions have been reported. 
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Intermediate (4) 

Path C mechanism for Diazoazole/ynamine cycIoaddition Reaction 

R=-H, -NH2 

Analagous Path C mechanism for enamine and 1,I-diaminoethene/diazoazole 
cycloaddition reactions 

Figure 6.14: 

Comparison ofProposed Mechanism (path C) of DiazoazolelY namine 


Cycloaddition with Similar Possible Mechanism for Enamine and 1,1­

Diaminoethene Reactions 
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Table 6.6: Energies for Diazoazoles + Cyanoethyne Reactions 

~Hrxn (kcal/mol) 

MNDO AMl PM3 
Diazoazole (1 ) + cyanoethyne --+ products (2) 

lb --+ 20 72.3 -61. 5 -61.7 

--+ 20' -78.9 63.2 -63.4 

lc --+ 2p -70.1 -59.7 -56.7 

--+ 2p' -72.9 -61. 3 -58.0 
lc' --+ 2q -72.0 59.5 -58.7 

--+ 2q' -74.6 -61.2 -60.1 
ld --+ 2r 72.3 56.1 -58.7 

--+ 2r' 71. 7 55.6 -59.0 
le --+ 2s -69.0 54.2 54.5 

--+ 2s' -71. 6 -56.1 -56.6 

le' --+ 2t -66.4 -51. 9 -52.0 

--+ 2t' -70.4 -57.0 53.3 

Diazoazole (1) + cyanoethyne --+ spirobicyclics (3) 

lb --+ 30 -52.0 -27.4 -34.8 

--+ 30' -52.6 -26.6 35.3 
lc --+ 3p -51.5 -27.3 -33.4 

--+ 3p' -51. 8 26.2 -33.7 
lc' --+ 3q -50.3 -26.3 32.3 

--+ 3q' -51. 0 -25.7 -32.9 
J.d -J. 3r -50.J. -25.7 32.7 

--+ 3r' -50.7 -25.1 -33.3 
le --+ 3s 47.4 -23.7 -29.5 

--+ 3s' -48.2 -23.1 -30.2 
le' 	--+ 3t -49.8 -26.2 31.1 

--+ 3t' -50.2 -24.9 -31. 5 

Diazoazole (1) + cyanoethyne azo-coupled 
intermediated (out-of-plane) (4 ) 

lb 	 --+ 40 36.1 38.7 40.1 

--+ 40' 47.2 51. 6 55.3 
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6.5 Conclusions: 

In summary, the calculations predict the following for diazoazole reactions with 

carbon-carbon triple bonds: 

1) Ethyne can react through either a [7+2] or a [3+2] concerted mechanism; 

however, the rearrangement from the spirobicyclic to the azolotriazine is not 

computationally described. The large activation barriers diazoazole/ethyne 

cycloadditions reflect the temperatures required for these reactions, and the low 

yields obtained. 

2) Ynarnine does not react by either a [7+2] or a [3+2] concerted mechanism, 

but rather through a two step mechanism, involving a metastable intermediate. The 

low activation barriers account for the low temperatures at which these reactions 

occur, and the high yields obtained. The semi-empirical determined reaction 

coordinates also account for the experimentally observed regioselectivity in 

ynarnine/diazoazole cycloaddition reactions. l 

3) The inability to locate any [3+2], [7+2] or azo-coupled transition states for 

the reaction of diazoazoles with cyanoethyne suggests that cyanoethyne does not 

undergo cycloaddition with diazoazoles. This computational result correlates with 

the fact that no cyanoethyne/diazoazole cycloaddition reaction products have ever 

been reported in the literature. 

This chapter has shown that the MNDO, AMI and PM3 semi-empirical 

methods can be used to ascertain relative reactivities and regiospecificities in 

chemical reactions involving these nitrogen-rich heterocyclic systems. In 

combination with the results in chapters three, four and five, the results in this 

chapter further justify the use of MNDO, AMI and especially PM3 to study the 

structures, energies and reactivities of nitrogen-rich heterocyclics. 
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Appendix 6.A 

Table 6.Al: 

Semi-empirical Heats of Formation and ab initio Total Energies of Diazoazoles 

and other Small Molecules in Study: 

Compound 8Hf (kcal/mol) total energy 
(6 31G**) 

MNDO AMl PM3 (a.u.) 

Acetylene 57.9 54.8 50.7 -76.82184 
Ynamine 63.1 54.1 58.1 
cyanoacetylene 83.1 85.8 88.3 

diazoazoles 
lb 101.7 120.3 97.5 -316.47557 
1b l 102.9 116.7 99.3 -316.47108 
lc 105.2 135.9 102.1 -332.47617 
lc l 104.4 132.2 101. 8 332.47762 
ld 111. 9 141.3 118.1 -332.43846 
ld l 113.5 139.6 121. 0 -332.44187 
lei 119.4 165.6 138.0 -348.41688 
le 112.9 156.8 121. 6 -348.44534 
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The results of chapters three through six strongly suggest the MNDO, AMI and 

especially the PM3 methods are useful tools for prediction of the structure and 

reactivity of well known nitrogen heterocyclic compounds. Thus, these methods 

should also give useful structure and reactivity information about the relatively 

unknown tetrazepinone (TZP) class of compounds (1-3) synthesized at McGill by 

Jean-Claude and Just in 1991.1
,2 

N N 	 :?' ­9' 	 - 9' ­ON-N IN-Me-	 IaIN-Me N-Me ~-N 
~ N..-{o"N N..-{O ~ ~..-{O

Me R 

1 2 3 

The research focus in chapter seven and eight shifts towards TZPs and related 

compounds, because of their promising anti-tumor properties,l,2 and the absence 

of computational studies in the literature. Experimental work to date is contained 

in references 1-3, and all the completed computational work presented in chapters 

seven and eight4,5 has been either submitted or accepted for publication. Chapters 

seven and eight will show how the PM3 method can accurately predict 

tetrazepinone structure and reactivity. 

References: 
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2. 	 B.J. Jean-Claude, Ph.D Thesis, McGill University, 1992. 
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1996. 

4. 	 C.l. Williams, M.A. Whitehead and BJ. Jean-Claude, J. Mol. Struct. 
(l'HEOCHEM), accepted, (August 1996) 

5. 	 C.l. Williams, M.A. Whitehead and BJ. Jean-Claude, J. Mol. Struct. 
(l'HEOCHEM), submitted (October 1996) 
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CHAPTER 7: 

EQUILIBRIUM GEOMETRIES AND ENANTIOMERIC INTERCONVERSIONS 

IN TETRAZEPINONE RING SYSTEMS: A MOLECULAR MECHANICS, 

SEMI-EMPIRICAL AND As INITIO TREATMENT 

by C.l. Williams, M.A. Whitehead* 
Theoretical Chemistry Laboratory, Department o/Chemistry, McGill University, 
801 Sherbrooke Street West, Montreal, Quebec, Canada H3A 2K6 
and 

Bertrand J. Jean-Claude 
Department 0/ Oncology, McGill University, 3655 Drummond St., Ste. 701, 
Montreal, Quebec, Canada H3G 1Y6 

7.1 Abstract: 

Molecular Mechanics (MM+), semi-empirical (MNDO, AMI, PM3) and ab initio 

(RHF/3-21G, RHF/6-311G) methods are used to generate optimized theoretical 

benzotetrazepinone geometries. The optimized structures are compared to X-ray 

data. The PM3 and ab initio methods most successfully reproduce X-ray 

benzotetrazepinone geometries. Important structural features of the non-planar 

benzotetrazepinone conformation are discussed, and a procedure to generate 

optimized benzotetrazepinone geometries in the absence of X-ray data is 

presented. Semi-empirical and ab initio optimized geometries of the hypothetical 

non-benzofused (lone) tetrazepinone ring are compared with the optimized 

geometry of the benzofuzed counterpart. The results indicate that both the lone 

and benzofused tetrazepinone rings have similar non-planar conformations. The 

racemization of chiral benzotetrazepinone is studied with semi-empirical methods 

and found to occur through a concerted mechanism with a chiral transition state. 

The energy barrier to benzotetrazepinone racemization depends upon the size of 

the alkyl substituents on the N3 and N5 tetrazepinone ring atoms. 
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7.2 Introduction: 

The benzo- and benzoalkyl-fused compounds la-d, (Fig. 7.1) recently 

synthesized by Jean-Claude et. al. I represent a new class of molecules containing 

the novel seven-membered tetrazepinone ring system. There are no experimental 

examples of the other benzotetrazepinones shown (te-f), or of the non­

benzofused (henceforth refered to as lone) tetrazepinone ring (2, Fig. 7.2); 

however, these predicted compounds will also be studied. X-ray structural 

determinations of nitrobenzotetrazepinone (tc) and benzoalkyltetrazepinone (td) 

indicate that the tetrazepinone part of the molecule has a non-planar conformation, 

with the N2, N3, C4 014, Cl2 and C13 atoms significantly out of the benzene 

ring plane. I The X-ray structure also indicates that the N3 atom is almost 

perfectly tetrahedral (bond angles near 109°, and an improper torsion angle near 

120°), and that the N5 atom is moderately tetrahedral (improper torsion angle near 

157.3°). These tetrahedral nitrogens constitute two chiral centers in the 

tetrazepinone ring, and the X -ray unit cell contains both enantiomeric forms of the 

benzotetrazepinone.1 However, whether or not the tetrazepinone ring is locked in 

its enantiomeric form is unknown, because no attempt has been made to resolve 

the enantiomers. Benzotetrazepinones could convert between enantiomeric forms 

by N3 and N5 nitrogen inversions and 'flipping' of the tetrazepinone ring. 

The work of other researchers/·24 and the results in chapters three to six 

demonstrate that semi-empirical (MNDO, AMI, PM3) and ab initio methods can 

sucessfully provide useful structural and energetic information on a wide variety 

of nitrogen containing ring systems. Therefore, these methods will be used to 

study tetrazepinone structure and conformational flexiblity in this chapter. 

Benzotetrazepinone synthesis and reactivity will be treated in chapter eight. 

This chapter will discuss important tetrazepinone ring structural features, 

such as the tetrahedral character of the N3 and N5 atoms, and co-planarity within 

different regions of the tetrazepinone ring. Molecular mechanics, semi-empirical 

and ab initio optimized benzotetrazepinone geometries will be compared with X­
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ray data, and the ability of each theoretical method to reproduce important 

benzotetrazepinone structural features will be assesed. 

1 (a - c) R1 = 

1a R3=H 1b 10 

1 d (tricyclic) 

Figure 7.1a: 

Recently Synthesized Benzotetrazepinones 

1f R3 =H; R1 , R2 =t-B 

Figure 7.1b: 

Hypothetical Tetrazepinones Predicted in this Study 
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Figure 7.2: 


Hypothetical Lone Tetrazepinone Ring Predicted in this Study 


The ability of theoretical methods to predict a priori, in the absence of X­

ray data, the out-of-plane equilibium conformation of the tetrazepinone ring will 

also be addressed. A short procedure for generating optimized 

benzotetrazepinone geometries in the absence of experimental data will be 

outlined, and optimized geometries generated with this procedure compared with 

optimized geometries obtained from X-ray input. The procedure will also be 

used to generate optimized non-benzofused (lone) tetrazepinone rings (2). 

Structural features of the optimized lone tetrazepinone will be compared with the 

corresponding structural features in the optimized benzotetrazepinones. 

Different possible conformations of the tetrazepinone nng in 

benzotetrazepinone will be investigated. Benzotetrazepinone chirality, and a 

mechanism for benzotetrazepinone enantiomeric conversion (racemization) will 

be discussed, along with the effect ofN3 and NS substituents on the racemization 

energy barrier. 

7.3 Calculations: 

Molecular Mechanics calculations were performed on a PC using the 

MM+ force field supplied in the HyperChem25 package. All semi-empirical and 

ab initio calculations were performed using the GAMESS package26 on a Sun 

SparclO workstation. Full geometry optimization was allowed in each calculation, 

and the optimizations were carried out in Cartesian (as opposed to internal) 
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coordinates. Equilibrium geometries and transition states were verified by force 

constant analysis. All quantum mechanical calculations used RHF wavefunctions. 

7.4 Results and Discussion: 

7.4.1 Out-oJ-Plane Equilibrium Geometries: 

Theoretical geometries of nitrobenzotetrazepinone (Ie) and the tricyclic 

benzoalkyltetrazepinone (Id) were generated by optimizing the X-ray structures. 

The computationally determined bond lengths, bond angles and torsion angles of 

Ie are compared with X-ray Table 7.AI (Appendix). For clarity, only the heavy 

atoms of the aromatic and tetrazepinone ring systems are given. In lieu of 

discussing each geometric parameter individually, the ability of each 

computational method to predict important benzotetrazepinone structural features, 

and the effect of each structural feature on the out-of-plane benzotetrazepinone 

conformation, will be discussed. 

The tetrahedral character of the N3 and NS atoms can be measured using 

the N3-C4-N2-C13 and NS-C4-C6-C12 improper torsion angles, henceforth 

refered to as <I>N3 and <I>NS. Angle <I>N3 represents the angle between the N3­

C13 bond and the plane of the N3-C4-N2 atoms, while angle <l>NS represents the 

angle between the NS-C12 bond and the plane of the NS-C4-C6 atoms. A value 

of 1800 for either of these angles is assumed to be a perfectly trigonal planar 

nitrogen atom, while a value of 1200 is assumed to be a perfectly tetrahedral 

nitrogen atom. The degree of N3 and N5 tetrahedral character is important 

because tetrahedral N3 and NS atoms can be chiral centers, while trigonal planar 

N3 and N S atoms cannot. 

7.4.2. Tetrahedral Character ofN3: The X-ray values of 128.50 and 1290 for the 

<I>N3 improper torsion angles in Ie and Id indicate that the N3 atom is almost 
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perfectly tetrahedral in both compounds. Compared with X -ray, all computational 

methods underestimate the tetrahedral character of N3. PM3 and ab initio 

methods give satisfactory results, which deviate from X-ray <l>N3 improper 

torsion angles by only 8°_ 10°. MNDO, AMI and MM+ predict the N3 atom to 

be much more planar than in the X-ray structures, with <l>N3 improper torsion 

angles 30° larger than X -ray values. 

The tetrahedral character of N3 correlates with the bond lengths around 

N3. X-ray and computed C4-N3 and N3-C13 bond lengths are in good 

agreement, and all correspond to single bonds. The X-ray N3-N2 bond length of 

1.446 A also corresponds to a single bond, so X-ray bond lengths around N3 

correlate well with the tetrahedral character of N3. PM3 and ab initio N2-N3 

bond lengths match X-ray, and also indicate N-N single bonds. This correlates 

with the substantial tetrahedral character predicted for N3 by both the PM3 and ab 

initio methods. In contrast, AMI, MNDO and MM+ predict N3-N2 bond lengths 

which are closer to that of an N=N double bond. Double bonding between N2 

would N3 would imply greater Sp2 hybridization and trigonal planar character of 

the N3 atom, so AMI, MNDO and MM+ failures to predict substantial tetrahedral 

character for N3 also assign too much double bond character to the N2-N3 bond. 

