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Abstract of a thesis entitled "Theoretical Studies on

the Electronic Structures and Reactivities of some Aromatic
and Heteroaromatic Compounds" submitted by Herbert Frederick
Beér, H.A,., (Cantab.) (Bede College), a candidate for the
degree of laster of Science, 1973.

A1l valence electron CHDO/2 SCF L0 calculations have
been performed on some fluoro, chloro and methoxy derivatives of
benzene, pyridine and the diazines. The charge distributions
and the dipole moments, calculated from them are discussed and
compared with the available experimentael data. The relative
basicities of the derivatives of pyridine and the diazines were
investigated and an attempt made to correiate the results with
known pKa values. Localisation energies for the nucleophilic
éubstitution of halogen by methoxide ion were calculated.
Relative reactivities were then predicted from these
localisation energies and the prediction compared with experimental

observations, where these were available.
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Summary

A congiderable amount of experimental work has been carried
out on the reactions and preparations of fluorinated aromatic and
heteroaromatic compounds. The object in this work has been to carry
out theoretical calculations for the electron distributions in the
ground stafe and the reactivities for some of these compounds. The
results of these calculations were then compared with experimental
observations where these were known. In the cases where experimental
data is not available the theoretical calculations are used to make
predictions as to the results that might be expected when the reactions
are attempted. .

The compounds chosen for study were the monofluoro and perfluoro
derivatives of benzene, pyridine, and the three diazines pyridagine,
pyrimidine, and pyrazine. Some calculations were carried out for the
monomethoxy derivatives of the heterocaromatic compounds mentioned above
and also for some of the chloro derivatives of benzene and pyridine.
The reactions that were considered were the protonation of the bases
pyridine, pyridazine, pyrimidine and pyrazine and soﬁe of their halogen
and methoxy derivatives and the nucleophilic substitution of halogen by
methoxide ion.

The calculations, of the electron distributions and energies of
the ground states! involve finding solutions for the Schr8dinger wave
equation, ﬁw = EY’, for each of the molecules and intermediates
considered. The complexities of the molecules and intermediates con-
sidered in this work ruled out the possibility of a major non-empirical
LCAO MO treatment. The calculations have therefore been carried out
employing an approximate treatment in the all valence electron complete

neglect of differential overlap (CHDO) SCF 10 formalism as developed by
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J.A. Pople and coworkers. The programme to perform the calculations
has been implemented on the Northumbrian Universities llultiple Access
Computor (NUMAC), IBHM 360 Hodel 67.

The relative basicities were deduced from the energy differences
between each base and its conjugate acid. The order of energy differ-
ences should then give the order of the basicities. That is the base
that gives the largest energy difference, on forming its conjugate
acid; should be the strongest base, while bases that give smaller
energy differences should be weaker ones. A comparison of the energy
differences with the pKa values showed, though, that the correlation
for particular bases was not good. However a general trend ﬁas observed
in that the larger pK, §alues tended to be associated with the bigger
energy releases on protonation and vice-versa.

In the case of the nucleophilic substitution of halogen by
methoxide ion it waé assumed that the reaction proceeds via a sigma
complex, or Wheland intermediate. It was known that the reactions
considered were in general irreversible, under the conditions employed,
and therefore subject to kinetic control. The energy of the reactants,
the aromatic compound and the methoxide ion, were found and the energy
of the intermediate and hence the energy difference. The relative
reactivity of two compounds, or of two sites within the same compound,
was then determined by which intermediate had the lower energy, compared
to the original reactants.

In general quite good agreement was observed between the results
of the theoretical calculations and the experimental observations when
a similar series of compounds was considered. The relative reactivities

of different sites for the same parent compound agreed well with what



has been observed, though in the case of monomethoxyperfluoropyraziné
the energy differences, as calculated, were not quite as large as might
be expected. ‘Vhen two dissimilar compounds were compared it was not
always possible to correlate directly the calculated energy differences
with the experimental observations. This is due to a number of causes
including the fact that CNDO II LCAO SCF caléulations are for isolated
molecules in the gas phase at an implied temperature of O Kelvin., This
means that among other things solvation effects are neglected. Agree-
ﬁent between the relative reactivities of chloro and fluoro compounds
may also be affected by the emphasis thet the CNDO II treatment places
on 'd' orbital contributions in the chloro compounds. It is known from
more accurate theoretical treatments that 'd' orbital participation in
aliphatic, aromatic and heterocyclic systems is unimportant and is
overemphasised in the CiDO II gpproximation.

The electron distributions calculated corresponded well with
those expected from a consideration of the inductive and mesomeric
effects of the various atoms. There was also reasonable agreement with
the electron densities as determined by ESCA (X-ray photo electron
spectroécopy). It is interesting to note that in the case of the
bagicities the more strongly basic compounds were not necessarily those
with the largest electron densities on the nitrogen atom. As previously
stated.the more basic compounds were those where the energy release on
protonation was the greatest and this did not necessarily follow the
same ordér as the electron densities.

From the appropriate density matrices the aipole moments were
calculated. It was found that the dipole moments calculated for the

fluoro compounds agreed quite well with the results found by experiment.



In the case of the methoxy and the chloro derivatives the agreement
was not particularly good. This is probably due in the case of the
methoxy derivatives to the fact that the methoxy group may rotate

about the C - 0 bond and this effect was not allowed for in the cal-
culations. In the case of the chloro derivatives the descrepancies are
due in part to the inclusion of 'd' orbital contributions. There is
also the fact that the calculations were for the isolated molecules and
most of the experimental determinations of dipole moments were carried
out in solution.

The coordinates of the atoms in the various molecules and the
intermediates were calculated from the best available known geometries.
Where the geometries were not available then the geometries were assumed
by comparison with similar structures. It was assumed that the geometry
of the parent ring would remain unchanged for each series based on that
particular ring, including the various intermediestes formed during the
reactions of that series. Although changes in the geometry of the ring
system are expected in going from reactant to intermediate, for a
closely related series any errors arising from a neglect of these
changes are likely to be minimised since we.are only attempting to

calculate relative energies and hence relative reactivities.

-4 -
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Introduction

The preparation and reactions of the halogen derivatives of
benzene, pyridine and the three diazines pyridazine, pyrimidine and
pyrazine have been the subject of extensive experimental work in
recent years. One of the interesting aspects of this work is the
extreme reactivity shown by the perhalogen heterocaromatic compounds
in their reactions with various nucleophilic reagents. This is in
sharp contrast to the reactivity of the halogen derivatives of
benzene.

Thus perfluoropyridine reacts rapidly at 0° C with methoxide
ion to give hrmethoxyperfluoropyridine1. Perfluorobenzene, however,
requires refluxing for several hours in order to obtain the mono.--

methoxy derivativez’j. The reaction of pentachloropyridine with
methoxide ionh, like that of the corresponding fluorine compound,
takes place readily at 0°C. There is a difference between the two
reactions though since in the case of the pentachloropyridine some
2-methoxy derivative is formed as well as principally L-methoxy-
.perchlorOpyridine5. The pentafluoropyridine gives, however, exclus-
ively the 4-methoxy compound in its reaction. From these reactionsl'*’5
and others it appears that a halogen atom in the 3- position in
pyridine is particularly resistant to replacement in nucieophilic
substitution reactions. Vhen the diazines are considered as well,
the feature that emerges is that halogen atoms in meta positions
(see chapfer 5), with respect to nitrogen atoms, are less readily

displaced in nucleophilic substitutions then halogen atoms in the

ortho and para positions.



Perfluorobenzene has been observed to be much less reactive

than perfluoropyridine1, but is itself much more reactive than
monofluorobenzene6’7 when subjected to nucleophilic attack. The
presence of groups that are considered to be electron withdrawing,
e.g. the nitro group, léad to much greater reactivities. Nitrobenzene
is often compared with pyridine and it has been found that perfluoro-
nitrobenzene will react with ammonia at room temperature8 to give the
ortho and parae amino products in fhe ratio 7:3. This high proportion
of ortho to para product might seem to suggest that nitrobenzene and
pyridine ought not to be compared too closely since with pyridine the
para product is usually formed in the greater proportion. It has been
suggested9 though that hydrogen bonding, between the attacking ammonia
molecule and the nitro group at some stage of the-reaction, is
responsible for the large amount of ortho product formed in this
réaction. The use of other nucleophiles where hydrogen bonding is
less likely gives, in fact, principally the para products9. The
reactions of L4-nitroperfluoropyridine with ammonia and sodium methoxide1o
are interesting in this respect. With ammonia the products formed are
the L4~aminoperfluoropyridine, the L-nitro, 3-amino -, and the 4-nitro,
2-gmino compound in the ratio 27:48: 25, With sodium methoxide the
corresponding products, (methoxy instead of amino) are formed in the
ratio 70:7:23. The perfluoromethyl and perfluroethyl groups, which

_ might also be considered to be electron withdrawing, .
appear to have the same activating effect on the perfluorobenzene
as does the nitro group. The presence of the perfluoro methyl group
in perfluorotoluene makes the reaction with alkoxide ion11 faster
than the reaction of perfluorobenzene7 with the same nucleophiles.

M;féééér:both groups, the perfluoromethyl and the perfluofoethyl, cause




substitution to occur, principally, in the position para to them

in the reaction of éerfluoro(alkylbenzenes) with alkoxide ions11’12.
Two methanisms have been established for nucleophilic

aromatic substitutions. There is a bimolecular process whereby

the attacking species adds on to the original molecule and then the

displaced group leaves. This addition-elimination process is some-

times referred to as an SN2 mechanism due to its ressemblence

aromatic
to the aliphatic SN2 mechanism. However unlike the latter, the
carbon atom at which substitution takes place remains tetracovalent

13

and hence "relatively" stable intermediates, in some cases isolable 7,
called sigma complexes or Wheland intermediates are formed (see

figures 1.1a and 1.1b below) .

The second.suggested mechanism is that of elimination

followed by addition via a "bengyne" type of intermediate. There

is some evidence that in the case of the monchalobenzenes that

nucleophilic substitution in some reactions mgy proceed

14

simultaneously via a "benzyne" and an SN2, o.+s, mechanism .
Also in the case of some monohalogen derivatives of pyridine there

is some evidence'? that with nucleophiles the substitution may

proceed via a "pyridyne" intermediate.

However the perhalogen derivatives of benzene and of the
hetefo-aromatic compounds considered in this work are believed to

i i 1] bstitution reactions
react by SN2aromatic mechanisms in nucleophilic substitutio

with methoxide ion. Also the monohalogen derivatives of benzene,

pyridine and pyrazine considered react in part by S§2.. noti6 mechanisms

in their reactions with methoxide ion. Therefore in this thesis the

calculations on the nucleophilic substitution of halogen by methoxide

ion are carried out on the basis of only an SN2aromatic mechanism

being involved.
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Now in using an SN2 mechanism in studying aromatic

aronatic
substitution reactions it is necessary to choose a good model for
the transition state. Two main suggestions have been put forward
for this model. In the first it is assumed that the transition
state is similar in structure to the original reactants. Comparisons
of reactivities and activation energies are then based on the properties
of the reacfants. This model however does not, in general, give
consistent results (see chapter 5).

The second suggestion is to take as the model for the transition
state the Wheland intermediate, or sigma complex as it is also known.
heland!® assumed that the carbon atom undergoing attack was isolated

from the conjugated pi electron system of the molecule by being con-

verted from an spz,p state to the spJ configuration. Thus;

~ Fiqure 1.2
: g X

8p2 P

This model can be used.17 provided that the transition state and the

Wheland intermediate sre similar in structure and therefore similar

in energy"(see figure 1.10) .

Using the Wheland intermediate as a model, alternant hydro-

carbons such as benzene and heterocyclic compounds such as pyridine

_10_




and the diazines, whose rings are pi isoelectronic with that of
benzene, may be treated by the methods developed by H.C.Longuet-
Higgins18 and others from Hﬁckel_theory19. Alternant hydrocarbons
are conjugated hydrocarbons in which each carbon atom provides a

2pZ orbital and one electron to the pi system, and which do not con-
tain odd membered rings. Alternants may be further divided into odd
alternants, with an odd number of conjugated atoms and even alternants
which have an even number. In simple Huckel theory alternant hydro-
carbons have several interesting properties. They have an even electron
distribution in thelground state and the energies of the bonding and
antibonding orbitals are symetrically disposed about the non-bonding
position. The carbon atoms of an alternant may be divided into two

" sets, usually distinguished as starred and unstarred, such that no two
members of the same set are bonded together and that if the number of
atoms in each set is not equal then the number of starred atoms is

the greater. In the ion formed when the Wheland intermediate is
produced it is suggested that the charge of the ion is located on the
starred centres (see below) in non-bonding molecular orbitals. It may
be shown that the sum of the coefficients, of these non-bonding

' molecular orbitals on any two starred atoms adjacent to the same
unstarred atom is zero. The ratio of the coefficients may thus be

found and their values by the normelisation process. In the case of

benzene undergoing a nucleophilic attack the results would be as

follows: -

Figure 1.3

fﬂ Nu !
\
\

\ .

C % 3% C ¢ is the coefficient of the

non-bonding molecular orbital

- 11 -




Now normalisation requires that ch‘ = 1 and therefore

3062 = 1 and ¢° = & v

The probability of finding an electron at the atom r is given by

ci and the total pi electron density at a starred atom is

1+ %, or %/3, while the pi electron density at the unstarred atoms
remains at 1.Pyridine, which is isoelectronic with benzene, forms
transition complexes which are also igoelectronic with those of
benzene. Therefore for_the case of nucleophilic attack on pyridine
the pi electron densities will be similar to those of the transition
state of bengene, subject to any effects caused by the nitrogen. Now

the difference in the pi electronic energy between the isoelectronic

pair, pyridine and benzene Dnay be calculated18 by

B - =
Taza Eﬂ'a.r Z@*rq‘r eee o1
r

where Eg,,, 1s the unsaturation energy of pyridine

Egor is the unsaturation energy of benzene

o, is the coulomb integral for the rth gtom in benzene
A commonly accepted way of formulating e(r ist
N

oLy =%

Ty =S+ by

and therefore de(r = “rN _“rc = an

where Iy is the difference in electronegativities of nitrogen and
carbon and B is a resonance integral. H.C. Longuet-Higgins has

suggested that if del, has a value & at the nitrogen, it is §/3

for the carbon atoms directly bonded to the nitrogen and zero else-

where.

- 12 -




Vhen the two transition states, for benzene and pyridine
respectively, in nucleophilic substitution are considered then

[] !
E - =
Waza. Enar zddr‘qr Y 1.2
r

Since a4, will equal 1 on all atoms in benzene and q;. =1+c

in the case of a nucleophilic substitution then subtraction of
equation 1.1 from 1.2 gives

= : 2
AE"&Z& - AE“ar - Zd“r. cr see 1 03
r

Since AEuar will be constant the reactivity of the different

positions of pyridine for nucleophilic substitution may be compared

by calculating "’Ido(r.cg .
r

Thus f'(')I‘ -pyridine
Figure .4 N

Table 1.1

Substitution de(r.ci | Zrda(r.cf,
at W c2 C3,455,6
c2 §x4/3 0 0 §/3
C3 0 §/5x1/3 &8/3x1/3 28/9
Ch § x 1/3 0 0 §/3

-13 -




Therefore, from table 1.1, in nucleophilic attack positions
2 and L for pyridine will be activated more than position 3 and
substitution will take place more readily at positions 2 and L4
compared to position 3. This is in general agreement with what is
observed but does not explain the difference in reactivity between
positions 2 and 4 with different attacking nucleophiles and different
leaving groups. The method assumes though in caloulating pi electron
densities that the charge of the intermediate ion, the ‘heland
intermediate, resides on the starred atoms and that all the other
atoms bear no part of the charge introduced by the attacking group.
It also suffers from other major defficiencies in that the Hickel
approximation deals only with the pi electrons and ignores the
polarisability of the sigma framework and that the parameterisation
is somewhat arbitary. o account is taken either of the attacking
nucleophile and such a simple theory is incapable of realistic
discussions of substitution patterns as a function of the electronic

structure of the nucleophile.

Tn order to overcome some of the difficulties mentioned above,

20,21

while still retaining the simplicity, other approaches have

constructed pseudo sigma and pseudo pi orbitals from the orbitals
used to bond the attacking and leaving groups to the aromatic nucleus
{ see chapter 5). Using the pseudo pi orbital, which will include
contributions from both the attacking and leaving groups, the pi
electron energy of the transition state may be calculated. Using the
Hickel approximation this approach has been used by 3. Carra,_

M. Raimondi and H. Simonetta?o in calculations concerning the

nucleophilic attack on various halogen derivatives of benzene and

-1 -




naphthalene by amines and methoxide ion. They took the activation

energy AE® a5 been made up as follows

AF* - Apg + 8 + OB cee Aok
where AE' is the difference in the pi electron energies of the
reactants and the intermediate,

AE! includes differences in sigma electron, nuclear repulsion,
zero point and thermal effect energies,

AE

golv is the difference in solvation energies of .the reactants

and the intermediate.
The assumption was made that (AEg + AEsol ,) would be constant for
a similar series of compounds and therefore the differences in
activation energy for two similar compounds undergoing the same
reaction might be related to the differences in AER for the two
compounds. They found quite good agreement between AEK and
EX . for a number of nitrohalobengenes and naphthalenes
experimental
for their reactions with piperidine. From this agreement it follows
that (AE: "'AEsolv) does remain approximately constant for the
different reactions. Therefore the separate terms, AES and AEsolv’
should also be constant since the probability that these two terms
will compensate for changes in each other is small when a number of
cases is considered. Some work was also carried out on methoxide
substitution of halogen and again reasonable correlation between
AEF _ and OBy was obtained. Again it seems probable
experimental
that AE: and AEsolv remain separately constant when a similar series
of compounds are compared in similar reactions. When fluorine

derivatives were compared with chlorine and bromine derivatives they

found that 'éhe absolute magnitude of (AE: + QB solv-) was much




greater for the fluorine derivatives than for the other two series,
the difference between the fluoro and chloro derivatives being of

the order of 120 kJ mol—1. This difference is not entirely unexpected
in view of the large solvation energy of the fluoride ion. It is also

interesting to note that this energy difference, 120 kJ mol'1, is very

similar to the differences in solvation energy given in table A2.40

calculated using the expressionz2
q.q,
8 = -2 =i (1-1/D) ver 145
S0 2r. .
ij 1)

where g and qj are the éharges on gtoms i and j respectively,
T ; is the distance between i and j,
D is the dielectric constant of the solvent.

The main disadvantages in using this approach20 are that
arbitary parameters have to be found for the pseudo "atom" of the
transition state, the use of the Hickel approximaetion, and the fact
that only the pi electrons were considered. The CNDO II approach23’24
used in this thesis overcomes some of these problems by considering
a1l valence electrons and by calculating energy differences directly.

Phe electron distribution in a molecule has often been
discussed in terms of the relative inductive and mesomeric effects
of the constitutent atoms of the molecule25’26. What is calculated
in this thesis is the sigma, pl and total charge, on each atom in
the_moleéule, as defined in chapter 2. From these sigme and pi
charges the various inductive and mesomeric effects may be deduced.
However since the introduction of all valence electron SCF calcula-
tions the general usefulness of discussing inductive and mesomeric

effects has been much reduced. Therefore this has only been carried

out for the nitrogen, fluorine and chlorine atoms in the neutral

molecules (see chapter 3).

- 16 -




Chapter 2

Molecular Orbitel Theory
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Molecular Orbital Theory
27

Elements of Suantum Mechanics

The Schrddinger equation
| ¥ - BV oo 241
provides a theoretical foundation for the solution of virtually all
problems in chemistry. At the present time, however, the Schrodinger
equation has only been solved exactly for atoms and molecules con-
taining one electron and therefore for larger systems approximate
solutions must be used.

For molecules a first approximation is that due to Born and
Oppenheimer28 in which the nuclear and electronic wave functions are
considered separable.

V-V, ¥, ces. 2.2

Using the Born-Oppenheimer approximation the electronic Schr8dinger
equation

A

He'lI/ - B vhe 2.3
is Pirst solved for fixed positions of the N atoms within the molecule.
The resulting electronic energies Ee form a potential energy surface
V(.i,l, -1{2, ""KN) where R, specifies the coordinates of the Ath atom

i\

within the molecule. This leads to a Schrddinger equation describing
the motion of the nuclei

Fo)

RV, - 5V, e 244
2

where A 2 Y X
&

WA

Hy =
A

in which - E/ZQA is the kinetic energy operator for the Ath nucleus.

S = -
- LN ] 2.5
+ V(R1,R2,... RN)

Equation 2.4 may then be solved to yield the approximate total wave

function, 2.2, and total energy E(2.1).
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In obtaining solutions to equation 2.3 a further basic approx-
ima.tio;a is made, that of ignoring relativistic effects.

The non-relativistic spin free electronic Hamiltonian, ﬁe’
is then given, in atomic units, by the expression

(‘%V/i ) }Z }‘" vee 2.6

PV

4 b .
where =3V represents the kinetic energy operators of the

Jindividual electrons}h

2
" and - 2 A are the nuclear-electron attraction potential
a7

energy operators, ZA being the charge on the nucleus A,

and rA is the distance between this nucleus and the

electron P
and r1 are the operators corresponding to the mutual
iy

repulsion between two electrons p and V.

The solution of equation 2.6 gives the electronic energy, Ee’ of
the molecule and this with the nuclear repulsion energy, F»l r? gives

the total energy of the molecule. The nuclear repulsion energy

A(B
where ZA is the core charge of the atom and RAB is the intere

is given by

nuclear distance.

The Self Consistent Field Hethod”

a.) Non-empirical

The method used, with very few exceptions, for calculating

the electronic wave functions of molecules is that of D.R. Hartree
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and V, Fock®!. The wave function is taken as an anti-symmetrised
product of spatial and spin functions and for a closed shell the

total wave function is defined as

_ A
‘Iz i (2n)!

where A is an anti-symmetriser.

[yf1<1)a<<1>v1<z))a<z)........V<2n>,e(zn>] e 2.8

For molecules the spatial functions,yynﬁy), are molecular
orbitals which are ususlly expressed as linear combinations of

atomic orbitals)cj} (L.C.A.O. H.O.)32

Vm()x) =§ amix.i()x) e 2.9

The coefficients, a ; are determined by the variational principle so

as to minimise the expression

¢ Ty wdt

where E¢ is the expectation value of the electronic energy associated

LR N ] 2.10

A
with the Hamiltonian, Hy, of the molecule. The set of initial atomic

., is called the basic set. A complete solution of the

functions,?cl

Hartree-Fock problem requires an infinite basis set but a good approx-
imation can be achieved.with a limited number of functions. Molecular
orbital theory is simplest to apply and interpret if the basis set

is minimal, that is, when it consists of the least_number of atomic
orbitals (of appropriate symmetry) for the ground state. For typical
organic molecules a minimal basis set consists of a 1s orbitel for
hydrogen, 1s,2s,2px,2py,2pz for carbon, nitrogen, etc., and

15,2852Py 2P 2pz,3$,3px,3py,3pz for chlorine. The simplest type

y’
of atomic orbital to use in a minimal basis set, and the one used in

2k
CNDO II, involves Slater-type orbitals (STO). These are for hydrogen

X, = (sf/X 2 e
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and for atoms lithium to fluorine

X

2s

(3/96 B)r. o(-5,7/2)

U

and

N}

00s 8647572

5
2p (%{32ﬂ)

where S is the Slater orbital exponent (see table 2.3). 4An
alternative33 to the use of Slater-type orbitals is to employ gaussian-
type functions [ exp(-d(rz)] to represent the radial part of a given
basis function. The dis;ﬁvantage of gaussian-type orbitals (GIO) is
that in the vicinity of the nucleus a linear combination of several
GTO's must be used to give a correct radial dependence as opposed to
STO's where only e single STO is required.

The variation principle then requires that for each molecular orbital
m the coefficients ans satisfy the following sets of simultaneous

29

equations

Z ami(Fij - nmsl,]) =0 for J 1,2,0-.N ee 2.11
1

where N is the number of basis set functions used, and
SZ = 1 (the normalisation conditions) ces 2412
mi mJ ij
Where 85 is the overlap, equal t°I)£i?<j ax
The solution of the secular equation29
s o - = [ X N} 2.
lFlJ Esijl 0 13
are the values By which satisfy the first set of simultaneous
equations, 2.11

Tor a closed shell system it has been shown that Fij is

given by

Fy z: kl[(ijlkl)-%(ikljl)] e 2.1k

kl
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where ng is given by

Y _ 1 2 E ZA
A “dp
and gkl is the total electron population in the overlap region between
atomic orbitals k and 1
oce
Pk1=2 % 8181 cee 2416
and

(i]x1) =“Xi(}z)xk(v) %;ijxl(v) d"}x AT, eee 2.17

The solution of the secular equation, 2.13, requires the evaluation
of the constituent matrix terms, Fij . The Fij's are however,
functions of the coefficients of the atomic orbitals a through P4
(see 2.1L) and therefore can only be evaluated by solving the secular
equation 2.13. An initial guess has therefore to be made, in the
Hartree-Fock method, as to the values of the 3k1's. These values are
then used to evaluate the matrix elements Fij and from these to solve
the secular determinant. This solution leads to a better approxima-
tion to the wave function and this in turn gives a better set of
values of Pkl' This proceaure is then repeated a number of times,
each time obtaining an improved set of values for Pkl’ until there

is no difference between the values of successive wave functions.
@hen this condition is satisfied it has been shown that the total

electronic energy By of a closed shell molecule is given by
B=§z P, . {HS, +—‘2-§2 P [(ijlkl) -%(ikljl)] cee 2418
] 3 1J) 1y %1 kl

The mein obstacles to the solution of this problem arise from
the large number of multicentre integrals (15fx1) involved (see

table 2.1) since in non-empirical celculations all such integrals
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are evaluated. For typicel molecules of interest to organic chemists
the computational effort involved in a non-empirical treatment rapidly
becomes unrealistic as a result of thernh) dependence of the number
of two-electron integrals (n is the size of the basis set). Reliable
semi-empirical treatments have therefore been developed to alleviate
this problem. In the next section a brief outline is given of the
semi-empirical method (CHDO II) employed in this study.

by Semi-empiricsl All-Valence ¥lectron, Neglect of Diatomic

Overlap idethod

This method is particularly suitable for simplifying the
Hartree-Fock problem due to the simplicity and adequacy of its
approximations. These are @

1. Only valence electrons are accounted for specificelly.

2, Only atomic orbitals of the same principal guantum number
as that of the highest occupied orbital in the isolated atom are
included in the basis set.

3, Diatomic differential overlap is neglected, that is if the
orbitals)(i and 7{. are not on the same atoms

Sij = le(}l) Xj(}l)dv; 0
and
(13lx1) = ©
unless X, and Xj are atomic orbitals of the atom A and X, and X
are ptomic orbitals of the same stom A,.or B.

The first of these approximations permits the inner electrons
of an atom to be neglected, treating them as part of a core whose
charge is approximately equal to the nuclear charge minus the number

of inner electrons. The second approximation considerably reduces the
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initial number of integrals to be calculated., The third approximation
reduces all three and four centre integrals to gero and also some of

the two centre integrals. The matrix elements, Fij’ of the secular

equation then become :

F,. H? . Z BP 1 - "1_' A ik} J ces .
11 = By +§y ) o (Ll 415 P (ix|1) 2,19
>3

(i and j both on atom A)
F H . - l{AzBP (ik|41) 2.20
1j 773 7L 4 J es o

(1 on atom A and j on atom B)

The great advantage of such a method is clearly evident in
table 2.4 which shows the number of two electron integrals.to be
calculated for a non-empirical (minimal basis set) and for a neglect

of diatomic differential overlap (NDDO) treatment.

Table 2.1

Number of two electron integrals involved in calculations

for propene

Integrals Hartree- NDDO CNDO
Fock’
linimal
basis set
1-centre 368 173 1
2-centre 6652 568 55
3 - L centre 31206 0 0
Total 33226 74 66

However even with the approximations discussed above there
are still too many integrals for convenient calculations on large
molecules. The introduction of further simplifications however is

by no means straightforward due to rotational invariance requirements.




Pople et al. have pointed out that though the results for two centre
integral evaluation in a non-empirical self consistent field treatment
are invariant with respect to an orthogonal transformation of the axes,
this is not true in general for an approximate treatment. The integrals
in these cases are affected by the choice of coordinates and by the
hybridisation of the orbitals. The calculations from an approximate
t:eatmént are required to be invariant to these two transformations
and this restricts further approximations to either complete neglect
of differential overlap or partial neglect of differential overlap
methods. Of these methods the CNDO II method of J.A. Pople,

D.P, Santry and G.A. Segalzj’zh is used in the calculations in this
thesis.