7.4.3. Tetrahedral Character ofN5: PM3, ab initio and X-ray results all predict 

the N 5 atom to be less tetrahedral than the N3 atom. The MNDO method 

correctly reproduces the X-ray value for the <l>N5 improper torsion angle in 

nitrobenzotetrazepinone Ie, but it erroneously predicts almost equal tetrahedral 

character for N3 and N5 in this compound. Both MNDO and AMI erroneously 

predict greater tetrahedral character for N 5 than for N3 In 

benzoalkyltetrazepinione ld. 

The tetrahedral character ofN5 correlates with X-ray and calculated bond 

lengths around NS. All computational methods successfully reproduce X-ray NS­

C12 and NS-C6 bond lengths, both of which correspond to N-C single bonds. In 
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contrast, X-ray and ab initio values of the C4-NS bond lengths (1.32 Ato 1.36 A) 

are smaller than ideal C-N single bond lengths (1.47 A), and closer to the ideal 

C=N double bond lengths (1.30 A); this suggests a substantial amount of double­

bonding between NS and C4. The partial double bond between NS and C4 relates 

to the lower tetrahedral character of NS as compared with the N3. The NS-C4 

bond length is well predicted by the ab initio methods only; all other methods 

predict NS-C4 bond lengths which are larger than X-ray, and close to N-C single 

bond lengths. Consequently, all semi-empirical methods predict a more 

tetrahedral «l>N5 improper torsion angle than is found in the ab initio or X-ray 

structures. PM3 still correctly predicts more tetrahedral character for N3 than for 

N5, but AMI reverses this order. MNDO and MM+ both erroneously predict N3 

and NS to have similar tetrahedral character. 

7.4.4. Plane A: 

Co planarity of the Triazine Moiety (N3-N2-Nl-C7): The pseudo-coplanarity of 

the N3-N2-NI-C7 portion of the tetrazepinone ring can be measured with the N3­

N2-N1-C7 torsion angle. X-ray results show that this group deviates only 

slightly from planarity, with an N3-N2-NI-C7 torsion angle ofless than 1°. This 

tetrazepinone structural feature is well reproduced by all computational methods, 

with N3-N2-NI-C7 torsion angles ranging from 4.70 to 0.02°. The plane of the 

triazine group will be referred to as Plane A. 

7.4.5. Plane B: 

Co planarity of the Urea Moiety (C13-N3-C4-014-N5-C12): If the urea moiety, 

(C13-N3-C4-014-NS-C12) were perfectly planar, the 014-C4-N3-C13 and 014­

C4-NS-C12 torsion angles would be 0° and the C13-N3-C4-NS and C12-NS-C4­

N3 torsion angles would be 180°. X-ray values for the 014-C4-N3-C13 and 014­

C4-NS-CI2 torsion angles range from -2.S0 to 1.73° , and X-ray C13-N3-C4-NS 

and C12-NS-C4-N3 torsion angles range from 1770 to 178° ,which indicates a 
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significant degree of coplanarity in this group. This structural feature will be 

referred to as Plane B. 

The pseudo-coplanarity of the urea moiety is well predicted by both ab 

initio and PM3. The largest ab initio or PM3 deviation from the X-ray torsion 

angles which define Plane B is only 7°. AMI predicts a moderate deviation from 

in this moiety (20° ), while MNDO and MM+ are both in drastic disagreement 

with the X-ray values, and predict large deviations from coplanarity in this moiety 

( > 40°). Thus, only PM3 and ab initio correctly predict the experimentally 

observed structural feature Plane B. 

7.4.6. Influence of the C6-C7-NI-N2 and C4-NS-C6-C7 Torsion Angles on 

Tetrazepinone Ring Conformations: Coplanarity within both the C7-NI-N2-N3 

and urea portions of the tetrazepinone allows use of three planes to describe the 

benzotetrazepinone molecule; Plane A , the plane of the C7-NI-N2-N3 group, 

Plane B, the plane of the urea moiety, and Plane C, the plane of the benzene ring 

(Fig. 7.3). A schematic which exaggerates the C6-C7 bond distance is included, 

to emphasize that the C6-C7-NI-N2 (a) and C4-NS-C6-C7 (~) torsion angles 

essentially govern the out-of-plane benzotetrazepinone conformation. Ab initio 

values of 52.6 ° and 50.4 ° for the C4-N5-C6-C7 (~) torsion angles are in best 

agreement with experimental value of 50.0 o. MM+ and AMI also give good 

values for this torsion angle, but PM3 and MNDO overestimate this torsion angle 

by 10°_14°. However, the PM3 value of the C6-C7-NI-N2 (a) torsion angle is in 

best agreement with X-ray values for both compound Ie and Id. 
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PlaneC 
Plane ofBenzene 

Ring 

A Plane: 
Plane of 

NI-N2-N3-C7 
Group 

B Plane: 
Plane of Urea Group 

C12-NS-C4-01 4-N3-C13 

Exaggerated C6-C7 bond 

Figure 7.3: 

Views of the Tetrazepinone Out-of-Plane Conformation; 


Planes and Relevant Torsion Angles in Tetrazepinone 
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Despite numerical differences, all computational methods adequately 

predict an overall conformation of the tetrazepinone ring similar to the X-ray 

structure, with ground state stationary points having out-of-plane tetrazepinone 

ring conformations. The ab initio 3-21G method gave the best match to X-ray of 

all computational methods. PM3 gave the closest match to X-ray of the semi­

empirical methods, while MM+ gave the worst match to X-ray of all methods. 

These results are exemplified in Fig. 7.4, where MM+, PM3 and ab initio 

optimized geometries of Ie are overlayed with the X-ray geometry of Ie. Three 

views of the overlay are given, in each case, to emphasize where optimized 

structures agree and disagree with the X-ray results. PM3 and ab initio optimized 

geometries coincide well with the X-ray structure. The MM+ optimized structure 

does not coincide with the X-ray structure as well the PM3 and ab initio 

optimized structures, but overall it still produces an out-of-plane 

benzotetrazepinone conformation which is qualitatively similar to the X-ray 

structure. The AMI and MNDO overlays are not given, but the quality of 

coincidence between their optimized structures and the X-ray structure is 

intermediate of that between the PM3 and MM+ optimized structures. It should 

be noted that MNDO puts the nitro group prependicular to the plane of the 

benzene ring in compound Ie, as does the MNDO treatment of nitrobenzene. 

This error will not be discussed further. The MM+ fails drastically with many 

structural features; however, the following section demonstrates that MM+ 

structures are useful as inputs to semi-empirical geometry optimizations. 
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MM+ PM3 3-21G 


Figure 7.4: 

Overlays ofMM+, PM3 and 3-210 Optimized and X-Ray 


Nitrobenzotetrazepinone Geometries 
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7.4.7. A Priori Generation ofTetrazepinone Ring Structures: 

Since all the computational methods were successfully reproduced an out­

of-plane benzotetrazepinone equilibrium geometries with X-ray geometries as 

input, the possiblity of reproducing optimized benzotetrazepinone geometries a 

priori (in the absence ofX-ray data) was investigated. 

MM+, semi-empirical and ab initio optimized structures were generated 

without X-ray input as outlined in Fig. 7.5. This procedure was applied to 

nitrobenzotetrazepinone (Ie) and benzoalkyltetrazepinone (Id). The resulting 

optimized structures were compared with structures generated by optimization of 

X-ray geometries. 

A priori MM+ Optimized Structures: Inputs for the MM+ calculations were 

created by simply drawing a planar benzotetrazepinone system in the 

HyperChem26 visualizer. MM+ optimization of this input structure gave a planar 

tetrazepinone ring, which was initially interpreted as a failure for MM+ method; 

however, when the planar MM+ structure was then slightly distorted out-of-plane 

by manually adjusting a few torsion angles by 1-5°, subsequent MM+ 

minimization resulted in an out-of-plane structure 8.7 kcallmol more stable than 

the planar structure. Small changes to MM+ structures must always be made, and 

the resulting structures re-minimized, otherwise errors and incorrect predictions 

will result. 

The out-of-plane MM+ generated optimized structure was compared with 

a MM+ structure generated by MM+ minimization of the X -ray structure. 

Initially, the structures differed slightly, but re-minimization of each with a more 

stringent criteria for geometry convergence (maximum RMS gradient of 0.001 

kcal/moLA), resulted in identical structures. Thus, the MM+ optimized 

tetrazepinone geometry can be determined without X-ray input. This is not 

surprising, because relatively few minima should exist for these ring systems, and 

local mimima with structures drastically different from the true minimum are 

unlikely. 
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bolded boxes indicate optimized structures, which can be used as 

input) 
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7.4.8. A priori Semi-Empirical and Ab initio Structures: Semi-empirical 

optimizations were initiated with both the X-ray structures, and the out-of-plane 

MM+ optimized structure above. The criteria for geometric convergence of semi­

empirical and ab initio geometry optimizations was set at a maximum RMS 

gradient of 0.001 kcal/(mol.A). Regardless of input (X-ray or optimized MM+), 

the resulting semi-empirical optimized structures were identical. 3-21G and 6­

311 G optimizations of Ie and ld initiated with both X-ray and PM3 semi­

empirical optimized structures also produced identical optimized 

benzotetrazepinone geometries. Therefore, by following the procedure outlined 

in Fig. 7.5, it is possible to generate the MM+, semi-empirical and ab initio 

optimized tetrazepinone geometries in the absence of X-ray input. 

7.4.9. Hypothetical Non-fused (Lone) Tetrazepinone Rings: 

The results of the structure generations above show that X-ray structures 

are not required to generate the MM+, semi-empirical or the ab initio optimized 

structures. Since the procedure m Fig. 7.5 produced optimized 

benzotetrazepinone geometries identical to those obtained by optimization of X­

ray structures, this procedure was used to generate optimized lone tetrazepinone 

ring structures (2), for which there are no experimental data. The effect of 

benzofusion on the lone tetrazepinone ring geometry was then assessed by 

comparing computed bond lengths, bond angles and torsion angles of the lone 

tetrazepinone ring (2) with computed values of the corresponding geometric 

parameters in the Ie benzotetrazepinone (Table 7.A2). For convenience, the 

heavy atom numbering scheme is the same in both the lone and benzofused 

tetrazepinones. 
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All methods predict that only a few structural features are substantially 

affected by benzofusion. The only tetrazepinone bond length greatly affected by 

benzofusion is the C6-C7 bond length. The C6-C7 bond length is close to that of a 

true C=C double bond (1.335 A ) in the lone tetrazepinone, while in the 

benzofused compound (1.390-1.420 A) it is closer to an ideal benzene C-C bond 

(1.41 A). The C6-C7 bond is greatly affected by benzofusion because it is the 

only bond shared by the two ring systems in the benzofused compound. The ab 

initio and PM3 bond angles most affected by benzofusion are the C7-C6-N5 

(126°-1280 in the lone tetrazepinone, 1160 -121° in benzotetrazepinone) and the 

NI-C7-C6 (1250 in the lone tetrazepinone, 1230 -124° in benzotetrazepinone) 

bond angles. These bond angles are larger in the lone tetrazepinone than in the 

benzofused tetrazepinone presumably because rehybridization opens up the angles 

to reflect the shorter C6-C7 bond length in the lone tetrazepinone. MNDO and 

AMI predict larger differences in lone and benzofused tetrazepinone bond angles 

(as large as 10° ) than do ab initio or PM3. All methods predict that the C4-N5­

C6-C7 torsion angle p (which is important to the out-of-plane tetrazepinone 

conformation) is substantially affected by benzofusion. PM3 and ab initio predict 

small 17 0 and 11 0 increases, while MNDO and AMI predict much larger 40 0 -45 0 

increases in this torsion angle on going from the benzo-fused to the lone 

tetrazepinone ring. Only MNDO and AMI predict a change of greater than 10 0 

in the N2-NI-C7-C6 torsion angle (0:), which also affects the out-of-plane 

tetrazepinone conformation. PM3 and ab initio predict small changes ( < 10° ) in 

this torsion angle upon benzofusion. The greatest differences between lone- and 

benzofused torsion angles are those predicted by MNDO, while the smallest 

differences between lone and benzofused geometries are those predicted by PM3 

and ab initio. 

PM3 and ab initio predict little effect of benzofusion on the tetrahedral 

chararacter of N3. However, both ab initio and PM3 predict that the N5 atom is 
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more trigonal planar in the lone tetrazepinone ring than in the benzofused 

tetrazepinone. The AMI and MNDO improper torsion angles <I>N3 and <I>N5 are 

both greatly affected by benzofusion. Interestingly, both MNDO and AMI 

predict a greater tetrahedral character for the N3 atom in the lone tetrazepinone 

ring than in the benzofused ring. MNDO, AMI and ab initio all predict near 

perfect trigonal planar character for N5 in the lone tetrazepinone ring. 

Overall, benzofusion has little effect on the tetrazepinone ring geometry. 

The largest differences between lone- and benzofused tetrazepinone are in the 

AMI and MNDO geometries. PM3 differences between the lone and benzofused­

tetrazepinone geometries are not as drastic, while the ab initio 3-21 G predicts the 

smallest conformational differences between benzo-fused and non-benzo fused 

systems.. However, regardless of the differences between the methods, they all 

predict that the lone non-benzofused tetrazepinone is in a non-planar 

conformation similar to its benzofused counterpart. 

7.4.10. N3 and N5 Nitrogen Inversions and Ring Flipping: 

Possible equilibrium structures and vanous conformations of 

benzotetrazepinone la, along with absolute configurations of the N3 and N5 

atoms and their lone pair lobes are depicted in Fig. 7.6. Both the (RS)-IA and 

(SR)-IA enantiomers are represented in the X-ray unit cell, but there is no 

experimental evidence for any of the other structures in Fig. 7.6. For the (RS)­

IA structure to racemize to its (SR)- lA enantiomer, both the N3 and N5 

nitro gens must invert their configurations, and the tetrazepinone ring must flip. 

Simple inversion of the N3 and N5 atoms without flipping the tetrazepinone ring 
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results in hypothetical structure (SR)-B, which is not the enantiomer of (RS)-IA. 

Flipping of the tetrazepinone ring without inverting the nitrogens results in 

structure (RS)-B, which is also not the enantiomer of (RS)-IA. The nitrogen 

inversions change the absolute configurations of the nitro gens but do not correctly 

orient the tetrazepinone ring, while flipping of the tetrazepinone ring correctly 

orients the ring system, but does not change the absolute configurations of the N3 

and N 5 atoms. Therefore, N3 inversion, N 5 inversion and tetrazepinone ring 

flipping must all occur for racemization to be complete. 

Inversion ofonly one asymmetric center in (RS)-IA will necessarily result 

in a diastereomer; Inversion of only N3 results in structure (SS)-C, while 

inversion of only N5 results in structure (RR)-D; both are diastereomers of lAo 

(RR)-D and (SS)-C can be converted to each other through ring flipping and 

nitrogen inversion. Although structures (RR)-D and (SS)-C can both exist, they 

are diastereomers of (RS)-lA, and are therefore probably not invloved in the 

enantiomeric conversion. 

Following these arguments, all possible structures discussed above were 

investigated by manually generating rei event input structures for PM3 geometry 

optimization. Equilibrium structures could be found only for (RS)-IA and (SR)­

IA. All other structures either converted to (RS)-IA or (SR)-IA upon geometry 

opimization or the SCF would not converge. Therefore, it seems that none of the 

above structures are involved in the tetrazepinone enantiomeric interconversion, 

and racemization must follow a concerted mechanism. 

7.4.11. Concerted Enantiomeric Interconversions: Concerted benzotetrazepinone 

racemization could occur through either an achiral planar transition state or a non­

planar chiral transition state. A planar transition state seems reasonable because it 

would maintain planarity of both the urea and C7-NI-N2-N3 moieties throughout 

the ring flipping process. Such a transition state would imply that ring flipping 
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and nitrogen inversions occur simultaneously. A non-planar chiral transition state 

is also feasible, but such a transition state could mantain coplanarity of the urea 

group only when both nitrogens invert simultaneously; a non-planar chiral 

transition state would imply sequential nitrogen inversions and ring flipping, 

which could be resolved into distinct processes. 

7.4.12. Planar Enantiomeric Conversion Transition State: The planar MM+ 

benzotetrazepinone geometry (Fig. 7.5) was used as input for semi-empirical and 

ab initio geometry optimizations of the planar tetrazepinone, which were confined 

to planarity by enforcing Cs symmetry. Stationary point structures were found in 

all cases, but force constant analysis revealed that all ab initio and semi-empirical 

planar benzotetrazepinone structures have more than one imaginary vibrational 

frequency, indicating that these are neither intermediates nor true transition states. 

However, for further comparison with benzotetrazepinone racemization 

mechanisms involving non-planar transition state(s), the energy difference 

between the 'planar' and equilibrium benzotetrazepinones is taken as the 'barrier' 

to ring flipping through a planar structure. 

7.4.13. Non-planar Enantiomeric Conversion Transition State: A true non­

planar transition state (with only one imaginary vibrational frequency) was found 

for the benzotetrazpinone racemization. As depicted in Fig. 7.7, the transition 

state is chiral. A complete geometry of a sample transition state is in Table 7.A3. 

Barriers to enantiomeric conversion through the 'planar' tetrazepinone structure 

and the non-planar transition states are compared in Table 7.1. Even if the 

planar transition states were valid, the non-planar interconversion would be 

favoured by 5-10 kcal/mol. 

197 



RR 


014 

55 

Figure 7.7: 

Transition State for Benzotetrazepinone Enantiomeric Interconversion 

Both (RR)- and (SS)- configurations are shown 

Table 7.1: Barriers to Concerted Enantiomeric Conversion through Planar 
and Non-Planar Transition States: 

Energy Relative to Equilibrium 
Structure 

Structure (kcal/mol) 

MNDO AM1 PM3 MM+ 3-21G 

'Planar' * 18.2 5.3 10.5 8.7 9.2 
Non-planar TS 8.7 4.2 4.0 

* no valid structures; they contain more than one imaginary vibrational 
frequency. 
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The individual nitrogen inversion and the flipping of the tetrazepinone 

ring were resolved by investigating structures along the PM3 intrinsic reaction 

coordinate (lRC) of the interconversion path. Stick diagrams of the structures 

along the IRC path (IRCI-15) in Fig. 7.8 show the tetrazepinone ring at different 

points in the enantiomeric conversion. The structure number refers to its position 

on the IRC path; IRel and IRCI5 correspond to the (SR)-IA and (RS)-IA 

equilibrium structures respectively, while structure IRC8 corresponds to the 

transition state for the enantiomeric conversion of IA. All other structures along 

the IRC path are between the transition state and the equilibrium structures. 

The flipping of the tetrazepinone ring and the indiviual nitrogen inversions 

can be resolved by monitoring changes in the N3-C4-N2-C13 (cIJN3 ) and N5-C4­

C12-C6 (cIJN5) improper torsion angles through the IRC path. The changes in 

cIJN3 and cIJN5 are defined as 

~3 = 1cIJN3 atIRCpoint 1- 1cIJN3 atequilibriuml 

~5 = 1cIJN5 atIRCpoint 1- 1cIJNS alequilibriuml 

Each nitrogen is considered to invert when its improper torsion angle is 1800 
, so 

the individual N3 and N5 inversions appear as peaks in plots of 8N3 and ~5 

versus IRC structure number (Fig. 7.9). IRC structures 1-6 correspond to the N3 

inversion, because the improper torsion angle <bN5 does not change much, while 

8N3 goes through a maxima. The structures 10-15 correspond the N5 inversion, 

because the <bN3 improper torsion angle does not change much, while ~S goes 

through a maxima. Comparing the plots of ~S and ~3 with the energy at each 

IRC structure shows that the individual nitrogen inversions are shoulders (rather 

than saddle points) on the energy profile (Fig. 7.9). Since the N5 atom is less 

tetrahedral than the N3 atom, the shoulder for N5 inversion is about 1.S kcallmol 

less than the shoulder for N3 inversion. 
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The maxima in the Fig. 7.9 energy plot (IRC structures 7-9) represents the 

ring flipping step. The N3 and NS improper torsion angles do not change 
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drastically in these structures, but unlike the IRC structures 1-6 and 10-15, the N3 

and C4 atoms are on opposite sides of the benzene ring plane in IRC structures 7­

9. Interestingly, at structure IReS (the racemization transition state) the absolute 

values of the improper torsion angles <l>N3 and <l>N5 are close to their equilibrium 

values. Thus, although racemization is concerted, the necessary steps for the 

interconversion (ie the nitrogen inversions and the tetrazepinone ring flip) appear 

to occur sequentially. 

7.4.14. Effect of R1 and R2 Substituents on Tetrazepinone Racemization 

Energy Barriers:. Benzotetrazepinone racemization energy barriers with 

different N3 and N5 substituents are compared in Table 7.2. With methyl and -H 

groups as substituents on N3 and N5, the AMI, MNDO and PM3 energy barriers 

to benzotetrazepinone racemization are quite small (0.1-4 kcal/mol), as are the 

barriers to benzoalkyltetrazepinone (ld) racemization (4-8 kcal/mol). Barriers this 

small would make it impossible to resolve the enantiomeric forms of the 

tetrazepinones at room temperature. However, energy barriers to racemization 

with tert-butyl groups as N3 and N5 substituents (14-16 kcal/mol) may be large 

enough to allow enantiomeric resolution. 

Table 7.2: 

Effect of N3 and N5 Substituents on Racemization Energy Barriers 


Energy Barrier (kcal/mol) 
N3 NS MNDO AM1 PM3 
substituents 
H H 0.1 0.1 2.9 

CH3 CH3 8.7 4.2 4.0 

CH3 (cycloalkyl) 8.3 4.2 5.0 

t-But t-But 16.3 15.0 14.4 
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7.5 CONCLUSIONS: 

The out-of-plane X-ray geometry of the benzotetrazepinone ring system 

has been successfully predicted by ab initio calculations. PM3 is the best semi­

empirical method for these molecules, giving optimized geometries almost as 

good as ab initio, and successfully reproducing most of the important 

tetrazepinone structural features. The MNDO and AMI methods failed to 

accurately reproduce several important structural features, although they did yield 

out-of-plane benzotetrazepinone conformations similar to the X-ray structures. 

The MM+ method was the least successful at reproducing the X-ray structures, 

but optimized MM+ structures were adequate as input for more advanced 

calculations. 

All semi-empirical and ab initio methods predict that the planar form of 

the tetrazepinone ring is not a valid structure (intermediate or transition state) 

because vibrational analyses of planar tetrazepinone rings return Hessians with 

more than one imaginary vibrational frequency_ All semi-empirical methods 

predict that benzotetrazepinone racemization occurs through a concerted 

mechanism involving a non-planar transition state. However, the low energy 

barrier to racemization of tetrazepinones with methyl substituents on N3 and N5 

would make it impossible to resolve the enantiomers with these substituents. 

Semi-empirical methods all predict that bulky susbstituents on N3 an N5 will 

hinder the enantiomeric interconversion. 
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Appendix A.7 

Table 7.AI: 
Computed and X-ray Bond Lengths in Nitro-Substituted Benzotetrazepinone (Ie): 

Bond Lengths (A) 


6-31lG 3-21G MNDO AM1 PM3 MM+ X-RAY 


N1-N2 1.226 1.223 1.217 1.214 1.217 1.232 1.255 
N2-N3 1.419 1.469 1.360 1.357 1.446 1. 359 1.446 
N3-C4 1. 395 1.405 1.430 1.430 1.460 1.421 1.419 
N3-C13 1.466 1.475 1.489 1.464 1.488 1.458 1.489 
C4-014 1.218 1.210 1.221 1.245 1.216 1.233 1.228 
C4-N5 1.372 1.374 1.436 1.437 1.457 1.417 1.361 
N5-C12 1.468 1.476 1.473 1.449 1.482 1.401 1.466 
N5-C6 1.412 1.404 1.425 1.415 1.451 1.420 1.407 
C6-C7 1.389 1.388 1.425 1.427 1.409 1.408 1.399 
C8-C11 1.386 1.387 1.415 1.410 1.398 1.409 1.383 
C7-N1 1.418 1.418 1.429 1.427 1.445 1.410 1.409 
C7-C8 1.388 1.386 1.413 1.408 1.397 1.406 1.384 
cn-C10 1. 378 1.371 1.409 1.399 1.398 1.409 1.389 
C8-C9 1. 378 1.373 1.406 1.388 1.389 1.404 1.375 
C9-C10 1.383 1.378 1.409 1.402 1.399 1.407 1.374 
N15-C10 1.451 1.451 1.505 1.490 1.503 1.403 1.437 
016-N15 1.225 1.242 1.209 1.201 1.214 1.277 1.227 
017-N15 1.227 1.244 1.209 1.201 1.215 1.277 1.205 

Table 7.AI (eont): 

Computed and X-ray Improper Torsion Angles in Nitro-Substituted 

Benzotetrazepinone(le): 


Improper Torsion Angles (degrees) 

6-3110 3 21G MNDO AMl PM3 MM+ X-RAY 

N5C4C12C6 163.2 166.9 156.1 145.6 143.0 171.8 157.3 
N3C4N2C13 -138.8 -131. 5 -156.6 158.4 -136.9 -166.7 -128.5 
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Table 7.AI (cont): 

Computed and X-ray Bond Angles in Nitro-Substituted Benzotetrazepinone (Ie): 


Bond Angles (degrees) 

N1-N2-N3 120.5 118.1 125.6 129.0 121.9 128.9 117.3 
N2-N3-C4 120.1 116.3 125.1 125.6 117.3 122.2 114.5 
N3-C4-N5 116.4 114.7 115.2 119.9 118.0 121.7 116.2 
C4-N5-C6 121. 7 122.6 116.3 119.2 116.3 119.2 121. 5 
C7-N1-N2 124.4 124.4 128.6 130.0 126.6 128.3 122.5 
C8-C7-N1 115.0 115.1 117.0 116.6 116.8 117.3 115.3 
N5-C6-C11 120.1 119.8 123.5 120.8 122.0 120.2 119.9 
N2-N3-C13 109.7 108.1 111.9 116.6 111.4 116.6 107.9 
N3-C4-014 121. 5 122.5 122.1 119.6 120.9 119.6 120.5 
C6-N5-C12 119.3 119.5 120.4 117.1 116.7 119.7 119.0 
C7-C8-C9 120.7 120.9 120.0 121.2 119.9 120.7 121.5 
C6-C11-C10 119.4 120.0 118.3 120.1 120.0 121.6 117.7 
C11-C10-N15 118.5 118.3 118.6 119.2 119.7 119.8 117.9 
C10-N15-017 118.1 117.2 119.0 118. B 119.3 118.4 117.1 
ClO-N15-016 118.2 117.5 119.0 118.9 119.2 119.3 119.0 

Table 7.AI (cont): 

Computed and X-ray Torsion Angles inNitro-Substituted Benzotetrazepinone (Ie): 


Torsion Angles (degrees) 

6-311G 3-21G MNDO AM1 PM3 MM+ X-RAY 

N1N2N3C4 66.S 73.2 45.2 33.S 63.9 40.5 73.6 
N2N3C4N5 -49.0 -58.4 -5.9 -2.4 -34.7 -11.1 -59.7 
N3C4N5C6 -25.S -18.1 -63.5 -53.6 -42.0 -49.0 -19.7 
C4N5C6C7 52.6 50.3 64.9 56.9 61.S 55.1 50.0 
N5C6C7N1 0.0 0.2 0.0 5.5 1.1 0.1 4.S 
C6C7N1N2 -39.9 -39.5 -36.0 -27.1 -41.9 -35.5 -46.2 
C7N1N2N3 -1.2 -2.7 -4.7 -2.3 -4.2 -0.0 -0.9 
N1N2N3C13 -154.3 -155.2 -15S.1 -167.S -159.1 -153.3 -157.9 
C12N5C6C11 32.3 32.6 40.5 16.3 21.6 44.0 20.8 
014C4N3C13 -4.9 -5.5 -18.5 -14.3 -9.9 -0.3 -2.S 
014C4N5C12 9.0 5.7 40.1 13.9 4.6 38.1 1.8 
N3C4N5C12 171.3 175.4 139.5 161. 5 174.9 139.1 176.4 
CSC7N1N2 143.7 144.2 146.S 154 140.S 117.4 141.4 
C9CSC7N1 177.2 178.1 lS0.0 177.9 179.2 179.1 174 
C10C11C6N5 -177.4 -176.9 177.2 -173.3 -176.2 -178 .1 -177.9 
N1C7C6C11 -177.4 -176.0 -178.9 -17S.7 -17S.1 -179.0 -170.1 
N15C10C9C8 -179.6 -179.5 -179.5 -179.4 -179.9 179.7 -179.2 
016N15C10C9 0.9 -0.6 -92.3 -1. 2 -6.7 -2.7 -5.6 
017N15C10C9 179.1 179.4 88.1 178.8 173.2 178.0 174.4 
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Table 7.A2: 

Comparison of Optimized Benzotetrazepinone and Lone Tetrazepinone Ring geometries: 


BOND LENGTHS (Al 

MNDO AM1 PM3 3-21G 

LONE BENZO LONE BENZO LONE BENZO LONE BENZO 

N1-N2 1.219 1.216 1.214 1.214 1.217 1.216 1.223 1.223 
N1-C7 1.419 1.429 1.405 1.427 1.427 1.445 1.410 1.417 
N2-N3 1.379 1. 359 1.366 1. 356 1.454 1.445 1.481 1.469 
N3-C4 1.449 1.429 1.437 1.430 1.465 1.459 1.395 1.404 
N3-C13 1.485 1.489 1.465 1.463 1.487 1.488 1.471 1.475 
C4-N5 1.420 1.436 1.416 1.436 1.446 1.457 1.375 1. 374 
C4-014 1.223 1.221 1.249 1.245 1.217 1.215 1.212 1.209 
C7-C6 1.358 1.425 1. 356 1.426 1.345 1.408 1.320 1.388 
N5-C6 1.411 1.424 1.384 1.414 1.429 1.450 1.390 1.403 
N5-C12 1.478 1.473 1.449 1.449 1.484 1.481 1.471 1.472 