CNDO II lethod

J.A, Pople and coworkers in their CNDO method neglected both
the one-centre and the two centre integrals involving differential
overlap. Vriting the electron interaction integrals (11l 33) asI‘ ’

the Hartree-Fock matrix elements, Fiji become
' = H - 5 e 0o .
ry =, o+ By o) Dy Bé« P [ 2.21
i = - 5 ifJ se e 2022
where the atomic orbital )(i is centred on atom A and >(j on atom B.
and Pij are the components of the charge density and bond order

matrix
[e]e]¢] ’ 23
Pij = 2 £ amiamj XX O

and Py, is the total charge density on atom A

A
= se e 2-2
Fag = % Pis h
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The core matrix elements H;; may be separated into two components,
the diagonal matrix element of )(i with rgspect to the one-electron
Hamilton containing only the core of its own atom (Uii), and the
interaction O(AB) of an electron in )(i on atom & with the cores

of other atoms B, Thus Hii may be written

ii

H - uii - BZVAB [ X W} 2.25

and equation 2.18 may be put as

o= U+ (By - 39, [+ l;A(PBBl"'_A_B'-VM) ves 2,26

1L

The total energy of a molecule, using the CNDO method may be

expressed as the sum of one- and two- atom terms

E = EEA +X SEAB ees 2427

A A{B
where
A A A 12 [‘
i i]
and
: A B
2
E,. = P, H,. - [")+(zz——
RN
) T3 ijiig &B

I" ) eee 2.29

- PAAVAB - 1’1313"1&13 Pan BB

where RAB is the distance between the atoms & and B.
Due to the neglect of the one-centre electron interations
involving differential overlap between two orbitals the CNDO method

does not show quantitatively the effects of Hund's rule. However

for calculations on the ground states of closed shell molecules this

defect is not too serious.
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Evaluation of Integrals in CIIDO II

a) One-centre one electron Uss

It may be shownzh that in general terms U;; are given by
Uii = - IA - (ZA - 1)rA-A ese 2.30

where ;A is the ionisation energy, of the electron, which is obtained
from spectroscopic data briefly as follows. For an electronic
configuration (25)m (2p)n there will be several states with different
energies. YWhat is then done is to assign to the electronic configura-
tion an energy which is a weighted mean of the energies of all the
states that arise from the configuration. For the carbon atom

for example,

5(c, 252207 =3 .B(C,’P) + 1 .B(c,"D) + _1_.5(c,"s)
5 3 15

The ionisation energies may then be estimated as shown below,

5(a*, 25" 12p") - E(4,25"2p )

I (4,25°2p")

+ -
gat, 2820 ") - E(a,25"2p")

]

and IP(A, 2s72p")

This is shown diagrammatically for fluorine in figure 2.1

Flgure 2_.__1_ F.|. Sp5
IS Ip electronic
Energy (8) .
configuration
F F Sp6
F T._( 4& 32p5
A A




However, since an atomic orbital may either gain or lose an electron,
J.A. Pople and G.A. Segal34 have suggested that a better approximation
for U;, would be obtained by using the “orbital electronegativity“35
instead of the ionisation energy. The orbital electronegativity is
given by the average of the jonisation energy and the electron
affinity (A). The electron affinity is calculated frém spectroscopic
date in a like manner to the ionisation energy (see above and figure
2.1). Equation 2.30 then becomes

U, = - I, + &) - (z, - 2) FAA eee 2,31
The average values of ionisation energy and electron affinityjl*’36

are given in table 2.2 for the appropriate atoms in the molecules

considered in this thesis.

Table 2.2 »(I +4) in electron volts

Atom H c N 0 F c1
.1s 71761 - - - - -
2s - 14,051  19.31637 25.39017  32.272% -
2p - 5.572 7.275 9.111 11.0884 -
3s - - .- - - 24.5906
3p - - - - - 8. 7081
3d - - - - - 0.97695

b} One-centre two-electron s

These are calculated as the electrostatic repulsion energy of
two electrons in a Slater s orbital irrespective of the fact that

i or j may be p or d orbitals. Thus

' 2 1 )¢
T - HX’A (p) i X,A ) agaty ... 232
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where sy is the Slater orbital exponent for atom A, the values for

which are given in table 2.3

Table 2.3, s

Atom H C N 0 F Cl

SA 102 1.625 1.95 2-275 2.6 2.367

¢) Two-centre one-electron (Resonance Hij

This may be thought of as the energy of an electron occupying
the orbital overlap region between the two atomic orbitals x 5 and
x . and moving in the field of the core and the remaining electrons.
In CNDO the resonance integral is regarded as being directly propor=

tional to the overlap integral Si i between the orbitals Xi and Xj

Iiij - B S. - LN ] 2.3

where Slater atomic orbitals are used to calculate Sij and IBXB is

a parameter depending on the nature of 4 and B,

In order that the calculations should be rotationally invarient the
parameter }BKB should be characteristic of X_i and xj but independent
of their position in space. Pople has suggested that this may be

achieved by the averaging of a ,‘30 parameter for each atom, thus

Pis = Hpa + By e 203

The parameters ,BK etc. are chosen empirically to reproduce results

-

, 2Ly 36
obtained by experiment or by ab initio calculations
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Table 2.4 ;a°

Atom H C N 0 F C1

Po -2 -21 -25 =31 -39 -22,330

d) Two-centre two-electron rAB

The most difficult problem in semi-empirical methods of
solving the Hartree-Fock problem is the satisfactory calculation of
the two-centre two-electron integrals. In the CHDO II method of

Pople et al. these are calculated as
_ (sl 33Y - 2 2.2

where Sy and sp are the Slater s orbital exponents for atoms & and B

(see table 2.3).
The two-centre two-electron integrals represent the interaction
between an electron in a valence atomic orbital on atom A with an

electron in a valence atomic orbital on atom B.

e) Coulomb Penetration \(AB
Tn CHDO II the effect of the interaction of an electron in.)(i
on atom A with the cores of other atoms B, (penetration terms,

equation 2.25), are neglected and the coulomb penetration integrals

estimated as

V =2 I"AB cee 2436
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Summary of Approximations used

i) Nuclear repulsion energy EI"r
A

By = z Y ZAZBi_j- vee 2.7

A(B

w

ii) One-centre one-electron uii
- _ L - -1
uii - Z(IA + AA) (ZA 2) F.AA LN ] 2-31
1ii) One-centre two-electron r“

2
L, - fop. (3 ;}31; X,A () aty, @t ... 2.32

iv) Two-centre one-electron (Resonance) Hy ;

0

Hij =PABSij os 0 2.33
0 1 (r° o

Pag © "Z(PA + ;sB) ees 2434

v) Tywio-centre two-electron F AB
2 1 XZ
= X, ) T (V) ag._ d¥, ... 2.35
FAB .U s, O T %y BV
vi) Coulomb penetration VAB

V

AB’ZB FAB eee 2436

vii) lMatrix elements

o=y By - Py ;) D géA Py [ap ~Vap) --- 226
Fij =By - %ﬁ’ijrAB (i£3) ces 2,22
viii) Total energy
B = %EA + §<%EAB eee 2.27
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where

ii JJ 1]

A A ’
By = Pl + 2 %(P po-wal, ... 2.8

and

A B
e 2 e -8 T+ (g ol
i AB

-PV._-PV,

aVap " *mpYas t AABBFAB) cee 2,29

The calculations were carried out on the Northumbrian
Universities liultiple Access Computor (KU1aC), IBM 360 llodel 67
using a standard programme (CNINDO) written by P.A. Dobosh in
Fortran IV. The running time depends on the number of iterations
required and on the number of basis functions which is dependent on
the number of valence atomic orbitals in the molecule for which the
calculation is being performed. The iterations were repeated until
the electronic energy was consistent to 10-6au. up to a total of
20 iterations. Typical running times are of the order of 2 minutes
‘for a molecule such as pyridine and up to 12 minutes for a molecule
such as a dimethoxyperfluoropyridazine involving more valenc; atomic

orbitals.

Electron Distribution in Liolecules

Charge Density
Yhen the LCAO li0's ,Vm, (equation 2.8) have been determined

the charge density may be anelysed in terms of the basis functions )ti'
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If there are two electrons in each molecular orbital the total
charge density P, is given by:

occ

P=2) Y = EZP—Mkal cer 2,37

il k1
where Pkl is the density matrix as defined in equation 2.16. The
diagonal element ¥y is the coefficient of the distribution XE
and measures the electron population of the orbital. The off-
diagonal elements Pkl are overlap populations related to the overlap
region of atomic orbitals k and 1. |

Net Atomic Charge (Total Charge), Pi Charge, Sigma Charge

In order to assign a specific charge to each atom a llulliken
population analysis is used. The total population g for an orbital

X.k is given by

g =P, * 1&2,!1 P15 e 2,38

vhere Skl is the overlap (see equation 2.12 et seq.)

In CNDO II overlap is ignored so that the partitioned bond

overlap terms, lz 'klskl’ drop out of equation 2,38
1

which then becomes

a =P s 2.39

The total charge density on an atom A is then given, in CWDO II, by

Py = 3 P (see equation 2.24)

end the net charge for the atom A is given by

P - Z eve 2.).]0
AA A
where ZA is the "effective" atomic number, i,e. the atomic number

minus the number of woore" electrons, and the sum is over all the

atomic orbitals centred on atom A.
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Pi Charge

The pi electron charge on an atom is taken as the value of
the Qiagonal element, Pkk’ of the electron density matrix Pkl
(equation 2.16), out of the plane of the molecule. The difference

between this value of Pkk and the number of pi electrons.the atonm
contributes is then taken as the pi charge of the atom,
Sigma Charge

The difference between the net (or total) charge on the atom
(equation 2.38) and the pi charge as defined above is taken as the
sigma charge.

Ascribing an electron population to a given atom because an
orbital is centred on the atom is a simplification since in fact the
orbital may be quite diffuse. The analysis should therefore only be
regarded as giving a crude idea of the electron distribution in a
molecule and the absolute values of the "charges" calculated in this
way depend quite markedly on the basis set used. Also ignoring the
overlap terms means that the charge on an atom is defined somewhat
differently for a CNDO treatment compared with a non-empirical treat-
ment where overlap is specificelly taken into account. However despite
these limitations the population analysis is conceptually close to

qualitative ideas about charge distribution in organic molecules.

Partitioned Bond Overlap Population

Although as stated earlier overlap integrals are neglected in
the CNDO II treatment (except in the.evaluation of the two-centre
one-electron integrals) the density matrix has non-zero off diagonal
elements. These on multiplication by the overlap matrix give a

partitioned bond overlap matrix, Pklskl’ the elements of which
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correspond to the off diagonal elements of the charge density bond
order matrix for a non-empirical treatment3 7. This partitioned bond
overlap matrix may then by used to give information regarding the

electron density between atoms in molecules, the electron density or

partitioned bond overlap population being given by 12 Pklskl'
1
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Chapter 3

Electronic Structures and Dipole Moments of
Benzene, Pyridine and the three Diagzines and
some of their fluoro, chloro and methoxy

derivatives.
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Electronic Structures

Charge Distributions )

' The sigma and pi charges for the ring atéms of. some of the
molecules considered are given in figures 3.1 - 3.3. In table 3.1
are the calculated charges for the atoms in some fluoro and chloro
bengene derivatives. These charges are obtained from the diagonal
elements of the SCF density matrices (see chapter 2).

Figure 3.1 shows some interesting features and brings out
‘some of the similarities between the charge distributions in all four
heterocybles and theif perfluoro derivatives. Thus in the perhydro
series the nitrogen atoms are oﬁerall negative due to sigme electron
drift from the ortho carbon atoms and pi electron drift from the
ortho and para carbon atoms. Xor the perfluoro series it is seen
that the sigma charge on the nitrogens becomes more positive while
the pi charge becomes more negative. In the case of pyridine,
perfluoropyridine and perchloropyridine (see below) the calculated
charge distributions in conjunction with the charge potential model
correlate extremely well with x-ray photo-electron spectroscopic
data38. It is also noticeable that for perchloropyridine there is
little change in the pi charges for the ring atoms as compared to
the perﬁydro compound but the sigma charges are all more positive,
due to the electronegativity of the chlorine atoms.

In the perhydro series it is seen that an ortho carbon bears
a positive sigma charge while meta and para carbon atoms bear very
small negative sigma charges. Atom C2 in pyrimidine is in a special
situation lying ortho to two nitrogen atoms thus explaining its

relatively large positive sigme charge. 4&s previously stated ortho
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and para carbon atoms donate pi charge to the nitrogen atoms and
therefore, as expected, ortho and para carbon atoms bear small
positive pi charges. MNeta carbon atoms, hovever, are seen to bear
small negative pi charges. In the case of pyridasine and pyrazine
the nitrogen atoms do not have such a large effect on the pi charges
as in the case of pyridine and pyrimidine. This arises from the fact
that in the first two compounds a carbon atom that is ortho (or para
in the case of pyridazine) to one nitrogen will be meta to the other
nitrogen. The effects of the two nitrogen atoms will oppose each
other and the overall effect will be less than in the case of pyridine,
with only one nitrogen and pyrimidine vhere the effects of the two
nitrogens will be additive.

In proceeding from the perhydro to the_perfluoro series, in
the diazines and in pyridine, the ring carbons all bear increased
positive sigma charges due to sigma aonation to the more electro-
negative fluorine (see téble 3.4 and appendix 3). Now on a ring
carbon in perfluorobenzene there is a positive sigma charge of 0,20
aﬂd simple addition of this charge to the sigma charges on the carbons
in the perhydro series in figure 3.1 gives moderately well the sigma
charges on the carbons in the perfluoro series. This suggests that
the effect of the nitrogen, or nitrogens, in the perfluoro series is
very—similar to the effect of nitrogen in fhe perhydro series as far
as the sigma charges on the ring carbons are concerned. Vhen the pi
chérges are considered it is seen that in pyridazine and pyrazine the
pi charges on the ring carbons are smaller than those in pyridine

and pyrimidine for both the perhydro and perfluoro series.
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Figure 3.1

Sigmo and
(pl) charges

-0.005
(0.052)
' -0.000

@ (-0.023)
0.062
N (0.035)
-0.088

N (0.043)
~0.038
(~0.172)

0.050
(o0.048)
(-8:8|s|7)

0.122

N (0.048)
-0.037
(-o0.058) -

- 39 -




Figure 3.1 cont.
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Table 3.1

Total sigma pi
charge charge charge
Chlorobenzene
- CT 0.092 0.0%5 -0.003
c2 10.018 0.007 0.011
Cc3 0.004 0.007 -0.002
C4 0.010 -0,002 0.012
c5 0.004 0,007 -0.002
c6 0.018 0.007 0.011
K2 0.010
H3 0,002
H4 : 0
H5 . 0,002
H6 0.010
c11 -0.171 -0.198 0.027
Fluorobenzehe
ct 0.235 0.222 0.034
co -0.048 -0.001 -0,047
c3 0,025 0.005 0.020
Cc4 ~0,016 0.012 . -0.028
¢5 0.025 0.005 © 0,020
06 -0,048 ~0.001 -0.047
H2 0.017
B3 .0
H4 -0.001
H> 0
H6 0.017
F1 : -0.206 ~0.254 0.048
Perfluorobenzene
c 0.157 0.202 ~0.045
-0.157 -0.202 0.045
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The electronic charge distribution in moiecules has of'ten
been discussed25 in terms of a localised orbital model though since
the advent of all valence electron SCF caICUIatioﬁs the usefulness
.bf a localised orbital model has been brought into question. Never-
theless from the results in table 3.1 it is possible to investigate
the validity of the model, in particular in the case of fluorine
and chlorine as substituents. The substituent effects which are
considered are the Inductive sigma, Ig. , the Inductive Pi, Iy, and
Mesomeric, 1, ef’fec1:s.25’26’39 The I, effect of an atom may be
inferred from its sizme charge and that of the adjécent atoms and
falls off rapidly with distance. The M effect of an atom is inferred
from its pi chargé and also from the pi charges on alternate atoms
moving eway from the substituent in the delocalised pi system. The Iy
effect is inferred from the pi charge on the adjacent atoms though
its effect is transmitted to all the atoms in the delocalised pi
electron system. This is shown diagramatically below (figure 3.2),
for + and +Ig, for the case where a substituent X contributes two
electrons to the delocalised system.

Applying these ideas to the results given in table 3.1 enables
the inductive and mesomeric effects of the fluorine and chlorine
atoms to be deduced. It is seen that the chlorine and fluorine both
exert a -I,,effect and that the fluorine shows the larger effect.
Also in perfluorobenzene the -Ia.effect of the fluorine is smaller
than in the monofluorobenzene. This is not altogether unexpected
since in perfluorobenzene the fluorine atoms are in a sense all com-

peting with each other for the sigma electrons of the ring carbons.

The pi charges on the chlorine and fluorine in the monohalobenzene




Figure 3.2

Pi electron distribution in a deiocalised system, showing
the results of a +M and a +I" effect,
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show that both these atoms exert a +I effect. As in the case of
the I, effect the +M effect of the fluorine is less in the perfluoro
as compared to the +M effect in the monofluoro compound. In the
monohalobengzenes, from the pi charge on the carbon to which the
halogen is attached, it is observed that both the fluorine and the
chlorine show an If effect.

On going from benzene to pyridine the effect of replacing
CH by N is such that the potential under which the electrons move
is sltered but the extent of the delocalised system is unchanged.
Therefore for the nitrogen atoms, in the molecules in figure 3.1,
only I,. and Iy effects are considered to take place.26 Since, for
the molecules in figure 3.1, the nitrogens bear negative sigma and
pi charges then the nitrogens can be said to be showing -I, and -Iq
effects. InLthe perfluoro compounds the -I effect is smgller than
in the perhydro compounds, which is similar to the effect noted
above for the fluorine in the benzene derivatives discussed. The
pi charges on the nitrogens are larger in the perfluoro compounds
than in the perhydro compounds and thus it might be said that the
-I g effect of the nitrogen is greater in the perfluoro compounds.
On the other hand the increased pi charges might be better ascribed
to the ! effects of the fluorine atoms (see below). Though the
elements of the Fock matrix in all valence electron SCF treatments
depend on the total electron populations on an atom and therefore
although in a planar system there is sigma-pi seperability by
symmetry, the two systems, sigma and pi, are mutually interdependent,
Therefore any model of substituent effects whith tends to separate

contributions of sigma and pi systems is unlikely to be wholly

adequate.2




In pyridine and pyrimidine the meta carbon atoms bear
negative pi charges, a fact which can be explained again in terms
of the nitrogens exerting a -Ig effect. In the case of the fluorine
atoms in the perfluoro compounds shown in figure 3.1, like the
fluorine atoms in perfluorobenzene, it is seen that they exert a
~Ig effect and a +i gffect (appendix 3). Furfhermore that in 21l
four perfluoro compounds the -I;;effect is very similar. Here it
is interesting to note that a fluorine, attached to a carbon that is
ortho to a nitrogen, although in a sense in competition with the
nitrogen for the sigma electrons of the carbon, bears & larger sigma
charge than other fluorine atoms. It is not easy to decide if the
fluorine atoms exhibit an Iy effect and in fact in pyridazine and
pyrazine any such effect would overall be self cancelling. In the
case of pyridine and pyrimidine however, an Ig effect of the fluorines
in the perfluoro derivatives would tend to give an additive effect.

T+ was seen that in fluorobenzene that fluorine exerts an Iy effect
and the assumption that it does so in perfluoropyridine and perfluoro-
pyrimidine affords an explanation of the fact that in these compounds
the pi charges on atoms €2, C4 and C6 are more positive than in the
perhydro compounds.

In figure 3.3 the charge distributions, except for the hydrogens,
are given for monofluoro and monochloropyridine. For the monochloro-
pyridines it is seen that the sigma and pi charges on all the ring
atoms are very similar to those in the perhydro compound (fig. 3e1)

except for the carbon to which the chlorine is attached. This does

bear an increased positive sigme charge due to sigma donation to the
chlorine but there is little effect on its pi charge. In the case of

the monofluoropyridines there is more effect, principally on the pi

-5 -




Figure 3.3

Sigma and ( pi ) charges
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Figure 3.4

Sigma and pi charges
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charges. The carbon to which the fluorine is attached, like the case
of the chloropyridines, bears a large increased positive sigma charge
due to sigma donation to the fluorine. There is also a larger positive
pi charge on this carbon which agrees with the idea expressed above
that fluorine may show a +Ig effect. It is also seen that carbon
atoms lying ortho and para to the fluorine have more negative pi
charges while those meta have more positive pi charges than in the
perhydro compound.

In figure 3.4 are the charge distributions for the ring atoms
and the oxygen in the monomethoxy derivatives of pyridine and perfluoro-
pyridine. Apart from the smaller sigma charge on the ring carbon

-attached to the oxygen, the charges in the monomethoxy compouﬁds are
very similar to those in the corresponding fluoro compounds, i.e.
monof'ldoro. . and perfluoropyridine. Since the electronegativity of
oxygen is less than that of fluorine it is not surprising to find a
smaller sigma drift from the ring carbon to.the oxygen than to fluorine.
When the methoxy derivatives of fluorobenzene (table 3.2) and of the
perfluoro diazines (tables 3.3, 3.4 and appendix 3) are considered

the same effects are observed as for the monomethoxy derivatives of
pyridine and perfluoropyridine.

Methoxy Group

In the methoxy compounds there is sigma electron drift from
both the carbons attached to the oxygen on to that oxygen. At the
same time there is pi electron drift from the oxygen to the ring atoms,
principally to those lying ortho and para to the methoxy group.

In the calculations on the methoxy compounds internal
rotation of the methoxy group, that is with'respect to the -O-GH3

bond, was not considered. However different conformers with respect
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Table 3.2

Total sigma ri
charge charge charge
Methoxybenzene '
cT 0,178 0.135 0.043
c2 -0.050 : 0.004 -0.054
C3 0.022 0,001 0.021
C4 -0,019 0.016 ~-0.035
C5 0.022 0.003 0,019
c6 -0.040 0.009 ~0,049
H2 0.009
H3 - -0,005
H4 ~0.005
ES -0.005
H6 0.009
-0.218 -0.298 0.080
0.127
H1 -0.009
H2 ~0.010
H3 _ ~0,008
1—methozxgérflubrobeniéne
c1 9.096 0.118 -0.020
c2 0.148 0.210 ~0.062
C3 0.154 0.196 -0.042
C4 0.148 0.204 -0.056
c5 0.154 0.195 -0.041
c6 0.159 0.208 -0,049
F2 -0.171 -0.216 0.045
3 -0.161 ~0.205 0.044
P4 ~-0,160 -0.203 0.043
F5 -0.160 -0.204 0.044
F6 -0.164 -0,208 0.044
0 -0.180 -0.257 0.077
C 0.094
H1 0.0071
- H2 -0,004
H3 0.044
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to the ring geometry were investigated. Thus in general two con-
figurations of the methoxy group with respect to the ring were
considered and these are referred to as clockwise (K) and anti-

clockwise (A) respectively (see figure 3.5 below).

Figure 3.5

2K-methoxy pyroz ine 2A-methoxypyrozine

01 @

H3'=‘H2

.

An interesting point then erises concerning the methyl
hydrogen, H3, in that in some compounds it may bear a noticeably
larger positive cnarge (approximately +O. 040) than the other two
methyl hydrogens. This effect is absent in the perhydro series and
in the perfluoro series where an ortho methoxy group is orientated
towards & nitrogen atom (see tables 3.3, 3.4 and appendix R
Furthermore it is seen that when H3 in the methyl group does bear
this larger positive charge then the positive sigma charge on the
methyl carbon is reduced, €.ge in 2A-methoxyperfluoropyrazine as

shown in table 3.4 The effect on H3 can be explained in terms of
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Table 3.3

Total sigma pi
charge charge charge
2K-methoxypyrazine
Nt -0.162 -0.082 0,087
N4 -0.097 -0,098 -0,007
c2 0.225 0.173 0.052
C3 0.016 0.059 -0,043
c5 0,041 0,066 -0,025
c6 0.082 0.049 0.033
H3 0.008
HS . -0.004
H6 -0,005
-0.221 -0.304 0,083

0.131
H1 ~-0,007
H2 -0,007
H3 -0.,005

2A-methoxypyrazine

NT -0.152 -0,075 ~0,077
N4 -0,093 ~0,102 0.009
c2 - 0.224 0,171 0.053
C3 0.005 0.535 ~0,049
5 0,047 . 0,066 -0,025
c6 0.082 0,050 0.032
03 0.008
H5 -0,004
H6 -0.004
0 -0.217 -0.300 0.083
IC 0.127
| -0,006
H2 -0.004
H3 -0.007
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Table 3.4
Total sigma pi

charge charge charge
2K-methoxyperfluoropyrazine
N1 ~0.155 ~0.062 -0.093
N4 -0.149 ~0.068 -0.082
c2 0,185 0.178 0.007
C3 0.247 0.258 -0,011
c5 0.238 0.255 - -0.017
cé 0.239 0.246 =0,007
F3 -0.180 © -0.228 0.048
B -0.178 ~0.226 0.048
F6 -0.179 ~0.227 0.048
-0,199 -0.281 0.082
0,130
H1 0
H2 0.001
H3 -0.001
2A-methoxyperfluoropyrazine
NT -0.143 <0.055 -0.088
4 -0, 149 -0.070 -0.079
c2 0.185 0.172 0.013
c3 - 0.235 0.258 -0,023
5 0.236 0.246 -0.020
cé 0.242 0.246 -0,004
F3 -0.187 -0.236 0.049
F5 ' =0.177 ~0.224 0,047
F6 -0.177 -0.226 0.049
-0.199 ~0.281 0.082
0.096
E1 0.001
H2 -0.003
H3 0.041
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a through space interaction wiﬁh the fluorine atom attached to the
adjacent ring carbon. The fluorine atoms are calculated to be
overall negative and the result of this would be to cause sigma
electron drift from H3 to the methyl carbon. Thus H3 becomes more
positive and the sigma charge on the methyl carbon is reduced,
becoming less positive. Calculations, for the two 2-methoxypyrazines,
of the distances between the methyl hydrogen, H3, and the nearest
ring atom show that this distance is much greater when the methoxy
group is in the K orientation than when it is in the A orientation.
The partitioned bond overlap populations, Ep;lispi’ (electron
density in orbital overlap region between nuclei) were also calculated
for the pyrazine and pyridine methoxy derivatives given in table 3.5.
These show that, for the 2-methoxyperfluoropyrazines, there is a
significant difference for the K and A orientations and that there
js greater bonding in the case of the A orientation. This agrees
with the calculated electronic energies, that for the A orientation
being lower than that for the K orientation. However the nuclear
repulsion energy is larger in the A orientation and is the determin-
ing factor that makes the K orientation lower in energy despite the
greater bonding that occurs with the A. & similar situation is
observed for the methoxy.derivatives of pyridine. Although in the
case of 2-methoxyperfluoropyrazine it was observed that the nuclear

repulsion energy was the factor which determined which orientation

of the methoxy group resulted in the lowest energy for the molecule
this is not generally true. What is seen, though, is that when

Anuclear repulsion and delectronic energy are greater than 5 IJ mol-1

‘Then, however,

1

the nuclear repulsion energy is the deciding factor.

Anuclear repulsion and Aelectronic energy are less than 41T mol”

then either one may be the deciding factor. From the interatomic
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Table 1)

Inter-atomic distances, partitioned bond overlap
populations, and energy differences for some of the
methoxy derivatives of Pyridine and Pyrazine, (energy

differences in kJ mo1~" , distances in g.ngstroms)

Pyrazine
0 Perhydro Perfluoro
K Inter-atomic distance N1 2.,423030 M1 2.123030
2A from methyl H3 to ¢ H3 4.502045 F3  1.441934
X 0.0050 0.0047
E P S -
2A ol 0.0122 0.0240
Energy differences, '
24-methoxy - 2K-methoxy
Aluclear repulsion o2 11807
QDElectronic =907 -11734
ATotal 35 13 _

column O is the position and orientation of the methoxy group
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Table 3.5 cont'd.

Pyridine
0 Perhydro Perfluoro
X Inter-atomic distance N4 2.043184, N1 2.043184
oa | from methyl H3 to : H3 1.51956h F3  1.438068
XK 0.0066 0.0065
ZP .S .
(oA P 0.0113 0.0247
Energy differences,
2A-methoxy - ZK-methoxy
ANuclear repulsion -25 10262
- AElectronic 56 -1019
ATotal 3 7
Liie Inter-atomic distance H2 1.457593  F2 1.423115
3A from methyl H3 to & Hy 1557959  Fih  1.49468k
3K 0.0142 0.0259
EP S .
34 ) sl 0.010L4 0.0497
Energy differences,
FK-methoxy = 3A-methoxy
ANuclear repulsion 750 -710
AElectronic -731 734
ATotal 19 2k
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distances given in table 3.5 it is observed that in the configur-
ation that gives the lowest energy the distence between the
methyl hydrogen, H3, and the nearest ring aton is at a maximum.

As was stated earlier in the chapter the electronic charge
distributions have often been discussed, for a localised orbital
model,26 in terms of mesomeric (M) and inductive (I,_ and 17()
effects. In the methoxy cohpomds shown in figure 3.4 and given in
. tables 3.2, 3.3 and 3.4 it can be seen that the oxygen, like fluorine,
shows #il, -Ij . and Iy effects. As was noted earlier there is a
smaller I, effect by the oxygen on the ring carbon then with the
fluorine and the Igeffect of oxygen is much the same in both the
perhydro and perfluoro series. The +I and I g effects, however, of
the oxygen are observed to be larger than-those of fluorine in the
same positions though the difference is not great.

Dipole Moments

In teble 3.6 are given the dipole moments, as calculated,

for all the molecules considered in this work and the experimental

15’l|D. s

results where available
The dipole moment of a molecule may be regarded as arising

from two causes, }IQ and )lhyb’ the total dipole being the simple
29

vector sum of these two™ 7.

Peotal “He * Py cee 3

The term jiy arises from the charge distribution within the molecule

and may be calculated by means of the expression

qu = 2.5’4-1 6§APAARA debyes see 302

where APA& is the net atomic charge on atom 4 and Ry is the position

vector of atom A. The term }‘hyb is an atomic polarisation moment due
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to the hybridisation of the s and p orbitals on atom A and for a
heteroatom includes the moment that arises from the "lone" pair. In

the x direction }“hyb mey be calculated by;

P
Jg 7 -14.67#2 __23%-1)';22141_‘-1 debyes e 343

]
where ZA is the Slater orbital exponent for the 2s and 2p orbitals

of atom A, Similar expressions are obtained for the value of ).lhyb
in the y and z directions.