BOND ANGLES (DEGREES) 

N2-N1-C7 126.5 128.6 129.7 129.9 127.1 126.6 124.7 124.3 
N1-N2-N3 120.5 125.6 128.9 129.0 120.7 121.8 117.3 118.0 
N2-N3-C4 116.3 125.0 126.0 125.6 116.3 117.2 118.3 116.2 
N2-N3-C13 111.7 111.9 114.9 116.6 110.4 111.3 108.3 108.0 
C4-N3-C13 117.2 118.8 112.5 114.4 115.2 115.9 115.1 115.3 
N3-C4-N5 115.0 115.1 123.0 119.8 118.9 118.0 114.9 114.7 
N3-C4-014 123.1 122.1 119.0 119.6 121.1 120.9 122.4 122.4 
N5-C4-014 121.8 122.7 117.7 120.3 119.9 121.0 122.5 122.8 
N1-C7-C6 127.3 122.5 128.1 123.7 125.5 122.7 125.1 123.9 
C4-N5-C6 123.4 116.3 126.7 119.2 120.7 116.4 123.3 122.6 
C4-N5-C12 118.6 119.0 114.9 113.8 116.7 116.0 117.7 116.4 
C7-C6-N5 126.1 116.7 128.2 120.3 124.3 118.7 126.4 121.7 

TORSION ANGLES (DEGREES) 

C7N1N2N3 -4.2 -4.7 -4.6 -2.3 -5.5 -4.2 -6.4 -2.7 
N2N1C7C6 -29.5 -36.0 -12.2 -27.1 -37.0 -41. 8 -37.3 -39.9 
N1N2N3C4 68.5 45.2 34.0 33.8 66.1 63.9 72.6 73.2 
C13N3C4N5 150.7 161.1 174.9 161.2 176.6 169.7 171.3 173.4 
C13N3C4014 -27.5 -18.4 -1. 9 -14.2 -2.1 -9.8 -5.5 -5.4 
N3C4N5C12 162.4 139.4 168.7 161. 5 163.5 174.8 179.8 175.3 
014C4N5C12 15.8 40.1 8.2 13.9 15.3 4.6 2.9 5.7 
N1C7C6N5 0.9 8.1 0.6 5.5 0.3 1.1 5.7 0.2 
C4N5C6C7 22.5 64.9 10.2 56.9 44.4 61. 8 39.8 50.3 

IMPROPER TORSION ANGLES 
N5C4C12C6 177.2 156.1 176.8 145.6 149.1 142.9 171.6 166.9 
N3N2C4C13 138.5 156.6 149.6 158.4 134.4 136.9 131. 6 131. 5 
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Table 7.A3: Geometries of MNDO, AMI and PM3 Transition States for Enantiomeric 
Interconversion (IRe8): 

Bond lengths (A) 

MNDO AM1 PM3 

C13-N3 1.484 1.465 1.489 
N1 -N2 1.215 1.208 1.215 
N1 -C7 1.426 1.421 1.439 
N2 -N3 1.371 1. 357 1.419 
N3 -C4 1.450 1.434 1.461 
C7 -C8 1.425 1.414 1.407 
C7 -C6 1.429 1.425 1.408 
N5 -C6 1.420 1.406 1.442 
N5 -C12 1.478 1.452 1.486 
N5 -C4 1.423 1.412 1.450 
C8 -C9 1. 396 1.385 1.384 
C6 -C11 1.429 1.422 1.405 
C9 -C10 1.407 1.392 1.391 
C4 -014 1.221 1.250 1.217 

BOND ANGLES (DEGREES) 

N2 -N1 -C7 129.6 132.4 132.6 
N1 -N2 -N3 121.4 129.4 126.1 
C13-N3 -N2 112.5 115.5 111.4 
N2 -N3 -C4 114.8 125.0 118.8 
N1 -C7 -C6 128.5 126.8 129.2 
C8 -C7 -C6 120.2 119.8 119.9 
C12-N5 -C4 116.2 114.5 113.6 
C7 -C8 -C9 121. 0 121.5 120.9 
C7 -C6 -N5 123.3 124.8 123.9 
C6 -C11-C10 121. 7 121. 9 121.5 
C9 -C10-C11 120.6 120.6 120.2 
N3 -C4 -N5 114.4 123.1 116.7 
N3 -C4 -014 123.2 117.8 121.3 

TORSION ANGLES (DEGREES) 

C7 -N1 -N2 -N3 -0.8 -2.0 -3.6 
N2 -N1 -C7 -C6 -21.2 -7.9 -5.6 
N1 -N2 -N3 -C13 161. 9 179.7 176.9 
N1 -N2 -N3 -C4 60.2 30.3 39.3 
N2 -N3 -C4 -N5 -84.1 -41. 6 -70.5 
C6 -C7 -C8 -C9 1.9 0.9 0.3 
N1 -C7 -C6 -N5 3.9 2.2 3.6 
C8 -C7 -C6 -C11 -2.1 -0.9 -0.6 
C12-N5 -C6 -C7 -179.3 -178.9 -171. 7 
C12-N5 -C4 -014 42.7 17.4 19.9 
C7 -C8 -C9 -C10 -0.5 -0.3 -0.2 
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In chapter seven, the PM3 method was shown to be the most reliable semi-empirical 

method for benzotetrazepinone structure prediction. The results in chapters three to six 

show that the PM3 is also the most reliable semi-empirical method for. nitrogen 

heterocyclic energies. Therefore, benzotetrazepinone acid-catalyzed decomposition is 

studied with PM3 exclusively in chapter eight 
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CHAP"rER 8: 


A SEMI-EMPIRICAL PM3 TREATMENT OF BENZOTETRAZEPINONE 


DECOMPOSITION IN ACID MEDIA 

by 
c.1. Williams, M.A. Whitehead* 

Theoretical Chemistry Laboratory,Department ofChemistry, McGill University, 
801 Sherbrooke Street West, Montreal, Quebec, Canada H3A 2K6 
and 

Bertrand J. Jean-Claude 
Department of Oncology, McGill University, 3655 Drummond St., Ste. 701, 
Montreal, Quebec, Canada H3G 1Y6 

8.1 Abstract: 

A mechanism for the acid-induced ring opening of benzotetrazepinone (BTZ) is 

proposed, and investigated with the semi-empirical PM3 method. The PM3 results 

predict that the ring opening is pH dependant, and influenced by the aryl ring 

substituent. Yields of benzotetrazepinones produced from the internal cyclization 

of N-(2-diazoniumphenyl)-N-(methyl)-N' -methyl ureas (DPMU) are correlated 

with the computational results. The PM3 energies relate the tendency for DPMU to 

undergo ring closure, to the Hammett constants of the aryl-ring substituents. Linear 

free energy reaction constants of p=3.36 and p + = 2.25 are calculated for the ring 

closure reaction of DPMU. The pKa of protonated benzotetrazepinone is estimated 

to be -1.0, which is similar to the experimental pKa's of structurally analogous 

benzamides and phenylureas. The cyclization of some DPMUs to N-carbamoyl 

benzotriazoles (NCBT) is also explained. 
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8.2 Introduction: 

The benzotetrazepinones 1 (BTZ) were synthesized by Jean-Claude et. al. la,b 

by internal cyclization of N-(2-diazoniumphenyl)-N-(methyl)-N' -methyl ureas 

(DPMUi 2 with R = -Me (Fig. 8.1). Benzotetrazepinones represent a new class of 

compounds which contain the novel seven-membered tetrazepinone ring system. A 

number of aryl ring substituted BTZs and pyridotetrazepinones (PTZs) have been 

made (Fig. 8.2). Attempts to synthesize BTZ lfwith R = -H fail, because DPMU 2 

with R -H cyclizes to N-carbamoyl benzotriazoles NCBT 3 (Fig. 8.1). No 

attempts have been made to synthesize the non-benzofused (lone) tetrazepinone 

rings li-j. 

:?' 
N

-- N R= Me R=H (IN---il....... ~ I \\N
IN-Mea ~ r/~ f'J-4o \ 
R ;=0 

MeHN 

1 2 3 

BTZ DPMU NCBT 
Benzotetrazepinone N -(2-diazopheny 1)- N-carbamoyl­

N-(methyl)-N' -methyl urea benzotriazole 

Figure 8.1: Tetrazepinone Synthesis 

(only DPMUs with R == -Me cyclize to tetrazepinones) 


BTZ percent yields and stabilities depend on the aryl ring substituents. The 

tricyclic tetrazepinone ld, p-nitro-BTZ Ie, m-chloro-BTZ lh and PTZ Ie are 

obtained in good yield (>50%), and are stable enough for X -ray structural 

determination. Unsubstituted BTZ la and p-methoxy-BTZ 1b give lower yields (::; 

50%), are not stable enough for X-ray structural determination, and readily 

decomposing to methyl isocyanate and benzotriazoles 4 (Fig. 8.3). 

The substituents on N5 also affect BTZ stabilities. Attempts to synthesize 

BTZs from DPMU's with R sustituents bulkier than CH3 fail (lg), and instead 

benzotriazoles and methyl isocyanate are obtained as products in these reactions. 

Nitro-BTZ with R Me does not decompose to benzotriazoles and methyl 
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isocyanate, but p-nitro-BTZs with more bulky R substituents do. PTZs are not 

known to decompose by losing methyl isocyanate. 

Recently Synthesized Tetrazepinones 

1 
1d Tricyclic Benzotetrazepinones 

1 BTZ: Benzotetrazepinones 

R3 =-Me 

a R1 = H, R2 = H 

b R1 =OCH3, R2 =H 

c R 1 = N02, R2 = H 

h R1 = H, R2 = CI 
1 e PTZ: Pyridotetrazepinone 

Hypothetical Predicted Tetrazepinones 

(not yet experimentally observed) 

H)lN1.:::"N2 

H 

I Na-Ra 
cl 

N5-­ ~ 
/

R 
014 

1f R= H Non-benzofused (lone) tetrazepinone 

19 R =cyclopentyl -(C5Hg) 1 i R =-H 1j R =-Me 

Figure 8.2: 


Representative Tetrazepinones 
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::;/' ­
+ MeNCOa N-N .. ()C~'NIN-Me 

~ f'J---{o 
~ 

N 
\ 

/ 

RR 

1 4 

Figure 8.3: 


Decomposition ofBTZs into 


Benzotriazoles (4) and Methyl Isocyanate 


In acidic media, UV NIS and l5N NMR data show that tetrazepinones 

undergo a retro-synthetic ring opening to DPMUs. lc UVNIS spectra show that 

compound Ie (Rl = -N02 ) remains in closed chain tetrazepinone form at relatively 

low pH, while tetrazepinones la (Rl = -H) and Ie (Rl = -OCH3 ) readily ring open 

to DPMUs at moderate pH. Thus, electron-withdrawing groups stabilize closure of 

the tetrazepinone ring. 

X-ray structural determinations of unprotonated tetrazepinones Ie, Id and 

Ie show the tetrazepinone atoms in a non-planar comformation that significantly 

deviates from the aromatic ring plane. X-ray and computed tetrazepinone ring 

bond lengths show that the bonds are localized. The tetrazepinone ring is clearly 

neither aromatic nor anti-aromatic. X-ray and theoretical optimized geometries of 

BTZs were discussed completely in chapter 7. ld 

The results in chapters three to six all suggest that the PM3 method is 

superior to the lVINDO and AMI methods for nitrogen-rich heterocyclic energetics. 

PM3 was shown to be the most reliably semi-empirical method for reproducing 

benzotetrazepinone experimental geometries in chapter seven. Therefore, the PM3 

semi-empirical method was used exclusively to study (a); the effect of aryl ring 

substituents on the acid-induced BTZ ring opening to DPMU, (b); the formation of 

BTZs from DPMUs, (c); the effect of aryl ring substituents on BTZ synthetic 

yields, and (d); the formation of NCBT from DPMUs with R = -H. 
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The size and number of molecules to be studied precluded using ab initio 

methods for all the reactants, products, intermediates and transition states. Ab 

initio calculations (3-21G*, 6-31G**) were performed to compare with some of 

the PM3 results in some cases, but the PM3 method will save computer time and 

still yield useful qualitative and quantitative information. 2-24 

8.3 Calculations: 

All semi-empirical calculations were performed using the GAMESS 

package25 on a Sun Sparc 1 0 workstation. Full geometry optimization was allowed 

in each calculation, and all optimizations were carried out in Cartesian as opposed 

to internal coordinates. All quantum mechanical calculations used RHF 

wavefunctions. Transition states and equilibrium geometries were verified as such 

by force constant analysis. 

8.4 Results and Discussion: 

8.4.1. Acid-Induced BTZRing Opening to DPMU: 

Protonation ofBTZs: Protonation of the tetrazepinone ring could occur at 

Nl, N2, N3, 014 or N5; however, protonations at N3 or 014 were considered 

exclusively, because only these would result in retro-synthetic ring opening at N2­

N3. Protonation of 014 is probably favoured, because amides and ureas are 

known to protonate at oxygen?6a However, protonation of N3 is reasonable, 

because X -ray and theoretical benzotetrazepinone structures indicate that the N3 

atom is almost tetrahedral, and therefore, the lone pair is available for protonation. 

BTZs precipitate out ofDPMUIBTZ reaction mixtures only upon addition of base, 

so BTZ protonation is reversible and pH dependent, regardless of protonation site. 

Three paths for BTl ring opening were considered (Scheme 1, Fig. 8.4); 

(a), protpnation at N3 to form N-BTlH+ 5 which ring-opens through transition 

state TS5 to the keto form of DPMU 2; (b), protonation at 014 with a hydrogen (l) 

to N3, forming (Z)-O-BTZH+ 6 which ring-opens through 014 transition state TS6 
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to the (Z)-enol form of DPMU Z8, and (c); protonation at 014 with a hydrogen 

(E) to N3, forming (E)-O-BTZH+ 7 which ring-opens through transition state TS7 

to the (E)-enol form of DPMU E8. These pathways are not necessarily 

independent, and tautomeric equilibra could exist between species in different 

pathways, as indicated in Fig. 8.4. 