For second fow elements, such as chlorine, )lhy-b includes
contributions for mixing 3s with 3p, and 3p with 3d orbitals, for

36, -

example” "

" . .
P Y OO 201 2 aayes .. 3
A A A

Fsp®

and

2' 5376(2, .2 )7/ ‘
)lpd"' -2.5L16 x

Z(Z‘ch + ZA)

u

. -ip 2
(PBGJCZ(A)BPZ(A) + P2 - 2y (W)spx(a) T Dramsey  C 3ds 3px) debyes
ooe 5-5

1]
where 2, is the Slater orbital exponent for the d orbital.

Similar expressions are obtained for the y and z directions.

Although not ma.nyexperimental results were evailable for

comparison it is evident from table 3.6 that there is good overall

a,gz"eement, in the case of the perhydro and fluoro derivatives,

between )ut otal and the experimental results. When the components

Fa and }’hyb are conéidered it is seen that, for pyridine, the

diazines and their fluoro derivatives, )‘hyb is of greater importance

than }1@' In these compounds the value of }J.hy.b is largely dependent




on the contribution of the 'lone pair' of the nitrogen and in the
case of perfluoropyridine it would appear that the total dipole
arises almost entirely from this contribut.ion. Since }’hyb is greater
in the perhydro series than in the perfluoro series it may be argued
that the centre of charge in the sp2 orbital of the 'lone pair' must
be displaced further from the nitrogen in the perhydro series. Thus

for pyridine .and perfluoropyridine,

Figure 3.6
Pyridine - Perfluoropyridine

] | ﬁ

These effects may also be seen to a lesser extent in the chloro

derivatives of pyridine.
As was stated earlier Protal is the vector sum of A and

Foyo and it is also evident from table 3.6 that these two, Ja and

}lhyb are not necessarily orientated in the same direction. It is

seen that in the perhydro series Ja and }lhyb act in the same

direction while in the perfluoro series they act 'in opposition.
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Table 3.6

Dipole moments for some fluoro, chloro and methoxy
derivatives of Benzene, Fyridine, Fyridazine,

Pyrimidine and Pyrazine. Dipole moments given

-18 30

in Debyes (1 Debye = 10 esu cm = 3.335640 x 10~

coulomb metres).

Eth115’_40 )‘Q FPnyb Ftotal

Benzene
" monofluoro 1.60 1.29 0.32 1.61
monochloro 1.73 1.80 0.96 2.75
monomethoxy 1.36 0.60 .1.09 1.66
Perfluorobenzene - 0 0 0
" monomethoxy - 1.48 0.87 1.91
Pyridine 2.20 0.74 1.58 2.32
2-fluoro - 1.94 1.66 3.53
3-fluoro - 1.26 1.08 2.01
4~-fluoro - 0.95 , 1.38 0.43
2-chloro 3.25, 3.22 2.27 0.88 3.09
3-chloro 2.02 1.56 2.35 2,98
4-chloro 0.78 0.93 0.73 1.66
2K~-methoxy 0.61 1.46 2.02
2A-methoxy } 1.15 { 1.17 2.64 3.81
3K-methoxy 0.28 0,60 0.35
3A-methoxy } 2.75 { 0.92 2.38 3.28
4K-methoxy 3.00 0.60 1.44 1.93
Perfluoropyridine - 0.01 1.09 1.08
2K-methoxy - 1,65 0.96 " 0.86
2A-methoxy - 147 1.99 2.61
3K-methoxy - 1.43 0.26 1.56
3A-methoxy - 1.41 1.81 2,93
4K-methoxy - 1.55 1.13 2.67
Perchloropyridine - 0.29 0.76 1.05
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Table 3.6 cont'd.

: Exptl )AQ }lhyb Ptotal
Pyridazine 4.32, 3.97 1.21 2,86 4.07
Perfluoropyridazine - 1.00 2.29 1.29

3K~methoxy - 2,33 1.54 1.05
3A-methoxy - 1.21 3.20 2.98
4K~me thoxy - 1.49 1.70 2.24
4p-methoxy - 0.73 2,58 3.27
3K,4K-dimethoxy - 2.67 0.80 2.75
3K,5K-dimethoxy - 1.36 1.78 2.24
3K,6K-dimethoxy - 1.29 2.40 1.12
4K ,5K~-dimethoxy - 1.50 2,35 3.71
4K, 6K-dimethoxy - 0.34 2,69 2,82
Pyrimidine 2.0, 2.42 0.67 1.66 2.33
Perfluoropyrimidine - 0.47 1.13 0.66
2K-methoxy - 2,01 1.71 1.63
4K-methoxy - 1.77 0.29 1.73
4A-methoxy - 1.11 1.85 2,63
5K~methoxy - 1.02 1.21 2,22
2K, 4K-dimethoxy - 2,05 0.95 1.26
2K, 5K~-dime thoxy - 0.79 1,20 0.43
4K ,5K-dimethoxy - 2.23 0.99 3.21
4K ,6K-dimethoxy - 1.15 1.05 2.32
Pyrazine 0 -0 0 0
2-fluoro - 1.34 0.26 1.59
2K-methoxy - 0.62 1.09 1.7
2A-methoxy - 0.74 0.99 1.72
Perfluoropyrazine - o - 0 0
2K-methoxy - 1.57 0.87 1.87
2A-methoxy - 1.46 0.96 1.93
2K, 3A-dimethoxy - 1.49 1.38 0.1
2A,5A-dimethoxy - 0.19 0.12 0.07
2A,6K-dimethoxy - 0.24 1.87 2,02
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This opposition in the perfluoro series is due to the effect that

the large negative sigma charges of the fluorines have on the value

of uy and this is also clearly shown in the case of 4=fluoropyridine.
Beéring in mind that the calculations are for the isolated

molecules in the gas phase it is possible to suggest values for the

dipole moments of the fluoro derivatives where these are not known.
Thus from table 3.6

Dipoles in Debyes

Perfluorobenzene 0

2-fluoropyridine 3453
3-fluoropyridine 2.01
L~fluoropyridine. 0.43
Perfluoropyridine 1.08
Perfluoropyridaszine - 1.29
Perfluoropyrimidine 0.66
2-fluoropyrazine 1.59
Perfluoropyrazine ' 0

Since perfluorobenzene and perfluoropyrazine both possess centres
of symmetry they have zero dipole moments.

In the case of the chloro derivatives the agreement is less
good.36’)"'1 and so it is with some caution that 2 value of 1 debye
is suggested for the dipole moment of perchloropyridine.

For the methoxy derivatives there seems to be little or no
agreement. At the temperatures at which the dipoles have been measured
there is free rotation of the methoxy group about the bond linking
it with the ring system. It is possible therefore that the lack of
agreement is due to this cause, since as already stated the calcula~

tions were carried out for only two particular orientations of the
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methoxy group. Furthermore the calculations do not take into account
any.solvation effects. It is also known fhat CNDO II calculations
for dipole moments of oxygen compounds do not agree as well with
experimentally determined values as do the calculations for fluoro

compounds.
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Chapter L

Bagicities and Effects of Brotonation
on the Electron Distribution for
Pyridine, the three Diazines and
some of their fluoro, chloro and

methoxy derivatives.
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Basicities

Acid-Base 'I’heo:::;g}+2

The reaction of a base B with hydrogen ions (H30+) in dilute
aqueous solution is a dynamic equilibrium. The reaction may be
written as

PR W S
B +H3° PB.H +H20 ses L|-01
and the acidity constant Ka for the base is given by

a. x +
B ¥ %10
K = -‘———i- seoe )+o 2
a a.BH.,.

where aps aH70+, and aBH* are the activities of the respective
J
molecules and ions and the activity of water is taken as unity.

The equilibrium constant KeG for the forward reaction in 4.1

may be expressed in the form21

=0
Tyt . o-dE/RT
eq - f x f +*

B H0
3

see L4

K

where fBH*’ fB’ and fH ot are the partition _functionSg of the
‘respective molecules and ions and.AEg is the difference in internal
energy of one mole of the products and one mole of the reactants in
their standard states at absolute zero (0 Kelvin). Now AEZ
represents the difference in energy calculated from the lovest (sero

point) energy for the products and the reactants, i.e. schematically.
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Figure 4.1

A L~
/ Reactants

Energy

| /Pro;ucu

Nuclear separation

Since the zero point energies for the reactants and productis will be
similer in magnitude and also small compared to AEg then their
difference will also be small compared to AEz. Therefore to a good
degree of approximation QE, the energy difference between the lowest
points of' the curvés shown in figure 4.1, may be used instead of AE‘;
50 that

AE 2 OE] cee bl

The equilibrium constant Ke o Bay therefore ve written as

-AE/RT
e / ese Led

'Y =3 f.
here £ is the ratio of the partition functioms' in ke3.

It will be seen from 4.1 that
I{ = 1/1(- K] Ll-o6

a eq

and on taking logarithms of 4.6 that

K, = -5, R A

a
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The calculations carried out give AES for the gaseous
equilibrium whereas the experimental observations of pi_ refer to

the equilibrium in aqueous solution. It is therefore convenient to

22

split the term 8E into two terms®®, AE and OB this
g

solvation(T)’

latter term being temperature dependent.

The constant K aq ey now be expressed as

Keq = fu eJCp-(AEg +AEsolVati0n(T) )/R.T oo 1-]-08

The term OE nay itself be expressed as the sum of three

solvation(T)

terms so that

= 0B + Q& AE eee 4o

Esolvation(T) cav Sorient ¥ ®“inter

The term oEcav arises from the energy needed to make a cavity for
the solute molecule in the solvent and from the fact that the
protonated molecule needs a larger cavity than the unprotonated
molecule., The term OE . is an energy term due to the orientation
orient
of solvent molecules around the reactant and product molecules and
Einter is the result of various intermolecular forces (see below).

For molecules and ions of similar shapes and sizes the two terms

AEca and AEorient may be taken as being essentially constant. The

ternm HE,
in

v

ter nay itself be expressed as the sum of three other terms,

AEdisp’ AEiso’ and AEa.niso so that A‘hinter may be written as

- 1 a0 L ] o
AE:'Lnter - A]sd.isp * AEiso + AEanis.’,o , ke

AEdi ‘arises from the dispersion forces and OE aniso represents

an energy term due to anisotropic interactions between base, conjugate

acid and solvent, e.g. hydrogen bonding. The term AEiso results
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from isotropic charge-dipole and dipole-dipole interactions. For

molecules of similar sizes and shapes the term AEdi should be
] sp

approximately constant. The main contribution to AEaniso arises

from hydrogen bonding and for the closely related series of hetero-
cyclic bases considered this term should also be approximately

constant. The main contribution to AE

(o]

solvation(T) erises from AEis

which may be calculated approximately from the expression22

_a) %49 0 -
AEiSQ —Z"z'r—;':;' (1 1/D) a0 0 1.5

j are the charges on the atoms i and j, T j is the

distance between them and D is the dielectric constant of the solvent.

where 9 and ¢

It may be noted that this expression, 1.5, is very similar' to the

expression for the energy of solvation obtained by M.I. J anohB.
Calculations carried out using 1.5 shov (table 42,410) that

for a solvent of dielectric constant 33 (I-.'Ietha.nol for exa.mple) the

term AE does differ on going from pyridine to perchloro-

solvation(T)

pyridine. However the difference AOLE ) between Bt and

solvation(T
(B + H"') remains approximately the same, being 330.3 and 329.5 kJ mol"1
respectively for pyridine and perchloropyridine. There is a bigger
difference in the case of perfluoropyridine, AAEsolvation(T) is
384.6 kJ mol~! but the energy difference AEg (—1214 ®J mol™1) still
remains the dominent factor (see 1ater).

Therefore for a similar series of compounds, such as the
heterocycles considered, all the terms considered as contributing

b ded as being essentially constant.

to AE_solvation(T) may be regar & y

In equation 4.8 Keq mey therefore be regarded as being proportional

to e"AEg since for & similar series of compounds f, the ratio of' the
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partition —funggior;s‘ , will also be constant. Taking logarithms of
4.8 then gives
logKqug -AEg eve  Le12
which with 4.7 gives
pk, & - AE, cee 413

The calculations for the molecules under consideration give
a value for Eg with the isolated molecules in the gas phase at absolute
zero and at the lowest point of the energy curve as in figure k.1,
The term AEg for the protonation mey then be calculated, table L.1.
The base strengths, in terms of pK, values, are then compared with
the relative magnitudes of AEg. Where experimental values for the
pKas are not available the values of AEg may be used to estimate the
relative acidities (or basicities) and to suggest possible values for
the pK,_s.

The values of AEg calculated are observed to be of similar
magnitude to the values of proton affinities obtained by ion-
cyclotron resonance studiesu"'. Considering that the CNDO II
calculations have not been specifically parametised to reproduce
thermodynamic data, the measured proton affinity (in the gas pha.se)
for pyridine of -91;.1:9 kJ molm‘l is in good agreement with the
caloulated value, table L.1, of =1361 kJ mol~1. Unfortunately
this is the only compound on which calculations were cerried out

where ion-cyclotron studies had also been performed.

Pyridine Derivatives

The results for some of the pyridine derivatives given in
‘table 4.1 have been plotted and are shovn in figure 4.2. It cen be
seen that there is not an exs.ct co;-relation betvieen AEg and the

pK, values but that there is o definite trend. Thus as the nagnitude
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Table 4.1

Energy differences and pKa values for some of the fluoro, chloro
and methoxy derivatives of Fyridine, Pyridazine, Fyrimidine
and Pyrazine on protonation.

. + I P
(i) H +B&FH 115,40,45

Base pK; OE (kI mo1™")
Pyridine 5.22 -1361
2-fluoropyridine -0.22 ' -1334
3~ 2.97 -1322
4- - -1345
2K-methoxypyridine 3.28 -1354
3K~ 4,88 -1360
4K~ 6.62 -1388
Perfluoropyridine (.-11)§E -1214
_Perchloropyridine | - -1254
Pyridazine 2.3 -1325
Perfluoropyridazine - - -1200
Pyrimidine 1.3 -1324
Perflucropyrimiéine : - -1198
Pyrazine : ' 0.6 - =1333
o-fluoropyrazine  (4) ' - -1290
S - -1305
Perfluoropyrazine . (-13)* -1189
(1) m*+ B ;’HZBQ" P,
1-H-pyridazine - ~-609.5
1-H-perfluoropyridazine ' - -527.3
1-H-pyrimidine (-G.B)KE -689.0
1-H-perfluoropyrimidine - -592.4
1-H-pyrazine (=5.78)°" -696.0
4-H—2-f1uoropyrézine - -679.7
1-H-2-fluoropyrazine - -664.8
1-H-Perfluoropyrazine - -589.4

+
(pKa values for HB + H,0 =3B+ HBO’)

® ref. 46

=€ ref. 47, 48.
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Fiqure 4.2 |

10) 3-fiuoro

Protonation of some
pyridine derivatives

pK, against AE

. 9
for B+ H"——‘ BH+

© 4-methoxy

© pyridine
© 3-methoxy

O 2-mcthoxy

© 2-tluoro

-1300 -;320 -;340 -1360 <1380 ~-1400

AEg in kJ mol™!
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of AEg increases so does the PKa and the trend fits in the absolute
sense thet expected from equation 4.13, giving for the stronger bases
the greater values of AEg on protonation. It is possible to make an
estimate for the pKa of L-fluoropyridine from a consideration of the
general trend shown in figure 4.2. The value of AEg for this
compound is given in table 4.1 as -1345 xJ mol~! and the trend

shown in figure 4.2 suggests that the pKa may lie between 2.5 and
4.5. 4n extrapolation of the trend in figure 4.2 enables some idea
of the pKas for perchloro and perfluoropyridine to be obtained. The
estimates afe that the pKas will be of the order -7 to -14 with
perchloropyridine being the stronger base (see also figure 4.10).
This is broadly in agreement with experimental observations wnere

it has been noted that perfluoro and perchloropyridine show no basic
properties in aqueous acid1’49’50. Also obser-va‘cionsl"5 of the extent
of protonation of perfluoropyridine when it is dissolved in strong
acid have enabled an estimate of its pK, to be made as being near -11.

Electronic Charge Distribution in Pyridine Derivatives

As an initial criterion it might have been thought, naively,
that the relative basicities of the different molecules ﬁould correlate
in some manner with the electronic charge on the nitrogen atom before
protonation. Examination of the molecules represented in figures
Lob - Lo6 and of the results in table 4.1 show in fact there is no
obvious connection. Thus 3-fluoro and 2-methoxypyridine with pKj
values of 2.97 and 3.28 respectively do not show any correlation with

the magnitude of either their sigma or pi charges. When pyridine and

L-methoxypyridine are considered then in fact the molecule with the

smaller original sigma charge on the nitrogen is in fact more basic -

than the other. It was found that for all the molecules represented

in figures L4 - L.10 that attempts to correlate the energy, AEg,

for protonation with some aspect of the charge on the nitrogen were
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unsuccessful. Now according to the Hammond-Polenyi'' postulate the

reactivity-of a compound may be correlated with the_energy of the
transition state, which the reactants pass through, compared to the
energy of the original reactants. A correlation between the original
reactants and their reactivity would therefore imply an 'early' trans-
ition state. This would mean in the case of protonation that the
transition state would 'look' like a proton approaching the original
molecule. Since the acid-base equilibra under consideration strongly
favour the free base, since all are weak bases, a typical energy

profile for the processes involved will be shown in figure 4.3 below.

Figure 4.3

©

N
H

+*

- conjugate

A

|
] Encray
|

&
Basec + H

Reaction coordinate

It is evident therefore that the transition state "looks" more like the
protonated species than the free base so that a correlation of basicity

with electron distribution in the free base would not be expected.
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It is interesting to note that the overall charge on the

nitrogen becomes more negative in the series shown below.

which should be compared to the calculated order of basicities

which is

The results for the overall charge on the nitrogen may be compared
to the results for the electron densities obtained by x-ray photo
electron spectroscopy38 which are in agreement with the calculated
values.

When the protonation of pyridine, perfluoro and perchloro-
pyridine are considered (figure L.L) it is seen that the nitrogen
atom bears only a very small overall charge on-protonation compared
to the moderate negative charge before protonation. This is largely
due to sigma electron donation to the proton resulting in the
nitrogen bearing a large positive sigma charge. This sigma charge
is largely compensated by increased pi electron drift from the ring
carbons C2, 4 and 6. It is interesting to note here how small the
effects of protonation are at positions 3 and 5, that is positions

meta to the nitrogen. The effect on the sigma charges of the ring

carbons is also small except at position 4. The carbon atom C4 in
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Figure 4.4
Sigma and (pi) chargeo
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fact seems to be the ring carbon most affected with regard to the
pi charges and also as noted to the sigma charge. This latter effect
may be thought of as-compensation for the pi electron drift to the
nitrogen. Thus the pi charge at carbon ClL is more positive on
protonation while the sigma charge is more negative.

In figures. 4.5 and 4.6 are given the sigma and pi charges
for the ring atoms in the monofluoro and monomethoxy derivatives of
pyridine before and after protonation. The most obvious feature is
the greét similarity of the charges in the corresponding fluoro and
methoxy compounds gpart from the sigma charge on the ring carbon to
which the fluorine or oxygen is attached. In this case the greater
electronegativity of the fluorine gives rise to a larger -lg effect
and the sigma charge on the ring carbon is lerger than in the case
of the corresponding methoxy compound. As in the case of pyridine,
perfluoro and perchloropyridine the effects of protonation are observed
principally in the changes in the pi charges of the ring carbons C2, &
and 6 and in the sigme and pi charges of the nitrogen. Again, like
the examples referred to, the nitrogen atom only bears a very small
. net charge on protonation though it bears a large positive sigma
charge due to sigma electron donation to the proton. This large sigma
charge is again compensated by pi electron drift from the ring carbons
C2, ) and 6, with the principal effect occurring at C4. what is also
interesting is how little is the effect on protonation at atoms C3
and 5, the positions meta to the nitrogen. It might be said therefore
that substituents at C3 and C5 should have little effect on the

protonation of the nitrogen. This is true in that it has little direct

effect but C3 and C5 lie in positions ortho and para to atoms G2, &
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Figure 4.5

Sigma and (pi) charges
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Figure 4.6

Sigma and (pl) charges
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end 6. Therefore a substituent at positions C3 and C5 may well have
an indirect effect due to the effects they have at positions €2, 4 and
6 which are the positions directly affected on protonation.

Protonation of the Diazines

The compounds represented in figures 4.7 = 440 afford
examples of heterocycles where there is a possibility of diprotonation
taking place. It cannot be assumed that the AEg values of the
diszines will correlate with their pK s in the same way as in the
case, of pyridine. An examination of the values of AEg given in
table 4.1, for the diazines, and the trend shown in figure 4.2 shows,
in faect no obvious correlation. It cannot be assumed, that in the
diazines, that AEsolvation(T) is constant since the various con-
tributing terms, (equations 4.9 and 4,40}, may vary with different
diagines. Thus due to differences in hydrogen bonding the term
AEaniso may alter. The term AEiso’ for which calculations were
carried out on the monoprotongted perfluoro diagines, also shows small
differences between pyridazine, pyrimidine and pyrazine (see table
42.10). These differences are of the same order as the differences
in AEg, given in table k4.1, and should therefore not be ignored.
Taking these factors into consideration, it may be said though, that
the pK, and AEg values for pyridezine, pyrimidine and pyrazine do
not seriously conflict with the trend observed in figure L4.2. Thus
their PKa values lie between 0.6 and 2.3, that is a change of 1.7
and their values of AEg show a change of only 9 kJ mol~! out of a
total of 1333 kJ mol™t.

Suggestions may therefore be maede, using the trend shown in

figure 4.2, regarding the extent of protonation which might be
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Figure 4.7
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Figure 4.9

Sigma and (pi) charges
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Figure 4.10
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expected for the molecules dealt with and, more cautiously, the value
of pK, to be expected. Thus pyridazine, pyrimidine and pyrazine
would be expected, with regard to monoprotonation, to be only feebly
basic and to have pKa values between O and 3. 4&s already stated this
is in moderate agreement with the experimentally determined values.
2-fluoropyrazine would be expected to be less basic than these three
and to have a possible pK, lying between 1 and -3, though this
estimate should be trea£ed with caution. It is interesting to note
. that in 2-fluoropyrazine the nitrogen atom adjacent to the fluorine
is predicted to be more readily protonated than the other nitrogen.
When the perfluoro derivatives of the three diazines are
considered, the values of t)Eg in table 4.1 suggest that for mono-
protonation they’should ressemble perfluoropyridine. Thus they.should
only by protonated to any appreciable extent in a strongly acid
medium and their pK, values would be expected to be of the order of
-7 to -14. This agrees, in general, with the results obtained by
Chambers and c:owo:c'kersl""6 for perfluoropyridazine and perfluoropyrazine.
When diprotonation of the three diazines is considered reference
to table 4.1 shows that the values of AEg are, in general, approx-
iﬁately half the values for monoprotonation. Therefore it would be
expected that diprotonation would be extremely difficult. In view
of the trend shown in figuré L.11 (see later) it would, in fact,
appear %hat diprotonation can only teke place in extreme acid
conditions and that the pK, values would be large and negative
( & -20). This is somewhat et variance with some reports which
give pK , for pyrazine as =5.78 and for pyrimidine as -6.3. Hovever

since double and single charged solvation energy terms become
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relatively more important it would not be expected that the same
correlation would necessarily apply for both mono and diprotonation.
It is not entirely clear, though, that the results reported’s48

for the pKazs for pyrazine and pyrimidine refer'to the protonation
of the monoprotonated species since for perfluoropyrazine it has

been suggestedﬁ6 that the addition of further acid to the monoproton-
ated'species may lead to the formation of a radical dication rather
than to diprotonation.

Charge Distributions in the Protonated Diazines

In figures 4«7 - 410 the sigma and pi charges are given for
the ring atoms in the various diazine derivatives considered and
their conjugate acids.

These charge distributions show some interesting features
and it is helpful to meke comparisons between the various diazines
and the corresponding pyridines. Thus like pyridine there is little
effect on the sigma charges of the ring carbons when the molecule is
protonated except for the carbon atom para to the protonated nitrogen.
The atom para to the protonated nitrogen also tends to show the
largest positive pi charge. On monoprotonation there is immediately
s considerable difference between the two nitrogen atoms in the diazines.
The protonated nitrogen bears a large positive sigma charge, due to
sigma donation to the proton, and this sigma charge is compensated to
some extent in pyridaszine and pyrazine derivatives and completely in
pyrimidine derivatives by a large negative pi charge. This pi charge
arises from pi electron drift from the atoms in positions ortho and
para to the protonated nitrogen, the principdl drift occurring at the
para atom. In the case of perfluoropyridazine the pi electron drift

from the ortho nitrogen is very small, while in perfluoropyrazine the

pi electron drift from the para nitrogen is very small.
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On diprotonation the hydrogens attached to the nitrogens are
all more positive, with the hydrogens in the perfluoro series all
being more positive than in the corresponding perhydro compounds.,
Diprotonation does result in the differences between the three diazines
becoming more marked. Thus for pyridazine all the carbons are either
ortho or para to a protonated nitrogen and the carbon atoms adjacent
to the nitrogens bear the largest pi charges. Also the sizma and pi
charges on the protonated nitrogens are increased in magnitude compared
to the case of monoprotonation., For the pyrimidines one carbon C5 is
always in the meta position and there is little effect on its sigma
and pi charges either on monoprotonation or on diprotonation, The
atom C2 is ortho to both nitrogens and on diprotonation of the per-
fluoro compound it bears a larger positive pi charge than either CA4
or C6 which lie ortho to one nitrogen and para to the other. The
ni£rogens are interesting since the sigma charge on the protonated
nitrogen hardly alters whether the pyrimidine is mono or diprotonated.
There is not muéh change in the pi charge either on the protonated
nitrogen and for perfluoropyrimidine the overall charge on the
protonated nitrogen is always noticeably negative. In the case of
the pyrazines, on protonation the sigma and pi charges on the carbon
atoms are similar to those for the carbon atoms ortho %o the protonated
nitrogen in monoprotonation. The sigma and pi charges on the nitrogen
are now less on diprotonation unlike the case of the pyridazines where

they were all increased and the case of the pyrimidines where there

was little change.
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The conclusions that can be drawn from these calculations for the
various pyridipes, pyridazines, pyrimidines and pyrazines are then as
follows.

There is a correlation between pKa and l)Eg which appears
as a general trend. In figure L.11 all the pKa values given in table
4.1.including the estimates for perfluoropyridine and perfluoro-
pyrazinehG, have been plotted. The broken line indicates this general
trend and its position is such thet all the points plotted lie within
two units of pK, of this line. The position of the lower end of the
line was decided to accord with the observation46 that perfluoro-
pyridagine (AEg -1200 kJ mol-1) is more basic than perfluoropyridine
(AEg - 1214 kJ mol"1). The slope of the "trend" line in figure 4.10
may be compared with thé value expected from a consideration of
equations 4.5 and 4.771. The value obtained from figure 410 is
ApH of 1 for OO0 E, of 10 W mol~! while equations l.p.5 and 4.7 give
ApH of 1 for approximately 8 8L of 6 kJ mol™l at 300 K. In view
of the approximations that have been made in obtaining the values
of AEg and QB the agreement is quite reasonable. Furthermore it
suggests that though the absolute values of AEg may not correspond
to the absolute values of AE the differences in energy for the

i fferent compounds considered are of the correct order. In order to
obtain a better correlation between the calculations and the
experimental results there is a need to consider AES olvation(T) since
for small differences in AEg the differences in AEsolvation(T) are of
the same order of magnitude and are not necessarily of the same sign.

This is probably more important when considering different series of

compounds.
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Figure 4.11
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On protonation it is observed that the positive charge is
not located on the nitrogen which for pyridine and the diazines on
monoprotonation only bears a very small overall charge. The
positive cherge is in fact distributed, for the ring atoms, as
positive pi charge mainly on the atoms ortho and para to the
protonated nitr&gen. The hydrogen attached to a nitrogen bears a
positive charge of approximately 6.2 electron units and in the
perhydro compounds the hydrogens attached to the ring carbons carry,
altogether, an appreciable portion of the positive charge (see
appendix 3y, There does not seem to be any particular ortho and

para effects for the positive charge carried by these latter

hydrogens.
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Chapter 5
Reaction of some Fluore, Chloro, and
lMethoxy Derivatives of Benzene, Pyridine,
Pyridazine, Pyrimidine and Pyrazine with

llethoxide Ion
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Reactivities

Reaction Rate Theory

The reactions considered in this chapter are known, in general,

to be irreversible under the experimental conditions which have been

employed. The products of the reactions are therefore not subject

to thermodynemic control but are kinetically or rate controlled. In

discussing the relative rates at which molecules, or different sites

within the same molecule, react either a static or a dynamic approach

may be used. A schematic diagram of a typical reaction profile for

which reaction indices might be calculated is shown in figure 5.1.

Figure 5.1
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The static, or isolated molecule, approach assumes that the
reactivities may be related to the electronic parameters of the
original molecule or molecules. Implicit in this approach is the
jdea that the isolated reactants are a reasonable approximation,
(that is "look like") the transition state. According to the
Hemnond~Polanyi' '*%*% hypothesis this will only be the case if the
reactants are particularly close in energy to the transition state,

as for example in figure 5.2.

Figure 5.2
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In nucleophilic aromatic substitutions this, in general, is

not the ca.se52 and the situation is much nearer that indicated in

figure 5.1. It might be expected therefore that a more reasonable

theoretical model would be to approximate the transition state by

means of a localised (Wneland) intermediate. Relative reactivities
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can then be discussed in terms of energy differences between
reactants and localised intermediates and this corresponds to a
dynamic reaction index.

Transition State Theoryl“z

In this theory it is assumed that the reactants form an
activated complex x¥ , or transition si;ate, and that this complex
then forms the products.