O

N::::N 


I N-Me 
~ N--40
1 R 

Protonation at Protonation at 0 14 (Z and E isomers) 

/ N 
J 

1 j~ 
OIN::::~'Me OIN::::N'Me 

<:tN'.. .. 
:::::-.... II ~ -l<

N~O/H 7 !'oJ 06 R R I 
H 

(Z)...()-STZH+ (E)...()-STZH+ 

T57 

DPMU (Z)-enol-DPMU 

Scheme 1 


Figure 8.4: 


Possible Pathways for BTZ Ring Opening 


8.4.2. Optimized Geometries 0/ Scheme 1 Structures: Representative PM3 

optimized geometries of the N-BTZH+ 5 and O-BTZH+ 6 intermediates shows that 

N3 protonation results in a substantial lengthening of the N2-N3 bond, and large 

conformational changes in the tetrazepinone ring. 014 protonation at (Z) or (E) to 

N3 results in only small extensions of the N2-N3 bond length, and minor changes 
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in the tetrazepinone ring conformation (Fig. 8.5). Structures 7, TS7 and E8 will not 

be considered in detail, because PM3 energies show that 014 protonation (Z) to N3 

is energetically favoured over 014 protonation (E) to N3. 

Overlays of PM3 optimized N-BTZH+ 5 and (Z)-O-BTZH+ 6 structures 

with the PM3 optimized structures of unprotonated BTZ 1 (Fig. 8.6) clearly show 

the 0 protonated species has a geometry similar to the unprotonated BTZ, while the 

N3 protonated species has a geometry significantly different from the neutral BTZ. 

Conformational relocation of the N3 methyl group and lengthening of the N3-N2 

bond are the structural features most affected by N3 protonation. The large BTZ 

structural changes that occur upon N3 protonation, and the higher PM3 energy of 

N-BTZH+ as compared with O-BTZH+ all suggest that benzotetrazepinones 

initially protonate at 014; this correlates with experimental evidence that shows 

amides and ureas protonate at 0 and not at N.26a 

Prelimilary 3-21G* and 6-31G** ab initio calculations show that the N3 

protonated species is unstable, because ab initio geometry optimizations of N3 

protonated BTZs result in extensions of the N3-N2 bond to > 3 A. These results 

parallel the ab initio results of Micheja et al., 26-30 who found that 0 protonation is 

favoured over N3 protonation in formyl triazines. Ab initio calculations show that 

N3-protonated (Z)-formyl triazines are unstable; geometry optimization results in 

the N2-N3 bond lengthening to > 3 A?9-30 Protonation ofN3 in 1,2,3-triazines is 

energetically feasible, and is also accompanied by a lengthening of the N3-N2 

bond. These result are analogous to our preliminary ab initio results for N3 

protonated benzotetrazepinones, and are consistent with the elongated N2-N3 bond 

predicted by PM3. 
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5 

N-BTZH+ 


Figure 8.5: 
Representative Geometries ofN3 and 014 Protonated BTZs 

(all bond in lengths A ; all bond angles in degrees) 
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'. 


N-BTZH+ Z-O-BTZH+ 

Figure 8.6: 

Overlays of PM3 optimized N3 and (Z)-O 14 Protonated BTZs 

with PM3 optimized Unprotonated BTZ 

Representative TSS and TS6 transition states for the ring openings of N­

BTZH+ and Z-O-BTZH+ are in Fig. 8.7. The N2-N3 distances in TSS and TS6 

are similar, but overlays of the N3 protonated transition state TSS and the neutral 

BTZ 1 (Fig. 8.8) show that the TSS transition state conformation differs 

substantially from that of unprotonated BTZ. The TSS more closely resembles the 

N-BTZH+ 5 protonated intermediate than it does the neutral benzotetrazepinone. 

Conformational similarities between the 014 protonated ring opening 

transition state TS6 and the unprotonated BTZ are shown in the overlay. The TS6 

transition state also resembles the (Z)-O-BTZH+ protonated intermediate 6. Thus, 

014 protonation followed by ring opening through TS6 involves smaller changes 
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in molecular geometries than N3 protonation followed by ring opening of through 

TS5. 

2.105 

TS6a 

Figure 8.7: 

PM3 Transition States ofN3 and 014 Tetrazepinone Ring Opening 


(all bond lengths in A; all bond angles in degrees) 
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TS5 TS6 

N3 Protonated 014 Protonated 

Figure 8.8: 

PM3 optimized N3 and (Z)-O 14 Protonated BTZs 


Chain-Opening Transition State Structures Overlayed with PM3 optimized 


Unprotonated BTZ Structures 


Representative geometries of keto and enol DPMU (2 and Z8, Fig. 8.9) 

show similarity in the side chain conformations. Both species exhibit a great deal of 

planarity within the urea group. The plane of the urea group is nearly 

perpenduicular to the benzene ring (urea planelbenzene plane torsion angle == 82°_ 

88°). As expected, the C4-N3 bond length in the enol form of DPMU corresponds 

to that of an N==C double bond, while the N3-C4 bond length corresponds to that of 

an N-C single bond in the keto form of DPMU. The keto-DPMU 2 geometry is 

similar to the X-ray structure of2-amino-phenyl urea, the amino synthetic precursor 

to DPMU prior to diazotization.33
,34 
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Figure 8.9: Open-Chain DPMUs (Keto and Enol Forms) 

(all bond lenghts in A; all bond angles in degrees) 

222 



---

8.4.3. Energetics ofBenzotetrazepinone Ring Opening in Acid Media: 

The energetics of the proposed ring opening mechanisms in Fig. 8.4 were 

investigated by comparing the PM3 intermediate and transition state heats of 

formation. Some of the results are summarized in the reaction coordinate in Fig. 

8.10. The relative energies (ARrel ) are computed as 

(1) 

Here ARx is the PM3 heat of formation of the compound in question, ARt<BTZ) is 

the PM3 heat of formation of the unprotonated parent tetrazepinone and .1.Ht<H+) is 

the experimental H+ heat of formation (367.2 kcal/mol). 

Acid Induced Tetrazepinone Ring Opening 
-180 

-184 
N3 

Protonation Site 
(2)-0 (E)-O 

Lowest 
Energy 

Path 
-188 

-192 

-(5 -196
E::::. 
«I 
(.) 
~ -200 

i?:r:: -204<I 

-208 

-212 

openopen-216 1 

Reaction Coordinate 

Figure 8.10: 

PM3 Reaction Coordinate for Mechanism in Figure 4 

-220 
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The specifics of the protonation step, although important, were not 

considered explicitly; thus, the energy barriers to protonation are taken as zero in 

Fig. 8.10. The relative energies of the species in Scheme 1, Fig. 8.4, are similar; 

this is consistent with the possibilty of tautomeric equilibra between species as 

indicated in Fig. 8.4. PM3 favours protonation of the tetrazepinone at 014 over 

protonation at N3, which is expected by analogy with the amide protonations.26a 

The amide form of the open-chain DPMU 2 is favoured over the enol form Z8, 

which agrees with experiments that show the keto form is favoured over the enol 

form in unprotonated amides.26a 

Activation barriers to N-BTZH+ ring opening are small (0.5-2 kcal/mol) 

because severe tetrazepinone ring distortion in N-BTZH+ weakens the N2-N3 bond, 

and facilitates bond scission. The low ring-opening activation barrier, the extended 

N2-N3 bond length of PM3 optimized N-BTZH+ and the ab initio predictions of 

an unstable N-BTZH+ all indicate that the existance of an N3 protonated species is 

questionable; even if an N3 protonated species could form, the preVIOUS 

considerations suggest that it would be unstable and quickly ring-open. 

The N2-N3 bond in the 014 protonated (Z)-O-BTZH+ 6 is not as 

lengthened as it is in N-BTZH+ 5, so activation barriers to ring opening of 014 

protonated intermediates are much higher (4-12 kcallmol) than those for N­

protonated intermediates. PM3 TS5 transition state heats of formation are 0.2-1 

kcallmollower than the TS6 and TS7 transition state heats of formation. 

The similarity in PM3 energies of the species in Scheme 1, Fig. 8.4, 

suggest that different energetically similar pathways are available for ring opening. 

The lowest energy path, outlined in Fig. 8.11, begins with (Z)-O-BTZH+, which 

tautomerizes to the N-BTZH+, and quickly ring opens to DPMU because of the low 

N-BTZH+ ring opening activation barrier. This path leads directly to the 

thermodynamically more stable keto form of DPMU. Sample reaction coordinates 

for the lowest energy path are given in Fig. 8.10. Ring opening of the (Z)-O­

BTZH+ intermediate to enol-DPMU Z8 through the TS6 transition state, followed 
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by tautomerization to keto-DPMU 2 is a feasible alternate path that is only 0.2-1 

kcal/mol higher in energy that the path involving N-BTZH+ 5 and TS5. 

O
N-N7' ­

I N-Me 
~ ~-40 

R 


1 BTZ 


2 keto-DPMU 

Figure 8.11. 

Lowest Energy Path for Acid-Induced BTZ 


Ring Opening as Suggested from PM3 Results 


8.4.4. pHDependence ofTetrazepinone Ring Opening: 

The high energy of N-BTZH+ 5 and its long N2-N3 bond length suggest 

that the N-BTZH+ 5 intermediate (if it forms) quickly ring opens to keto-DPMU. 

Thus, the computational evidence suggests that the (Z)-O-BTZH+ 6 protonated 

intermediate will be the predominant protonated BTZ species. The keto-form of 

DPMU 2 will be favoured over the enol-DPMU species. With these considerations, 

acidic media equilibria can be written in terms of (Z)-O-BTZH+ 6, the 

unprotonated neutral BTZ 1, and the keto-DPMU 2. The equilibria are given 

below, along with the corresponding expressions for their equilibrium constants Ka 

and Kopen (Fig. 8.12). 
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Figure 8.12: Equilihra in Acidic BTZ Solution 

Using the equilibrium expressions in Fig. 8.12, Ka can be written in terms of Kopen 

_ [BTZ][H +] Kopen
(2) 

- [keto DPMU] 0 

Note that (Z)-O-BTZH+ behaves like a weak acid in Fig. 8.12, so it will have a 

corresponding pKao Taking the negative IOglO of equation (2) yields the following 

expression for pKa; 

1Z - H I [BTZ](3) P"'-"""a - P - og [keto _ DPMU] 

The pKa's of (Z)-O-BTZH+ s are unknown; however, if pH and pKa are grouped 

into L\pH = (PH - pKa), equation (3) can be rewritten in a form which relates the 

[BTZ]/[keto-DPMU] ratio to L\pH and the equilibrium constant Kopeno 

(4) L\pH -logKopen = log[BTZ]/[keto-DPMU] 0 
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Values for Kopen may be approximated using PM3 (Z)-O-BTZH+ 6 and keto-DMPU 

2 enthalpy differences (henceforth refered to as Mf(2-6»)' 

(5) Mf(2_6):::::1 -RTlnKopen 

The % keto-DPMU can be plotted as a function of ApH, using PM3 

calculated Mf(2-6) and equations (4) and (5). The ApH dependence was determined 

for R} = -H and R} -N02 substituents (Fig 8. 13). The calculated pH dependence 

curves are compared with experimental points obtained from UV NIS spectra. I b For 

simplicity, the unsubstituted and p-nitro substituted (Z)-O-BTZH+ compounds 

were assumed to have the same pKa. The experimantal points are plotted as pH = 

ApH. The pKa of (Z)-O-BTZH+ taken was -1.0 to maximize coincidence with the 

experimentalpoinffi. 

The experimental poinffi in Fig. 8.13 are of low quality because of the low 

intensities and broad spreading of the diazonium UV NIS spectral peaks used to 

experimentally assay open-chain diazonium content. Despite this, the experimental 

results unequivocally demonstrate the same substituent dependence of the BTZ ring 

opening as the calculated results. Differences between the experimentally predicted 

and the computed pH dependence could arise because the computed pH dependance 

of tetrazepinone ring opening considers only one possible decomposition 

mechanism, and assmues the same pKa for the p-nitro and unsubstituted 

benzotetrazepinone. 

The correlation between the calculated an experimental results can be used 

to extract estimates ofprotonated benzotetrazepinone pKa's. The plots in Fig. 8.13 

used a pKa = -1.0 to maximize correlation between the calculated and experimental 

pH dependence of ring opening. This suggests that the pKa of (Z)-O-BTZH+ is 

near -1.0. This pKa value is not unreasonable for protonated BTZs, and may be 

expected, because protonated benzamides and phenyl ureas, (which are similar in 
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structure to DPMUs and BTZs), have experimental pKa's that vary between -1.0 to 
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Figure 8.13: 


Comparison ofExperimental and Calculated pH Dependence of 


Benzotetrazepinone Ring Opening 


8.4.5. Hammet Correlation of Substituent Effects in Benzotetrazepinone Ring 

Openings: Ring-closure of DPMU to BTZH+ is analagous to many intramolecular 
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diazonium coupling reactions,35-37 some of which have been shown to follow a 

Hammett-like substituent dependence in their reactivities. The aryl-ring substituent 

dependence of PM3 calculated DPMU ring-closure energies was investigated using 
38both the Hammet

K' 
(6) pO' 10gK' 

and the modified Hammett 

+ + K'
(7). P 0' = log 

K 

linear free energy relationships (LFER). Both of these LFERs are used in 

experimental physical chemistry to quantitatively measure aromatic system 

reactivity as a function of aryl ring substituent. The Hammett and modified 

Hammett constants (0' and 0'+) describe the electron-donatinglelectron-withdrawing 

characteristics of the substituent. The magnitude and sign of the reaction constants 

(p and p+) are used to measure the sensitivity of a reaction to aryl ring substitutent 

effects, and extract qualitative information about reactants, products and transition 

states. 

The ring closure of DPMU to BTZH+ is the reverse of the ring opening 

reaction in Fig. 12; therefore, Kelose llKopen. In equation (6) and (7), K is Kclose 

for the unsubstituted benzotetrazepinone, and K' is Ketose for the substituted 

benzotetrazepinone. Using equation (5), the open ~ close enthalpy differences 

MI(6_2) can be recast in a form convenient for comparison with the Hammett 

equation. 

K' 
(8) (uMI(6-2) - SLlli(6_2) ) / (2.303RT) = logK . 
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The s- and u- prefixes refer to 'substituted' and 'unsubstituted' BTZs 

enthalpy differences. Equation (8) was evaluated for a wide variety of substituents 

with the temperature arbitrarily set at T=300 K. The respective Hammett equations 

were plotted using 0' and 0'+ values from ref. 19, and 10gKlK' values computed 

with PM3. Plots of equations (6) and (7) were constructed (Fig. 8.14a and 8.14b). 

Hammet plot p=3.26 
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-1 


-2 
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Figure 8.14a 


Hammet Plot for DPMU Ring Closure 
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Modified Hammett Plot 0+ 
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Figure 8.14h. 