Reactants ‘_——_-é x* : Products
In actual fact more than one activated complex may be involved in
the reaction sequence and the rate of the reaction will be determined
by that of the slowest step. For the rate d.etermini;mg step, the

rate constant is the rate of formation of x* and is given byz1 ;

k, = (KI/n)f.e” 853/kr ver 5ed

where kr is the rate constant, k is Boltzman's constant, h is
Plank's constant and OE§ is the energy of activation when all the
substances are in their ground states and f is the ratio of the
partition— func_tions‘ of the complex and the reactants. 4s in
chapter 4AE; differs from the potential energy of activation,

AE’, in the gero point energy difference between the reactants and
the transition state complex53 . \iriting AE; for this zero point

energy difference eguation 5.1 may be written;

\ g ']
K = ¥/n.g.e~(BE + BE;)/RT cee 5.2
r
where OI'is the potential energy of activation.
For the reactions of two molecules, or of two sites within

the same molecule, the relative rates for the reactions mey be

written;

* Y fo -
5 e, - [fvfz]e-o(oﬁ v BEDAT L. 5.3
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Now for two similar reacting molecules AE; may be presumed
to be very similar for both and AAE; may therefore be taken as

being very smell. Therefore equation 5.3 may be put as;
Kk . _ \
e, - [f1/f4e 845" /R v Bulk

Since for a reaction in solution

t " 4
8u] = AE; + nRT ees 545
and '
AH.O = Ea - RT oo s 506
where Ea is the Arrenhius activation energy in
kr = Aoe-Ea/RT oee 5.7
it follows that at the same temperature that
Az, % AOE] vee 5.8

Therefore differences in the potential energy of activation may be
equated with differences in the Arrenhius energy of activation (see
later under benzene and pyridine).

In order to calculate the potential energy surface for a
reaction it is necessary to know the geometry of all the species
involved. Information regarding the geometry of the transition states
is in principle, however, not normally available experimentally for
aromatic and heteroaromatic reactions but is theoretically available
from direét calculatione. &b initio guantum mechenical treatments of
the complex systems involved in nucleophilic gromatic substitutions
;re, however, not computationally feasible in the forseeable future,
The large humber of geometic variables make optimisation of geometries,

even with semi empirical all valence electron treatments impracticable

in terms of computational effort. what is required, therefore, is &

good model for the transition state. Now intermediates, known as
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sigma complexes or Wheland intermediates, have been isolated
for similar reactions to those under consideration (see figure S;Ba).
In these intermediates it has been suggested by ﬂhelandﬁ6 that the
carbon atom at which substitution occurs has an sp3 configuration.
It is interesting here to observe how the ring geometry changes in

trinitrophenetole when it forms the sigma complex with ethoxide ion.

(Plstcnccs in Sngstroms)

The change for sp2p to spJ configuration for the carbon atom

undergoing attack results in a decrease in the pi delocalisation

energy of the system.

The general position of the sigma complex on the energy profile

is beleived to be as indicated in figure 5.4 below. Pi complexes,
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which are known to be formed when aromatic systems are subject to
electrophilic attack and which may be formed during nucleﬁphilic

attack are represented by small shoulders on the energy diagram.

Figure 5.4
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Hammond has suggested.“7 that the structure neares£ in energy
to the transition state will also be closest in structure and this
has in fact been shown to be true for bimolecular nucleophilic
substitution (sN2) by non-empiricael quantum mechanical calculations
of cross sections through the potential energy surfa0956’57.
Therefore the sigma complex should be a better model for the

transition state than either the originel reactants or the pi complexe




The sigme complex has-in fact been used frequently52’58’18 vhen
discussing aromatic substitution and will in fact be used in this
thesis. However when using it only the change in the localisation
energy of the pi electrons is normally considered18. This means
that the carbon atom at which substitution is taking place is not
considered in the calculations and therefore the calculations are
unaffected by changes in the attacking species. Also no account is
taken of the energy changes in the sigma bondosystem or in the nuclear
repulsion energies. In order to overcome some of these defects other
approaches20’21a’21b to the problem have been used. These approaches
calculate pseudo sigma and pi orbitals from the sigma bonds ade by
the attacking and leaving groupé. Thus if X and Y are the attacking
and leaving groups then if for the sigma bonds they make the

components are taken out of phase as shown

then their interaction with the pi orbitals of the rest of the
system may be calculated. That is a pseudo pi orbitel has been
constructed and its energy contribution may be calculated. It is
therefore possibie to calculate a delocalisation pi bond energy for
the trensition state which includes the attacking species. This
still however ignores the contributions of the sigma bond system

and the nuclear repulsion energies to the energy of the transition

state.




The approach used in this thesis is to calculate the total
energy, electronic plus nuclear repulsion for the reactants and the
sigma complex respectively. The difference in these energies is then
used as a measure of the reactivities of different molecules in the
same series and of different sites within the same molecule. An
advantage of this approach is that it ensblés the relative importance
of the nuclear repulsion energy compared to the electronic energy
in determining reactivities to be seen (tables 5.6 and A2,9). It
will also be seen that using this approach that the energy differences
as calculated show general agreement with the differences in
activation energy as determined experimentally6’7’59.

Now the calculations are performed for the isolated molecules
and the sigma complexes in the gas phase, using conventional geometries
based on the original molecules and assuming sp3 configuration for
the carbon atom where substitution is taking place. This is ratﬁer
a drastic aporoximation and would be serious if we were attempting
to calculate absolute activation energies. However the feature of

interest is the interpretation of relative reactivities and hence

differences in energy differences.
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Solvatiocn Effects

Before comparing the results with experimenté.l observations
it is necessary to consider the effects of solvation. In a similar
manner to that used in chapter L, equation 4.8, the term AAE’ in
equation 5.4 may be split into two major components and may be

expressed as

AAMET - BOE, « ADE cee 59

solvation

The term ADE mey again be sptit up in a like manner to that

solvation

in equations 4.8 and 4.9 and then be written as

AAE - ABE__ + AAEor + AAE.. +0AE, +AAD

solvation ient disp iso aniso

vhere the various terms are due to the same causes es those discussed

ey

i 1 e O in t E AL E
in chapter 4. Once again the terms a sav’ orient’ Ahdisp
OE

their differences in equation 5.10 will be approximately zero. The

aniso 2T assumed to remain constant within a similar series and
term88E, is calculated from AEiso values obtained using the
expression 1.5. The results for the perchloropyridine—methoxide
sigma complexes (table A2.10) show that for this series MEiso is
small compared to AAEg and therefore AAE, may be talen as being
zero. However when comparing different series it may be necessary to

p ) ‘P . L3 e " [} ] o
take account of AAEsolvation since the various terms. in equation 510
may not necessarily be very small. Bearing this fact in mind, though,
for o similar series of compounds the term QAE_ 1 . 1ion 10

equation 5.9 may be teken as virtually zero. Equation 5.4 may

therefore be put as;

kI‘ /kr = [f;‘/f'}e'AAEg/RT eee DHeli

17 2
6.7
59

Liveris and J. ::iiller

With regard to the term f1/f2 the work of J. Burdon and coworkers

with the fluoro derivatives of benzene and Ii.
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with the monochloropyridines suggest that this term is of less
importance than the term AAEg. Thus for the reactions of perfluoro-
benzene and monofluorobenzene with methoxide ion7, at 60°C s the ratio
of the preexponential terms is approximately 10~2 while the ratio of
the exponential terms is approximately e 2! or ~109. In the case of
the reaction of 4-monochloro end 3-monochloropyridine writh sethoxide
ion at 50°C, the ratio of the preexponential terms is approximately
unity while the ratio of the exponential terms is approximately el2
or '\v105 . Therefore there is some justification for using AAEg as a
means of comparing the reactivities of similar series, or of different
sites within the same molecule. It may also be used as a means of
estimating AEa values (equation 5.8).

Now one effect of ignoring solvation effects is that the
potential energy of the reactants is higher than that of the inter-
mediate. Also the energy of the products is higher than both of these.

The effect of teking into account the solvation energies is hoviever

to invert this situation and to give the observed order in the energies

i(see figure 5.5 below) .

thhat has been done in this chapter is to express the AEg values
of the intermediate and the products relative to the reactants and
to take the energies of the reactants as an arbitary zero. Considering
what has been said above about solvation energies and illustrated in
figure 5.5 when comparing reactivities. the intermediate with the largest

negative value of 8E_ will be the most reactive. This is because
o

AE

solvation
fop all members of the series and so its addition will not affect the

which must be added to each value of AEg will be the same

order of the various 8B. In the case of the products the most stable
thermodynamically will be the one with the smallest value of AEg

for similar reasons as those discussed above for the reactivities.
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Figure 5.5
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Since as discussed earlier the reactions under the conditions
employed are irreversible the thermodynamic stability has no effect

on the reactivities of the compounds, though it may affect their

further reactivities.
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Introduction to discussions of particular compounds

In the following section are tables of AEg for the reaction
of the various molecules considered with methoxide ion. These have
been calculated frém the energy values in tables 42.2, A2.3 and A2.7.
For pyridine table 5.4 shows the differences in electronic, nuclear
repulsion and total energy for the pyridine derivatives' sigma
complexes. Also given are tables showing the electronic charge
distributions in the various sigma complexes. Since the distribution
of the pi charge in sigma complexes has often been discussed using
"resonance; canonicals "pi" charges are also given. There is, though,

no longer strict sigma and pi separagbility in the sigma complexes.

Kty UKIVE
TR SCIENSE Reizp

14 JUN1973

3E¢TION
Lire oY
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Bengene
Table 5.1(i) indicates that monofluorobenzene is less

reactive than perfluorobenzene with QAE_ 135k rnol'-1 . This

)
reactivity is in accord with experimental observa‘tionse’7 vwhich
also give AEa as 63.5kJ mol™!. This is moderately good agreement
considering the approximations involved and the fact that AAEg

refers to the sigma complexes and 8B, to the two transition states,

see figure 5.6 below

Figure 5.6

Energy

Rcactants
Products

Reaction coordinate

That the agreement is not better may be due in part to the possibility

that the reaction of monofluorobenzene with methoxide ion may

proceed partially via a "henzyne" type intermediate. '
'Monochlorobenzene, from the values in table 5.1(i), should

be more reactive than monofluorobenzene with AAEg 89.6 kJ mol~t.

Now this assumes that . OBE_ . 4 on BaY be taken as effectively
zero. The calculations for AEiso for the chloro and fluoropyridines

suggest that this term is likely to have a very similar value Tor
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Table 5.1

S ——————

Benzene Derivatives

(i) Reactants to intermediate

P l}Eg -T obs E£1
kdJ mol kJ mol
T-fluorobenzene 1 -575.0 157
1-chlorobenzene 1 -668.6 -
Perfluorobenzene 1 7143 93.5
(ii) Reactants to products

0
T-fluorobenzene 1K 537.T
Perfluorobenzene 1K 560.5

P position of attack

0 orientation and position of methoxy group added
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both chloro and fluoro compounds of the type being considered (see
ta.b.le A2.10). The other terms that make up AEsolva'bion (see
equations 5.10, 4.8 and 4.9) are also likely to have similar values
for both series, for example AEaniso is unlikely %o bé different
since there is little hydrogen bonding in either the chloro or
the fluorobenzenes. Assuming therefore that ‘3Esolvation is very
similar .for both chloro and fluoro?:enzenes then AAEsolvation will
be very small and it is then possible to maie an estimate for Eg
for the reaction of chlorobenzene with methoxide ion as 67 kJ mo1~?,
However as in the case of monofluorobenzene the reaction may ﬁroceed
to some extent via a "benzyne" intermediate so this estimate of B,
can only be a tentative one.

It is evident from table 5.1(ii) that the relative reactivities

of fluoro- and perfluorobenzene do not follow the relative energies

of the products.

Blectronic charge distributions

Table 5.2 gives the electronic charge distributions in the
sigma complexes for the'chloro and fluorobenzenes dealt with. It can
be seen that the negative charge introduced by the methoxide ion is
distributed principally on the carbon atoms ortho and para to the
position of substitution. It will also be seen that the methoxy group
and the halogen that is leaving bear some of the charge and that
the chlorine bears a larger charge than the fluorine in the mono-
halo derivétives. In the perfluoro compound the non-substituting
fluorines bear most of the charge introduced.,

The "pi" charges give some justification to the idea, when

resonance canonicals are considered, that the para quinoid structure I
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is more important that the ortho II, i.e.

F OMe F OMe

However the para "pi" charge is not much larger than the ortho charge
and the total para charge is in fact smaller than the total ortho

charge in monofluorobenzene.
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Table 5.2

Charges on atoms in VWheland intermediates formed by the attack

be methoxide ion on fluoro, perfluoro

c1
Cc2
c3
c4
c5
cé

H1
H2

H3

Cc1

ce

C3
C4
c5
c6

“pill‘

_1=fluoro
0.448
~0.241
0.077
-0.208
0.077
~-0.241

-0.039
-0.073
-0.067"
-0.073
-0.039

F -0.323
-0.323
0.146
-0.018
-0.052
~0.052

charges on ring atoms
=-0.337
0.085
~0.357
0.085
-0.337
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and chlocrobenzene

1-chloro
0.369
-0.176
0.061
-C.180
0.061
-0.176

-0.032
-0,063
-0.060
-0.063
-0.032

-0.450
-0.290

0.141
-0.017
-0.047
-0.047

-0.278

0.062
-0.306
0.062
-0.278

e

perfluoro

0.397
-0.062
0.202
-0.062
0.202
-0.062

-0.216

. =0.215

-0.225
-00216

-0,287
~0.291

0.140
-0.024
-0.032
-0.032

-0.357
0.038
-0.390
0.038
-0.357




The results in table 5. 3(‘i)lsuggest that, for the monofluoro-
pyridines that fluorine at position 4 islmore readily replaced than
that at position 2 (B8E, 6.3 K mol™1) and that fluorine at position
_ 3 ig very difficult to replace compared to that at position k
(AAEg 96.3 kJ mol™1). For perfluoropyridine it is seen, again,
that fluoripe at position 4 should be replaced more readily than that
at position 2 (AAEg 9 xJ mol™1) and that fluorine at ﬁosition 3
will also be very difficult to replace compared to that at position &4
(AAEg 128.2 kJ | mo1~1). Compared to monoflﬁoz-opyridine; perfluoro-
pyridine should also be more reactive, for substitution at position A4
in each case AAEg is 133.6 kJ mol-'Jl . The results for perfluoro-
ﬁyridine are in agreement with experimental observations1’47; it
having been observed that fluorine in position 4 is the most readily
displaced by methoxide ion. The reaction is also reported to be very
rapid at 0°C which suggests for perfluoroPyridine.that E, is smell.
When further substitution taltes place in L =methoxyperfluoropyridine
then the value of AAEE (80 kJ mol™ 1) suggests that 2,4—dix;ethoxy—
perfluoropyridine will be formed in preference ‘to the 3,L~dimethoxy
compound. The introduction of the methoxy group in position 4 should
also make the derivative less reactive than the original perfluoro-
.pyridine with A8E, 30.3 kI mol~1. This agein agrees with the
experimental observations1’h7. There is also no mention in the
experimental reports of fluorine at positions 3 and 5 being replaced
in the perfluoro compounds.