Modified Hammett Plot (0+) ofDPMU Ring Closure 
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Although there is some scatter in both plots (Figs. 8.14a and 8.14h), the 

data clearly shows a Hammett like dependence of the PM3 calculated Kclose' 

Hammett and modified Hammett reaction constants of p +3.26 and p+ = +2.55 

were calculated by linear regression analysis of the data. The Hammett plots slopes 

(p and p+) are both positive, consistent with a reaction rate increased by electron 

withdraw. The magnitudes of these reaction constants are relatively large, 

consistent with a highly substituent dependent reaction. Standard errors of 0.708 

and 0.427 for p and p+ respectively indicate a better fit between the PM3 data and 

the 0'+ substituent constants. This is expected, because the 0'+ substituent constants 

are more appropriate for reactions where a positive charge is directly bonded to the 

phenyl ring.38
,39 In addition, the calculated p+ of +2.55 is similar to that of other 

diazonium coupling reactions, such as the intramolecular cyclization of 2­

diazobenazamide.39,40 

The open-chain DPMU is more resonance stabilized than either the out-of­

plane benzotetrazepinone or the ring closure transition state, because of resonance 

between the diazonium group and the aryl ring in DPMU. The large positive p+ 

predicted by PM3 supports the traditional qualitative interpretation that a large 

positive p+ indicates the reactant is more resonance stabilized than either the 

transition state or the product.38 

8.4.6. BTZ Experimental %Yields: A semi-quantitative relationship for 

tetrazepinone percent yields can be obtained by correlating experimental percent 

yields with PM3 enthalpy differences between the unprotonated BTZs and their 

corresponding N3 protonated, 014 protonated and open-chain DPMU forms. 

Enthalpy differences (AHrxn(2-1) , .1.Hrxn(Z7-1) and .1.Hrxn(3_1) ) were calculated for all 

tetrazepinones in Fig. 8.2, where experimental yields are available. The enthalpy 

differences all correlate linearly with the experimental yields, although some better 

than others (Figs. 15a-c). There is no extensive theoretical justification for this 

correlation, but it may be useful as a rough guide for practical synthesis. 
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8.4.7. Cyclization of DPMUs to N-Carbamoyl Benzotriazoles: 

Attempts to synthesize BTZs with R = -H as an N5 substituent fail, because 

the DPMU cyclizes to N-carbamoyl benzotriazole (Fig. 8.1):a Two different 

mechanisms were proposed to explain these results (Fig. 8.16). (a); the keto path, 

where cyclization at N5 of the keto DPMU (3) through transition state TS10 forms 

the protonated species lor if R :;;:;; -H, or the quaterary N+ species lOa if R=-Me, 

and (b); the enol path, where the enol form of the DPMU 9 undergoes cyclization 

through TS11 to the 0 protonated N-carbamoylbenzotriazole 11. Ring closure to 

NCBT is never observed in internal cyclization of DPMUs with R = -CH3 , but 

structures in Fig. 8.15 with R -CH3 were nevertheless investigated, for 

comparison with the R =-H structures. 
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Figure 8.16: 

Proposed Mechanisms for Ring Closure of DPMUs to NCBTs 

PM3 heats of formation of the species in Fig. 8.16 were calculated for R =­

H and R = -CH3. The reaction coordinate in Fig. 8.17 summarizes the results for 

the enol- and keto- paths. The reaction coordinate in Fig. 8.17 also includes the 

ring closure of enol-DPMU to (Z)-O-BTZH+ reaction coordinate for comparison. 
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Comparison of R = -H and R = Me Ring Closure to Carbamoyls 
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Figure 8.17: 

Reaction Coordinates for enol- and keto-Paths for 

DPMU --+' NCBT Ring Closure 

The reaction coordinate in Fig. 8.17 clearly shows that formation of the 

protonated (Z)-O BTZH+ is favoured over formation of either the quaterary N­

carbamoyl benzotriazole lOa or the protonated NCBT 10f. The keto- path reaction 

coordinates are almost identical for R = -CH3 and R -H. Transition state barriers 

for ring closure to BTZ through the enolate TS7 transition state are substantially 

lower than those for ring closure to quaternary or protonated N-carbomyl 

benzotriazoles, presumably because of strain effects. In addition, optimized 

geometries of 10 type species showed long N2-N5 bond lengths (> 1.8 A) similar 
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to the elongated N2-N3 bonds in N-BTZH+ 5, casting doubt on the existence of a 

stable 10 type species. By the keto-path, the R= -H and R = -CH3 DPMUs should 

both cyclize to BTZs with similar yields. 

The most striking difference between R = -CH3 and R = -H in the Fig. 8.17 

reaction coordinate is in the enol-path. With R = -H, the enol-DPMU 9f is more 

stable than the corresponding keto-DPMU 3f, while with R = -Me the enol-DPMU 

9a is less stable than the corresponding keto-DPMU 3a. Similar energy differences 

have been found with preliminary 3-21G** and 6-31G** ab initio calculations. 

The large difference in the stabilities of 9 as a function of the N 5 R = -H 

or R = -CH3 substituent can be better understood from structural considerations. 

Representative bond lengths and angles of 9f are in Fig. 8.18, and two overlay 

views of 9a and 9f are in Fig. 8.19. 

OH 
e C 

N 

~O 


Figure 8.18: 

Geometry ofenol-DPMU 9f 
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Figure 8.19: 


Overlays ofenol-DPMUs 9a and 9f 


The overlay views in Fig. 8.19 show that the bond lengths and angles are 

almost identical in both the 9f (R -H) and 9a (R = -CH3) enol-DPMUs. However, 

the side-chain in the 9f species is in-plane with the benzene ring, so the enhanced 

stability of this species is probably due to conjugation with the benzene ring. The 

in-plane geometry of 9f would also facilitate ring closure to the planar 0­

protonated NCBT Ilf species. 

In contrast, the side-chain in the R -CH3 9a species is 11.20 out-of-plane 

with the benzene ring. This may be due to steric hinderence by the methyl group 

which prevents rotation of the enolate side-chain into the aromatic ring plane. The 

stability of9a is not enhanced by resonance, and the orientation of the side-chain in 

9a would hinder ring closure to O-methoxy NCBT lla. The O-methoxy NCBT 

lla is much less stable than the corresponding (Z)-O-BTZH+ 6a for DPMU with 
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R= -CH3 , explaining why only BTZs are produced from cyclizations of DPMUs 

with R = -CH3. 

The reaction coordinate in Fig. 8.16 shows that O-protonated NCBT llf 

has a stability equal to that of (Z)-O-BTZH+ 6f for DPMUs with R = -H. This 

suggests that an equal mixture of NCBT and BTZ should be obtained when 

DPMUs with R = -H cyclize. However, although DPMUs with R = -H can cyclize 

to BTZs, there will be a fast equilibrium between the DPMU 2f, the protonated 

BTZ 6f, and the protonated NCBT llf. Proton loss from (Z)-O-BTZH+ is 

reversible because addition of base is necessary to precipitate the BTZ product out 

of the reaction mixture; however, proton loss from O-protonated NCBT lIf is 

irreversible, because addition of base is unnecessary for precipitation of NCBT 

from the reaction mixture. Irreversible proton loss from llf drives the equilibrium 

towards the N-carbamoyl benzotriazole product, explaining why NCBT is the only 

compound produced from the internal cyclization of DPMU with R = -H. Thus, 

BTZ If is difficult, if not impossible, to make by this synthetic approach. 

8.5 Conclusions: 

The PM3 semi-empirical method was used to successfully study the acid 

induced ring-opening of benzotetrazepinones (BTZs). The results indicate that 

BTZ most likely protonates at 0 as opposed to N3, and that ring-opening could 

occur from either an 0 or N3 protonated species. Protonated BTZ pKa's (pKa 

1.0) were estimated by comparison of the PM3 results with the experimentally 

determined pH dependence of BTZ ring opening. The PM3 energies of DPMU 

ring-closures to BTZs show a Hammett like aryl ring substituent dependence. The 

PM3 energies were used to determined LFER reaction constants (p and p+) which 

support the proposed mechanism, and are consistent with experimentally 

determined reaction constants for similar intramolecular azo-coupling reactions.36 

PM3 enthalpy differences were semi-quatitatively related to experimental percent 

yields. The mechanism proposed in Fig. 8.4 and the subsequent PM3 calculations 

are consistent with all experimental observations. The PM3 method was also used 
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to explain why NeBT and not BTZ are produced from internal cyclizations of 

DPMUs with R = -H 
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In chapters two through eight, no attempt was made to develop new 

theoretical approaches to calculate molecular properties. The methods used in 

these chapters were sufficiently accurate to compute the structures and 

reactivities of the compounds. Indeed, useful chemical data can definitely be 

obtained from existing theories of molecular structure and computational 

algorithms. Increased accuracy over the methods used in chapters three to eight 

can only be obtained by moving to extensive and expensive post-Hartree-Fock 

electronic structure calculations. All post Hartree-Fock type calculations (see 

chapter 1) attempt to increase the accuracy of ab initio calculations by including 

the effects of electron correlation. Approaches to include electronic correlation 

effects are the Moller-Plesset (MP)l perturbation theory, density-functional 

exchange-correlation potentials,2 and of course a Full CI.3 However, all these 

methods are still computationally unfeasible for the size and number of 

molecules that chemists routinely study with modest computer resources. 

Consequently, despite the present success of Computational Chemistry, new 

approaches to molecular electronic structure are still required. Because electron 

correlation effects contribute to the energy in ab initio electronic energy 

calculations, it is a topic of great interest in modem Quantum Chemistry. 

Therefore, electron correlation will be addressed from a new standpoint in the 

following chapter. 
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CHAPTER 9: 

ELECTRON CORRELATION AND THE NATURAL ORBITAL 

REPRESENTATION: RELATIONSHIPS BETWEEN THE FRAC"nONAL 

ORBITAL OCCUPANCY NUMBERS, CONFIGURATION INTERACTION 

EXPANSION COEFFICIENTS AND ONE-PARTICLE ENERGIES: 

by C.L Williams, S. Suba, and M.A. Whitehead 
Department of Chemistry, McGill University, 801 Sherbrooke Street West, 
Montreal, Quebec, Canada H3A 2K6. 

9.1 Abstract: 

The natural spin orbital (NSO) representation of the Configuration Interaction 

(CI) one-density is an infInite set of partially occupied one-particle states, whose 

occupation probabilities are related to the CI expansion coefficients. The 

correlation one-density, which is the difference between the Hartree-Fock (HF) 

and Clone-densities, is used with the virial theorem to calculate the electron 

correlation energy using one-particle energies only. Equations relating the NSO 

occupation probabilities to the NSO one-particle energies are derived, together 

with an approximate equation to relate the two-particle energies of the occupied 

orbitals to the two-particle energies of the virtual orbitals. Initial numerical 

results from SDCI calculations on C and Ne indicate the approximations to be 

accurate enough to systematically calculate correlation energies from Hartree­

Fock eigenvalues and one-particle energies. 
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9.2 Introduction: 

Ab initio quantum chemical calculations will be quantitatively predictive 

for large molecular systems when a computationally efficient and accurate 

treatment of the electron correlation energy is included. Although the correlation 

energy represents only a small fraction of the total energy, (0.5-1 %), in chemical 

terms, it often exceeds 200 kcal/mol; this reduces the predictive capabilities of 

calculations that do not include correlation. In chapter three, correlation and basis 

set errors cancelled out using is%bal reaction schemes. However, in many 

calculations, only one or two energy differences are needed, consequently the 

technique used in chapter three does not apply. Thus, ab initio quantum chemistry 

needs an accurate and computationally efficient treatment ofelectron correlation. 

Theoretically, correlation energy can be accounted for by improving the 

Hartree-Fock wavefunction with Configuration Interaction expansions (CI),l-3 

Moller-Plesset perturbation theory (MP),4-6 or Coupled Cluster Theory (CCA).7-9 

Alternately, the correlation energy can be included in Density-Functional Theory 

(DFT)lo-16a by various exchange-correlation functionals which depend on the 

electron one-density. Self-Interaction Corrected Density-Functional Theories16b 

can treat electron correlation directly with the Vosko-Wilk-NusairI5 correlation 

term, but they remain too computationally expensive for large systems. No one 

method has emerged universally applicable and computationally feasible. 

DFT methods are computationally superior to CI type expansions, because 

they depend on the one-density, which relates to the physically observable 

electron density. However, the theoretically correct form of the exchange­

correlation functional has not been found, and density functional methods all rely 

on approximate functionals. In contrast, CI expansions give a theoretically 

correct, although computational difficult, wavefunction. 

Correlations in many-body quantum systems have been examined using 

the correlation one_density.17,18 Here, the one-particle states are transformed into 

the natural spin orbital (NSO)19 representation, and fractionally occupied to 
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minimize the total energy. The physical interpretation of correlation in this 

representation is simple; particles that exhibit mutually repulsive interactions will 

relax into higher one-particle states to minimize their mutual repulsive energy. 

The extent to which the electrons occupy the higher energy one-states is 

determined by the energy of the one-states. In principle, correlations could be 

effectively described by the single particle wavefunctions and their fractional 

occupation numbers. Therefore, this work will investigate the relationships 

between the correlation energy, HF and CI wavefunctions, and the correlation 

one-density, to develop a novel treatment of the correlation energy. 

9.3 Hartree-Fock, CI, and Correlation One-Densities:20 

In the Hartree-Fock (HF) approximation for an N electron system, the 

wavefunction ('PHF) is formed from a single Slater determinaneo of N 

orthonormal, one-electron orbitals, (~i ). 

1) 

The one-electron density of the HF wavefunction, pHF , is the sum over the 

squared ~i orbitals. 

N 

2) pHF =L~j *~j 
i I 

Correlation energy may be introduced with a CI type wavefunction,20 which is an 

infinite linear combination of Slater determinants constructed by exciting 

electrons from the occupied to the virtual HF orbitals. The CI type wavefunction 

may be represented by grouping the types of excitations, singly, doubly or triply, 

etc, 
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N N 

3) \fie} = CO \fIHF +L>s \fIs + L>d \fId+ L ct \fit + ... higher excitations 
d t 

where the {Ci} coefficients are variationally determined. The one-particle orbitals 

of the CI wavefunction may be transformed into one-particle Natural Spin 

Orbitals19 (NSO's) {XioXa}' The the {i, j, k.. } subscripts refer to the occupied 

orbitals, which are analogous to the occupied orbitals in the ground state HF 

wavefunction; the {a, b, c...} subscripts refer to virtual orbitals, which are 

analogous to the unoccupied in the ground state HF wavefunction. The one­

density of the CI wavefunction, p C\ may be expressed in a form similar to the HF 

one-density, 

4) 

Since the NSO's are orthogonal, the one-density of the HF wavefunction can be 

transformed to the NSO representation, 

N 

5) pHF = LXi ·Xi' 
i=1 

The correlation one-density is the difference between the HF and CI densities, 

N '" 
6) pcorr =L(ni -1)Xi ·Xi + Lna Xa ·Xa 

i=) a 

The correlation one-density obeys the following sum rule: 
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Because of the conservation ofelectrons, the following equation is also satisfied, 

8) 
a 

Physically, equation (8) means that the effect of electron correlation is to 

minimize the energy of the system by moving a fraction of the electron density 

from the occupied states (1 - nj) into the virtual states (nJ. The NSO's themselves 

have the property that they minimize the depletion of electrons from the Fermi sea 

ofoccupied states~ thereby optimizing the convergence of the CI expansion. 19 The 

NSO representation is attractive, because it allows this simple interpretation of 

electron correlation. 

The occupation numbers of the NSO's may also be related to the 

coefficients of the CI expansion. If the ground state wavefunction is a single RHF 

Slater determinant, constructed from NSO's, different determinants in the CI 

expansion can be generated by exciting electrons from the N occupied orbitals to 

the virtual orbitals. If only the coefficients of the determinants, and not the 

orbitals themselves, are allowed to vary in this process, the optimized coefficients 

of the expansion are easily related to the occupation numbers of the NSO's. 

Determinants in the CI expansion which contain an NSO in question (occupied or 

virtual), will contribute (ci to the occupation number of that NSO, where {cJ is 

the variationally determined coefficient of that determinant. If the determinant 

does nQ1 contain the NSO in question, it contributes zero to the occupation 

number of the NSO. Normalizing the CI wavefunction gives, 

9) 1 = (co )2 + ~::<cs)2 + L(Cd)2 + L(C t )2 + ...higher excitations 
d 

and from the conservation of electrons, 
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N 00 

10) N = Ini + Ina· 
i=l a 

The occupation numbers of the lowest occupied orbitals can be related to the 

optimized CI coefficients by, 

00 Noooo 

11) n i =1- I(C~)2 + III(ct)2+...higher coefficients 
a j¢i a b¢a 

This equation will hold whether or not the Clone-particle wavefunction has been 

transformed to the NSO representation. For the virtual orbitals, the exact 

expression for the occupation numbers {na} is 

"" N N 00 

12) na = I ( C~)2 + I I I ( C~b )2 + ... higher coefficients 
i=l i=l j¢i b¢a 

The absence of the ground state determinant coefficient (co) in the expression for 

{na} reflects the absence of virtual orbitals in the ground state determinant. 

9.4 One~Particle Correlation Energies:20 

The total electronic energy of a multi-electronic system can be partitioned into 

the kinetic energy, <1>, the electron-nuclear attraction energy, <Vn>, and the 

electron-electron repulsion energy, <Vee>' The correlation energy (Ecorr) is 

defined as the difference between the HF and CI total energies, 

13) 

By analogy with the HF and CI total energies, the correlation energy can be split 

into kinetic, nuclear attraction, and electron-electron repulsion terms 

Ecorr14) = Tcorr + V n corr + Veecorr. 
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Partitioning the correlation energy this way allows use of the virial theorem; for 

atoms 

15) 

For molecules, (15) will be modified by a factor which depends upon forces on 

the nuclei?O For the moment, the situation is simplified by dealing with atoms 

only. However, it is true that for both atoms and molecules, the correlation 

energy may be expressed in terms of one particle energies only, when the total 

energy satisfies the virial theorem. F or atoms, rorr may be expressed in terms of 

the correlation one"density, 

16a) 

Upon integration, (16a) becomes 

N '" 
TCOIT16b) = L (ni -1)~ + L (na)Ta 

i;\ a=\ 

where Tj and T a are the kinetic energies of the occupied and virtual orbitals 

respectively. This is a straightforward and simple way to compute the correlation 

energy. 

The formula in (16b) is deceptively simple, because both the NSO's and 

the occupation numbers have to be found, and these are normally only obtained 

after a CI calculation. Consequently, this approach is useful only if the NSO's 

and the occupation numbers can be obtained, or at least approximated, m a 

computationally efficient way that by"passes the Full CI calculation. For 

example, if one could fractionally populate the virtual orbitals of a standard HF 

type calculation in a manner which reliably yields a good estimate of the 
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correlation energy, this would be an improvement to existing methods. One way 

to go about this is to investigate the relations between the occupation numbers and 

the one-particle energies, in both the NSO and HF-MO representations. 

9.5 Two-Particle Correlation Energies: 

An alternate expression for the correlation energy, using Slater-Condon2o 

rules, expresses the correlation energy as a sum over the cross terms between the 

ground and doubly excited states, 

17) 

where H is the electronic Hamiltonian, and the sum is over all the doubly excited 

determinants. Since no one-particle terms exist between determinants which 

differ by two or more spin orbitals, the total Hamiltonian in (17) can be replaced 

by the electron repulsion operator, Irl -r2 1'1. Consequently, (17) can be used to 

express the correlation energy in terms of two-particle energies only. Combining 

(17) with (14) allows the one-electron and two electron terms to be grouped on 

different sides of the equation, 

1 '" 
> - Vcorr18) "c <'I' *HFIIr, -r 1-11'1' = r:orr + V corr 

.L.... d 1 2 d ee n 
Co d 

In equation (18) the two-electron terms on the LHS are dependent upon the CI 

coefficients explicitly, while the one-electron terms on the RHS may be expressed 

in terms of occupation numbers and one-particle energies. The difference 

between the CI and HF electron repulsion energies is V:rr 
, which is given by the 

following integrals, 
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The first integral in (19) is the electronic interaction energy of the CI 

wavefunction (V~I) and the second integral is the electronic interaction energy of 

the Hartree-Fock wavefunction (V::). Insertion of the CI wavefunction from 

equation (3) into the first integral of (19) yields the following expression, which 

has been grouped into cross-determinantal terms, and energy terms involving one 

determinant only, 

20) 


V~I = (co)2<'I'*HFllrj-r21-11'l'HF > + ~:<CJ2 <'I'*vllr.-r21-11'l'v > 

v 

v v 

v u 

The ground state '1'0 is equated with the HF 'I'HF. The summations over {u,v} 

denote a summation over all types of excitations. However, as a consequence of 

Brillouin's theorem21 and the Slater-Condon21 rules, the only non-zero cross-terms 

involving the HF ground state determinant are those between the ground state and 

the doubly excited determinants. The approximation that all other cross-terms 

(the last term in 20) are zero will be made. This will not be justified at the 

moment, but the resulting approximation to Vee; will be re-stated; The first term 

in (20) is (co)2 V:: ,so by analogy, the integrals in the second term of (20) will 

be denoted by V:." to emphasize the fact that they are ~ determinant terms. In 

addition, the Hermitian nature20 of Irl -r2 rl allows grouping the third and fourth 

terms, 

21) V~I (co)2V:: + L(cvl Ve: +2 coLcd <'I'*HF llr1-r21-11'l'd >Rj 

v d 
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Using equation 17, the last term of equation 21 can be replaced with 2(co)2ECOIT. 

Re-insertion of21 into 18 yields, 

Tcorr + V corr22) n 
v 

which is the same as equation 18, except that the electronic repulsion energy of 

the CI wavefunction has been approximated as a weighted sum of single 

determinant electron repulsion energies. Equation 22 may be further simplified 

by using equation 15 and the gross approximation that c 0 ~ 1. 

_ Vcorr23) n 
v 

Note that the LHS of (23) contains two-particle energies only, while the RHS of 

(23) contains one-particle energies only. In atoms, the one-particle nuclear 

attraction energies are the ones which keep the electron in the atom, while the 

two-particle repulsion terms contain both electron repulsion terms (J) which raise 

the total energy and force electrons out of the system, and exchange terms (K), 

which lower the total energy and help keep the electrons on the atom. 

The ground state coefficient can be allowed to be different from 1 by 

introducing a paramater a = (I-co
2
), allowing a less stringent approximation of 

(22). Again using the virial theorem, equation (22) then becomes 

Vcorr + 2arorr24) aV~ - ICC)2 V:e = n 
v 
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From (9), a = L(cJ2 
; consequently, V: can be placed inside the 

v 

summation over {V:;' 's} in (24). 

vcorr + 2arorr25) n 
v 

The total VnCOIT and rcO
IT of (25) may be partitioned into the individual 

occupied/virtual NSO one-particle nuclear attraction energies {Vni , Vna} and 

kinetic energies {Tj, Ta} 

V corr + 2aTcorr (n ) V COIT + 2aTcorr26) = ~ (n. -1) Vcorr + 2arOIT + ~ n L...J.l m I .t...,.a na a 
a 

For convenience, the following abbreviations will be used, 

VCOIT + 2aTcOIT27a) na a = Ua 

27b) 

Equation (25) then becomes 

28) 
v a 

The two-particle energies on the left hand side of (28) are independent of the 

summation over {i's} or {a's} on the RHS, therefore it will be replaced by f) 

In addition, f) ~ be made to contain the last term in 

equation (20), lifting the assumption that this was zero. Consequently, all the 

difficulties of the two electron terms are now contained in the single f) term! 

Equation (28) may be used to isolate expressions for {nj,na} in terms of f) and 

{Uj,Ua}· 

v 
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29a) 

29b) 

In theory, the summations over {a,b} are infinite, reflecting the full CI limit. 

However, in practice, the summation is truncated at some finite number N'. 

Substituting the expressions for na and (nj-l) from (29) into equation (8) and 

grouping terms involving ~ yields, 

Given a set of approximate NSO's, equations (29) and (30) could be used self­

consistently to solve for ~ and the occupation probabilities. However, obtaining 

approximate NSO's remains an elusive problem. Stoitsov et. al. I8 found that the 

occupied NSO's of nuclear fermionic systems closely resembled the orbitals 

obtained from a single determinant mean-field approximation (MFA). However, 

the virtual orbitals generated by the MFA differed drastically from the virtual 

NSO's generated by diagonalization of the multi-determinant one-density matrix. 

This suggests that the occupied NSO's may be approximated with HF generated 

MO's, while the virtuals NSO should be approximated by suitable transforming 

the virtual MO's. Therefore, the total correlated one-density (pC\ as given in (4) 

can be approximated as 

N N' 

31) pCI_'" i 'I'i + '"L.. na <i>= L- ni "'*'"'I' *a<i>a 
a 
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where {<p} are suitably transformed HF virtual orbitals, and {«p} are the HF 

generated MO's. 

9.6 Orbital Eigenvalues and One-Particle Energies: 

A RHF MO calculation gives a set of one-particle states which satisfy the 

following Schrodinger equations for the occupied {«Pi} and virtual {<Pa} states,19 

32) 

where F is the Fock operator, and {€j, €a} are the eigenvalues of the occupied and 

virtual states respectively. In addition, the orbital eigenvalues can be divided into 

one and two-particle terms, 

N 

33a) €j == ~ + Vni + L<<<pj<<pjll<<pj<<pj > 
j .. i 

and 

33b) Ea == Ta + Vna + L
N 

< <Pa«Pj II«Pj<Pa > 

The virtual eigenstates differ from the occupied eigenstates because they interact 

with all the electrons in the ground state determinant. 

To fractionally occupy, and modify, the Hartree-Fock orbitals to produce 

an NSO like situation, the Hartree-Fock eigenvalue expressions and total energy 

expressions are changed to include fractional occupation numbers. The HF 

generated orbitals will be assumed close if not identical to the NSO's. The part of 

the Clone-density which contains occupied NSO's will be defined as 

34) 
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The part of the total CI energy which is attributed to the occupied part of the CI 

one-density is Eocc' 

N 1 N N 

35) E = "n.(T+V.)+-""n.n·<"'·"'·II"',"'· >occ 4-- I 1m2 4--~ I ) '1'1'1') 'I'J'I'1 
1 1 )"'1 

An analogous expression can be written for the virtual part of the total CI energy, 

36) Evitt 

The interaction energy between the virtual and occupied orbitals (EinJ is two­

particle in nature, and contains no one-particle terms, 

N' N 

37) E int = IIna ni < <PacJ>i II cJ>i<Pa > 
a i 

Since {cJ>i } and {<Pa} are in different sets, there is no factor of 112 which normally 

appears to cancel out overcounting. The HF total energy is 

N 1 N N 

38) I(1;+VnJ+ II <cJ>icJ>jllcJ>jcJ>i > 
i 2 i j 

ECI 
_ EHF EOCC + Evirt + EintSince ECOIT = , and ECI , the correlation energy may be 

rewritten as, 

N N' 

Ecorr = I(ni-l)8 i + Ina8a + Vec;rr 

39) i a 
N N N N' 

+ II(1-nJ < cJ>icJ>jl lcJ>jcJ>j>- IIna<cJ>j<pall<pacJ>j> 
i j i a 

The virial theorem can be used to show that Veecorr = -2TCOIT-VnCOIT. The last two 

terms in (39) have opposite signs, and therefore will be approximated as zero, 

_TCOITbecause they will approximately cancel each other. Using ECOIT = , (39) can 

be recast as follows; 
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40) L
N 

(nj -1 )[Ei -1; Vni ] = L
N' 

nJEa - Ta - Vna ] 
a 

9.7 Numerical Investigations: 

The equations derived lead to the expected conclusion that the NSO 

occupation numbers are dependent upon both the one and two particle energies. 

In equations (29) and (30), the evils of the two electron energies are contained in 

13, which may be solved self-consistently. The effect of the one-electron energies 

on a particular occupation number are explicitly divided into one-orbital terms. 

However, neither (29) nor (30) separate the one particle energies from the 

occupation numbers. In equation (40), the eigenvalues and one particle energies 

of the occupied and virtual orbitals are related to each other through the 

occupation numbers. 

The relationships between {nb na} and the NSO one particle energies was 

investigated by performing a standard singles/doubles CI calculation on a the 

closed shell Ne atom, with a 6-311 G basis set using the GAMESS22 package. The 

GAMESS output consisted ofNSO's in the atomic orbital basis, NSO occupation 

numbers, and the one-electron AO integrals (Tkb VnkI)' The kinetic (Tj) and 

ithnuclear attraction (Vni) energies of the NSO were computed using the 

following transformations of the GAMESS output. 

41) 1; =L c~L c;Tkl 
k I 

42) 

where the {Ck
i} are the coefficients of the kth basis set AO in the ith NSO. The total 

kinetic and nuclear attraction energies of the system are then 
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N N' 

43) T
tot 

= Ln i ~ + Lna Ta 
a 

N N' 

44) Vn
tot 

= Lni Yin + Lna Vna 
a 

The one-particle MO and NSO energies, as well as the occupation numbers and 

HF eigenvalues for Ne are in Table 9.1. The results show that the occupied 

NSO's and MO's have very similar kinetic and nuclear attraction energies, 

reflecting the similarity between the occupied MO's and NSO's. Therefore, 

approximating the occupied NSO's as HF MO's is a good starting point. In 

contrast, the virtual NSO's and MO's have quite different kinetic and nuclear 

attraction energies, reflecting a larger difference between the HF virtual MO's and 

the NSO'S.18 The total one particle energies {T +V} closely follow the expected 

stability of the occupied and virtual orbitals, with the occupied orbitals all having 

lower (T +V) values than the corresponding virtual orbitals. 

The numerical accuracy of equations (29) and (30) were investigated by 

substitution of calculated values ofUj, Ua, nj, na' However, numerical agreement 

was not acheived because the CI wavefunction and energy did not obey the virial 

theorem. Typically, the virial ratio <V>/<T> varied between 1.96 and 2.02, with 

none of the calculations having a perfect ratio of 2. This 1-2% error in the kinetic 

and potential energies is the same order of magnitude as the correlation energy 

itself, thereby creating gross errors in the correlation virial relationship, which is 

fundamental in the derivation of equations (29) and (30). A rough calculation 

testing equation (40) was performed on Ne and C by using the HF generated 

eigenValues and the NSO kinetic and potential energies generated from the SDCI 

calculation. The results in Tables 9.1-9.2 show that equation (40) is accurate to 

within 10% for the atoms in question, indicating that the approximation made in 

deriving (40) may be applicable in certain situations. 

260 

http:NSO'S.18


Table 9.1: Neon NSO and MO Orbital Occupancies, One Particle 
Energies and HF Eigenvalues (a.u.) 
Occupied 

State # 

1 HF 
CI 

Occupancy 

2.0000 
1.9995 

2 2.0000 
1.9936 

3,4,5 2.0000 
1.9887 

Virtuals 

State # 

6,7,8 HF 
CI 

Occupancy 

0.0000 
0.0108 

9 0.0000 
0.0070 

10,11,12 0.0000 
0.0003 

13 0.0000 
0.0005 

Ti Ti+Vni ejHF 
ej -Ti -Vni 

46.269 -49.910 -32.760 17.150 
43.961 -49.758 16.998 

5.189 -11.089 -1.919 9.170 
5.902 -11.155 9.236 

4.274 -10.106 -0.842 9.264 
4.284 -10.099 9.257 

L (2 - ni) (ei - T j - Vni) = 0.381 

Tj Ti+ Vni ejHF 

3.749 -5.792 1.410 
7.369 -7.155 

6.048 -6.261 1.591 
10.380 -5.987 

18.822 -4.669 8.096 
15.182 -3.313 

207.853 65.122 86.873 
205.118 	 64.759 

L na (sa - Ta - Vna) = 

ei -Ti -Vni 

7.202 
8.565 

7.852 
7.578 

12.765 
11.409 

21.751 
22.114 

0.345 
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Table 9.2: 
Carbon NSO Orbital Occupancies, One Particle Energies 
and HF Eigenvalues (a.u.) 
Occupied 
State # Occupancy Ti Tj+ Vnj EjHF 

Ei -Ti -Vni 

1 1.9997 16.329 -17.950 -11.343 6.607 

2 1.9504 1.695 -3.970 -0.825 3.145 

3 1.0001 1.435 -3.611 -0.434 3.177 

4 1.0000 1.422 -3.606 -0.434 3.172 

k (2 - nj) (Ej - Ti - Vnj) = 0.158 

Virtuals 

State # Occupancy Ti Ti+Vni e·I 
HF Ej-Tj-Vni 

5 0.0493 1.422 -3.606 0.0347 3.641 

6 0.0004 53.611 14.4767 0.598 -13.879 

7 0.0001 4.006 -1.110 0.548 1.658 

k na (Ea - Ta - Vna) = 0.174 

9.7 Conclusions: 

The relationships between the CI expansion coefficients. the NSO occupation 

numbers, and the HF one-particle eigenvalues were investigated, and an 

approximate relationship between them derived. The virial theorem and Slater­

Condon rules allowed derivation of equations relating the one-particle and two­

particle parts of the correlation energy. An approximation of the NSO occupation 

probabilities in terms of other NSO occupation probabilities was developed. A 

term p which contains the correlation two-electron energies was also introduced. 

Preliminary sample SDCI calculations performed on Ne and C atoms were 

encouraging. and verify the accuracy of equation (40) to within 10%. This is 

surprisingly good, since equation (40) was calculated using a mixture of HF 

eigenvalues and NSO one-particle energies. In addition, HF calculations in the 
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GAMESS package can be ~ to obey the virial theorem,2o but no such option 

exists for CI calculations; the accuracy of equations (29), (30), and (40) should 

improve if both the HF and CI energies are forced to obey the virial theorem?3 

This relationships derived in this paper are presently being used to develop a 

computational method which fractionally occupies and suitably transforms HF 

virtual orbitals in a iterative fashion, approximating the correlation energy without 

actually performing a CI calculation. Such a method will be an improvement on 

existing methods. 

Further work investigating the effect of extended basis sets and higher CI 

excitations is underway, along with extensions of the present theory to molecular 

systems. In addition, a method for using equations (29), (30) and (40) to 

iteratively generate approximate NSO's from Hartree-Fock generated MO's is 

currently being developed. 
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Chapter 10: 


Conclusions, Claims to Original Research and Future Work 


10.1 General Conclusions: 

Throughout the thesis, computational techniques were successfully used to study 

the structure and reactivity of a series of nitrogen heterocyclic compounds. Chapter two 

demonstrated that a simple AAP method can produce predictive results similar to high 

level ab initio calculations. In chapter three, the averaging of ab initio nitrogen 

heterocyclic heats of formation over different basis sets and isolobal reaction schemes 

was shown to successfully cancel basis set and correlation errors, and give heats of 

formation in agreement with experiment. Comparison of the ab initio, semi-empirical and 

experimental azole, azine, and benzoazole heats of formation demonstrated systematic 

errors in MNDO and AMI, and led to the determination of semi-empirical heat of 

formation correction terms. Chapter three also led to the conclusion that PM3 is superior 

to AMI and MNDO at reproducing experimental nitrogen heterocyclic heats of 

formation. 

Comparison of MNDO, AMI and PM3 isocyanate + ethene cycloaddition 

transition state geometries showed that PM3 transition states bear closer resemblance to 

the structures and energies of ab initio generated transition states. Further proof of the 

superiority of PM3 at treating nitrogen-rich heterocyclics was presented in chapter five; 

good correlation between PM3 and ab initio generated diazoazole heats of formation led 

to the first trustworthy estimates for the heats of formation of these compounds. The 

PM3 and ab initio predictions of an unstable singlet spin state 4-azolylidene was used to 

explain why different products result from thermolysis and photolysis of diazo-I,2,3­

triazole. 

The trends in the semi-empirical computed activation barriers for the diazoazole + 

ethyne and diazoazole + ynamine cycloaddition reactions reflect experimental 

reactivities. The regio-specificity of ynamine cycloaddition with diazoazoles could be 
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predicted with the MNDO, AMI and PM3 methods. The lack of diazoazole reactivity 

with cyanoethynes is also predicted. 

These results, together with the results presented in chapters three through five, 

justified the use of the PM3 method to study structure and reactivity of tetrazepinone 

compounds. The PM3 method was shown to be superior to the MNDO and AMI 

methods at reproducing experimental benzotetrazepinone geometries in chapter seven. In 

chapter eight, the effect of aryl ring substituents on benzotetrazepinone stabilities and 

experimental percent yields was successfully modelled and explained with the PM3 

method. Thus, the PM3 method should be suited for continued study of the tetrazepinone 

class ofcompounds. 

The relationships between CI coefficients, NSO occupation numbers, and one­

particle energies derived in chapter nine could be developed into a novel approach to 

calculating molecular electronic structure. 

10.2 Claims to Original Research: 

Chapter 2: - The first Atom-Atom-Potential treatment of the stability and dynamics of 

endohedral gas molecules inside fullerene cages was presented. The results 

conclusively show that the endohedral complexes are energetically feasible, 

and therefore, possible to synthesize. 

Chapter 3; 	 -The first to demonstrate that averaging the heats of fonnation calculated 

using a variety of isolobal reaction schemes and ab initio total energies 

from different basis sets, leads to more accurate results than using one 

reaction scheme or basis set alone. 

-The first corrections to PM3 azine heats of formation 

-First calculations of indazine, azolotriazine and pyrazepine heats of 

formation using isolobal reaction schemes. 

267 



Chapter 4: 	 -First to show that AMI, MNDO and PM3 give isocyanate geometries in 

agreement with experiment. 

-First to show that PM3 is superior to AMI and MNDO in predicting 

isocyanate ~ ~-lactam transition state energies and geometries; The PM3 

activation energy barriers and transition state geometries are parallel to ab 

initio, but are obtained with significantly shorter computing time. 

Chapter 5: 	 -first study to show the bond localization in diazoazole rings with semi­

empirical and ab initio calculations. 

-first to demonstrate the flexibility of the C=N=N diazo bond angle with 

semi-empirical and ab initio calculations. 

-first study to calculate diazoazole heats of formation from ab initio total 

energIes. 

-first semi-empirical and ab initio computational treatments of azolylidene 

geometries and energies. 

-first to show that the triplet spin state is the most stable for azolylidenes. 

-first computational explanation of the different reaction products resulting 

from thermal and irradiated excitation of4-diazotriazole 

Chapter 6: 	 -first semi-empirical treatment of diazoazole cycloaddition reactions with 

ethyne, ynamine and cyanoethyne. 

-first computational prediction of the relative reactivities of ethyne and 

ynamine with diazoazoles 

-first theoretical demonstration of the regiospecificity of ynamme + 

diazoazole cycloadditions. 

-first computational explanation of the lack of reaction between 

cyanoetbyne and diazoazoles. 
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Chapter 7: -first molecular mechanics, semi-empirical and ab initio study of 

benzotetrazepinones and non-benzofused tetrazepinone ring systems. 

-first complete discussion of the unique conformational features of the 

tetrazepinone ring. 

-first computational prediction oftetrazepinone ring flexibility. 

-fust reported transition state for the unique asymmetric racemization of 

benzotetrazepinone. 

Chapter 8: -first computational study of acid-induced benzotetrazepinone 

decomposition. 

-fust quantitative prediction of aryl-ring substituent effects on 

benzotetrazepinone synthetic yields, and the pH dependence of their acid­

catalyzed decompositions. 

-first proposed mechanism and computational study of the diazophenyl 

urea ring closure to N-carbamoyl benzotriazole. 

Chapter 9: -first to derive the relationship between the Natural Spin Orbital 

occupation numbers and Configuration Interaction expansion coefficients. 
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10.3 Future Work 

10.3.1. Computer-Aided Molecular Design ofBenzotetrazepinone Anti-Cancer Drugs: 

The encouraging results in chapters 7 and 8 suggest that the PM3 method should be used 

for the computer-aided design and development of tetrazepinones (TZPsl,2 1-3 as anti­

cancer agents. Hurdles to TZP development as anti-cancer drugs include in vivo 

instability, unknown decomposition mechanism(s), and a lack of detailed information on 

their physiological mode(s) of action. 

1 2 3 

The PM3 method computationally confirmed the acid-catalyzed benzotetrazepinone 

decomposition mechanism and predicted reasonable pKa's and Hammett reaction 

constants (p and p+ / prior to any experimental work. Computed enthalpy differences 

semi-quantitatively predict tetrazepinone experimental yields.s Continuation of our 

computational studies could save years of experimental work and hasten tetrazepinone 

development as anti-tumor drugs by predicting properties and energetics prior to 

synthesis, and by establishing various decomposition mechanisms through judicially 

performed calculations. 

The lack of a thorough understanding of fundamental tetrazepinone chemistry 

precludes any comprehensive predictions as to what conditions could optimize 

benzotetrazepinone anti-tumor behaviour. Once benzotetrazepinone chemistry has been 

thoroughly established through a combination of computational and experimental means, 

the focus of the research will broaden towards improving benzotetrazepinone anti-tumor 

effectiveness. This research has already produced fruitful interdisciplinary collaboration 

with organic chemists and oncologists. Because of the size and quantity of tetrazepinone 

compounds to be investigated, semi-empirical methods will be initially preferred over ab 

initio methods in view of time and computer constraints. We expect the semi-empirical 

methods to give a satisfactory pictures of various possible TZP decomposition 
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mechanisms, based on the research presented in this thesis. Ab initio calculations will be 

performed for comparison with the semi-empirical results in cases of doubt, and routine 

ab initio studies will be performed as computer time permits. 

The following specific subjects should be computationally investigated; 

A) THE STABILITIES OF AS-OF-YET UNSYNTHESIZED TETRAZEPINONES AND 

TETRAZEPINONE ANALOGUES: Semi-empirical computational methods will be used to 

predict yields, stabilities and geometries of promising tetrazepinone candidates such as 4, 

5 and 6 prior to their synthesis. 

:xN::::: NN ~ \l N N-Me

N N-{ 

MJ 0 

4 5 6 

Chapter 8 demonstrated that electron-withdrawing substituents enhance tetrazepinone 

stability; the amino-tetrazepinone 7 is an example of a tetrazepinone with a "molecular 

switch" that allowing facile alteration of its stability/activity properties, because 

protonation alters the electron-donating/electron-withdrawing characteristics of the amino 

aryl ring substituents. This and other promising tetrazepinones suggested by 

computational studies are the target compounds in ongoing TZP synthetic efforts. 

-O
N':::::'N 

~ \ 
c±) I N-Me 

H, ~ / 
N N~ 

I \ I 0 
R R Me 

7 

B) MECHANISMS OF BENZOTETRAZEPINONE DECOMPOSITION: The acid-catalyzed 

decomposition of benzotetrazepinones is now well understood due to our computational 

work,s but so far the only proposed alkaline TZP decomposition mechanism l has been 
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refuted by computational and experimental evidence. Other decomposition mechanisms 

also remain unclear, and some may be important in the anti-tumor mode(s) of action. 

TZPs do not decompose by mechanisms akin to the basic decompositions of structurally 

similar imidazotetrazolones anti-cancer agents, which lose CO2 ; instead TZPs lose N2 , 

producing 8 and 9 by unknown mechanisms. 

Me 

I N)=O(X
, ~ N 
Me 

8 9 

Other decompositions such as the loss of diazomethane giving 10, and the loss of 

isocyanate giving 11 should be investigated computationally. 

H 

I N)=O(X
, ~ N 
Me 

10 11 

c) PARAMATERIZATIONS OF MOLECULAR MECHANICS FORCE-FIELDS: TZP interactions 

with biopolymers may be important to anti-tumor activity, but no computational studies 

of this type have been reported. The size of biopolymers necessitates the use of 

molecular mechanics methods such as AMBER and OPLS, which are not adequately 

parameterized for tetrazepinones. In chapter 7, the MM+ method was shown to 

satisfactorily treats benzotetrazepinones, although MM+ still fails to predict many 

important benzotetrazepinone structural features. In addition to quantum mechanical 

calculations, work has begun to optimize tetrazepinone molecular mechanics parameters 

for the AMBER force-field, using semi-empirical, ab initio and X-ray data. The results of 

this work will enable proper investigation of benzotetrazepinone-biopolymer interactions 

with molecular mechanics methods. 
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10.3.2: Development ofNew Approaches to Molecular Electronic Structure: 

The work in chapter nine is a preliminary step in the development of a new theory of 

molecular electronic structure. The main problem to be solved before these results can be 

utilized as a coherent computational procedure is the initial estimation of the NSO's; the 

Hartree Fock occupied MOs are probably a good starting point for estimation of the 

occupied NSOs; however, the Hartree-Fock virtual orbitals are quite different from the 

unoccupied NSOs. Transforming the HF virtual MOs with different orbital localization 

and transformation procedures will be tested, as an approach to solve this problem. 
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