The results for the chloropyridines show a similar pattern
to those for the fluoro derivatives. In the case of the monochloro-

pyridines there is moderate agreement between the calculated values
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Table 5.3

Pyridine Derivatives

(i) Reactarts to intermediate

2-fluororyridine
3 n

4~ n
2-chloropyridine
3-

4-
Perfluoropyridine

4K-methoxyperfluoro-

Perchloropyridine

(ii) Reactants to products

2-fluoropyridine

3

4=
Perfluoropyridine

P position of attack

0 orientation and position of methoxy group added
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ADE

g
kJ mol

-644.6
-564.6
-650.9
-729.8
-651.4
=137.1
-T755
-656.3
~T784.5
-153.7
~673.7
-905.6
-854.7
-921.4

509.9
540.1
539.3
. 529.2
531.7
496.9
5673
565.2
541.5
539.0

121.5
137.5
105.5




of l&{)Eg and the values of l&Ea calculated from experimental datako;

A
i.e. taking 4-chloropyridine as the zero

ABE, (5 w01™)  OF, (5 m1™)

2-chloropyridine 7.3 16
3-chloropyridine 85.7 32
L-chloropyridine 0 0

As was discussed in the case of the monohzlobenzenes there is the
possibility that the reactions of the monochloropyridines proceed
partially vie a "pyridyne" type of jintermediate. This is more likely
to be so for the 3-chloro compound than for the other two15.
Perchloropyridine, like perfluoropyridine, should according to the
results in table 5.3(1) be more reactive than the monochloro

derivatives since l&liEg is approximately 190 kJ mol™ 1 for all

positions of substitution. The relative reactivities of the three
positions, (2, 3 and 4) are predicted to be similar to those in
perfiuoropyridine. Thus position 4 is the most reactive,-then position
2 and least reactive is position 3, the MEg values being 15.8 kJ mol™?
between positions 2 and 4 and 66.7 kJ mol™1 between positions 3 and k4.
These figures are interesting beceuse they suggest that compared to |
the perfluoro compound position 2 is less reactive relative to

position 4 and position 3 more reactive relative to position L in the
perchloro compound. This does conflict somewhat with the experimental
results where it has been found that perfluoropyridine gives

exclusively the 4~ methoxy der‘ivaa,ti.velﬁ’b"7 though nucléophiles other

than methoxide ion may give some 2- product. Pe:rchloropyridine, on

the other hand, with_methoxide jon and with other nucleophiles gives

L,5,60
some 2- product as well as the 4~ product"s’ .
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Compared with the results for fluorobenzene given in
table 5.1 the activating effect of a ring nitrogen in place of
a CH group ortho or para to fluorine is clearly evident. This
activating influence of the nitrogen is also apparent in going from
perfluorobenzene to perfluoropyridine.

When the results for benzene were discussed use was made of
the values of AAEg end E, to suggest values of E, vhere these were
not availgble from experimental data. If this is done using the
values of Ea for +the monochloropyridines (table 5.3(1)) and the OAEg
values between this series and the perchloro series then a negative
value for B, would be obtained. This indicates that it is not possible
to compare these two series without taking into account solvation
energy differences. It may also be noted that the CNDO IX SCF L
tréatments of molecules involving second row atoms are less adeguate
than for first row atoms. ith the large number of approximations
involved it is therefore more realistic to consider relative
reactivities of fluoro and chloro substituted compound separately.

A consideration of the electronic charge distributions in
tables 5.6 and 5.8 suggest that hydrogen bonding may be different for
the two series and this will affect the values of the term B3anig0
(see equations 5.10, 4.8 and 4.9). In a like manner there is likely
to be a difference in the éxtent of hydrogen bonding in the fluoro
and the chloro series. Thus a simple consideration of the lIEg values
in table 5.3 would suggest that perchloropyridine is more reactive than
perfluoropyridiné whereas the experimental observations indicgte the
reverse. <hen comparing fluoropyridines with pyridines containing
other halogens it is interesting-to note that when 4=bromoper{luoro-

pyridine reacts with methoxide ion61 the bromine is not displaced
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but substitution takes place at positions 2 and 6.

Section (ii) of table 5.3 shows that were the reactions dealt
with above subject to thermodynamic control the reactivities of the
monofluoropyridines would be in a different order to that suggested
in section (i). 1In the caée of perfluoropyridine the monomethoxy
derivative formed, in the greatest amount, would be é—methoxyper—
fluoropyridine. This would be quite at varience with the results
suggested by section (1) and with the experimental observations1’ﬁ7.

The Ieact1v1t1es calculated are summarlsed below;

o@é@f@

Subs.
:tb‘ 4 4 2 4 4
Adg, -136.9 (o) 30.8 47.4 133.6 &J mol™!

Substltutlon by methoxide ion is predlcted to ocour preferentlally at
position 4, then at p051t10n 2, while position 3 is most unreactive.

Huclear Repulsion and Electronic Energies

Table 5.4 shows the relatiye importance of the nuclear repulsion
and electronic energies in determining AEg. It is seen that just to
ﬁs; the electronic energy would mean that position 4 would be the least
reactive in the monohalo pyridines. On the other hand this order of
reactivities would be reversed in the perhalo pyridines, with position 3
always being intermediate in reactivity between positions 2 and 4. A
consideration of just the nuclear repulsion energies would reverse these

effects with position 3 being agein intermediate in its' reactivity.
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Another effect of just using either the nuclear repulsion or
electronic energies separately would be that the calculated energy
differences, DAEg, would be in the mega joule range which would
be far larger than the experimental observation36’7’5 9 of AEa.
When the sum of the nuclear repulsion and the electronic eneréies
is used then the results obtained are consistent with the

experimental observations. Also the energy differences are of

the same order as those calculated from experimental data.

Table 5.4

Changes in Fuclear Repulsion, Electronic and Total Energies for
the Wheland Intermediate formed by the reaction of llethoxide ion
with some of fhe fluorc and chloro derivatives of Pyridine,

taking the 3- position as zero. Energy differences given in MJ mol-'1

D Tuclear OElectronic ATotal
Repulsion
2-fluoropyridine 2.157 -2.267 -0.110
3- | 0 0 0
4- ~-1.106 1.008 -0,098
Perfluoropyridine 2 -6.944 6.825 -0.119
3 0 0 0
4 1.435 -1.563 -0.128
4K-methoxyperfluoro 2 =14.246€ 14.166 -0.080
3 0 0 0
2-chloropyridine 1.945 -2.027 -0.082
3- 0 0 0
4~ -0.853 0.768 -0.085
' Perchloropyridine 2 -6.744 6.693 -0.051
3 0 0 0
- 112 -




Blectronic Charge Distributions

(Tables 5.5 = 5.9)

These tables show that when substitution occurs at positions
2 or 4 the nitrogen is able to bear a larger portion of the negative
charge than when substitution takes place at position 3. The halogen
and the methoxy group involved in the substitution bear a moderate
portion of the negative charge, the proportion falling in the
perhalo compounds compared to the monchalo compounds. The chlorine
involved in the substitution is also seen to bear a larger
negative charge than a fluorine atom likewise involved. It is also
noticeable that the nitrogen in the fluoro series tends to bear a
larger negative charge than the nitrogen in the chloro series and
that this is more pronounced in the perhalo compoundse

Although the para quinoid structure is often regarded as
more important than the ortho structure52 this does not appear to
be so when the charge distribution is‘considered. Thus substitution
occurs more readily at position 4 than at position 2. But when |
substitution occurs at position 2 the nitrogen bears a sliéhtly
larger negative charge than when substitution occurs at position &4,
except in the mqnofluoroPyridines. The "pi" charges calculated agree
with the charge distributions that would'be-expected from using
resonance canonicals. But even these "pi" charges do not necessarily
support the idea that in the para quinoid'structure the nitrogen
bears a lerger charge than in the ortho quinoid structure. The "pi"
charges are perhaps most useful when considering the perhalo compounds
since as already stated they do agree with the distribution expected

whereas this is not easy to see if the total charges on the atoms is

considered.
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Table 5.5

Charges on atoms in Wheland intermediates formed by the attack of

methoxide ion on the three monofluoro-pyridines

2-fluoro 3-fluoro 4-fluoro
N1 -0.393 -0.110 -0.404
c2 0.514 -0.142 0.148
c3 -0.235 0.426 ~0.241
C4 0.074 -0.243 0.455
C5 _ -0.226 0.049 -0.241
c6 0.158 -0.114 0.148
H2 - -0.054 ~0,090
H3 -0.034 - -0.037
H4 ~0.069 ~-0.040 -
BS -0.060 -0.068 -0.037
H6 -0,090 -0.083 -0.090

-0.330 -0.324 -0.320

-0.327 -0.325 -0.317
C 0.148 0.146 0.145
H1 -0.020 -0.015 ~0.015
H2 -0.056 -0.051 ~0.051
H3 -0.051 ~0.052 -0.051

"pi" charges on ring atoms

N1 -0.449 0,035 -0.460
c2 - -0.286 0.104
c3 -0.284 - -0.313
c4 0.082 -0.341 -
C5 -0.334 0.065 =0.313
c6 0.123 -0.324 0.104
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Table 5.6

Charges on atoms in Wheland intermediates formed by the attack of
g J

methoxide ion on the three monochloropyridines

2-chloro 3=chloro 4-chloro

N1 -0.340 -0.123 -0.338
c2 _ 0.438 -0.074 0.149
C3 -0.176 0.346 -0.211
C4 0.065 -0.174 0,362
C5 _ -0,201 0.033 -0.211
C6 0.151 -0,086 0.149
H2 - ~0.045 ~0.082
H3 -0.027 - -0.029
H4 ~0,060 0,032 -

H5 -0.054 ~0.057 -0.029
H6 =0.079 =0,075 -0.082
Cl _ -0.454 -0.455 -0.424
0 -0.294 -0.291 =0.291
C 0.143 0.140C 0.142
H1 -0.019 -0.016 =~0.013
H2 =0.050 -0.046 . . =0.045
H3 -0.046 -0.046 -0.045

Mpi" charges on ring atoms

X1 -0.403 0.009 -0.402
c2 - -0.224 0.098
C3 -0.239 - -0.287
C4 0.071 -0.278 -

c5 -0.298 0.046 -0.287
C6 0.112 -0.274 0.098
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Eible éoz

Charges on atoms in the Wheland intermediates formed from

Position

perfluoropyridine

2
N1 -0.446
c2 0.487
C3 -0.055
C4 0.215
C5 -0.060
c6 0.323
F2 -
F3 -0.216
P4 -0.217
F5 =0.228
F6 -0.237
F =0.302
0 -0.306
C 0.144
H1 -0.024
H2 "-0.039
H3 -0.038

"pi" charges on ring atoms
-0.527

-0.294

0.042

-0.363

0.123
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of substitution

3
~-0.184
C.091
0.380
-0.054
0.172
0.052

-0.233

"'0.219

-0.247

~-0.292
-0.295

0.139
~-0.020
-0.033
~-0.035

~-0,059
-Oo 244
-O' 363

0.010

4
-0.432
0.297
~-0.064
0.409
-0.064
0.297

-O. 240
-0.221
~-0.221
-0. 240

-0.286
-0.287

0.139
-0.020
-0.034
-0.034

"O- 5 17
0.082
"'Oo 340
-0.340
0.082




Table 5.8°
Charges on atoms in the Wheland intermediates formed by the attack

of methoxide ion on perchloropyridine

Position of substitution

2 3 4
N1 -0.318 -0.076 -0.318
c2 0.416 0.044 0.240
C3 -0.047 0.334 -0.052
c4 _ 0.188 -0.035 0.359
c5 -0.055 0.160 ~0.052
cé 0.252 0.027 0.240
c12 - -0.235 -0.231
€13 -0.213 - -0.220
C14 . ~0.195 -0.225 -
€15 -0.240 -0.196 -0.220
C16 -0.224 -0.269 -0.231
Cl1 -0.357 -0.336 -0.324
-0.274 ~-0.263 -0.259
: 0.139 0.137 0.137
H ~-0,016 ~0.014 -0.015
H2 -0.029 -0.026 ~-0.027
H3 -0.030 ~0.028 -0.027
"pi" charges on ring atoms
N1 -0.391 0.C33 -0.424
c2 - -0.190 0.105
C3 -0.201 - -0.230
C4 0.092 -0.242 -
c5 -0.271 0.079 -0.230
c6 0.127 -0.261 0.105
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Table 5.9

Charges on atoms in Wheland intermediates formed by the attack

of methoxide ion on 4K-methoxyperfluoropyridine

Position of attack

2 3
N1 ~-0.432 -0.168
c2 0.488 0.079
C3 "=0,061 0.383
C4 0.159 -0.112
C5 -0,063 0.182
C6 0.320 0.042
2 - -0.236
F3 _ ~0,225 -
F5 ~0.232 -0.223
F6 -0.239 ~-0.250
-0.221 -0.214
0.102 0.110
H1 -0.024 -0.030
H2- -0.045 -0.050
H3 © 0,043 0.025
-0.306 -0.296
-0.308 -0.302
0.144 0.138
H1 ~0.025 -0.018
H2 ~-0.042 -0.035
H3 ~0,039 -0,035
"pi" charges on ring atoms
N1 -0.524 -0.041
c2 - -0.257
C3 -0.316 -
c4 . 0.058 -0.365
C5 -0.370 0.017
cé 0.129 -0.335
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Pyridagzine
The results in table 5.10 suggest that for perfluoropyridaszine

moposubstitution by methoxide ion should occur preferentially at
position: 4 rather than at position 3 ( OAEg 17.1 & mol™1). When
further substitution is considered then the orientation of the
original methoxy group must be considered as well as its position.

Wow the calculations in table A2,3 show that, in the original moleculs,
where the methoxy group is adjacent to the nitrogen the energy is
lowest when the methoxy group is orientated as shown in I below. For .
other positions the energy is lowest when the methoxy group is

directed away from the nitrogen as shown in IT below.

Me

] 11

In the intermediates, for I the energy is lowest with the same
orientation but for II the energy is 19west with the methoxy group

orientated towards the position of substitution, e.g.




Table 5.10

Pyridazine Derivatives

(i) Reactants to intermediate AE.
kJ mol
-726.0
-743.1
-723.3
-723.5
-704.8
=755.1
-720.3
~549.7
-735.2
-754.0
-545.6

1

Hd

Perfluorcpyridazine

3K-methoxyperfluoro

4X-methoxyperfluoro

%

4 A-methoxyperfluoro

WVl W oUW oY T W

# The orientation of the methoxy group is 4K in the intermediate

since this is the position of lowest energy, see tables A2.3 and A2.7

(ii) Reactants to products

0
Perfluoropyridazine ' 3K 496.6
3A 587.2
4K 549.9
4A 530.1
3K-methoxyperfluoro 3K4K 542.9
3K5K 535.0
3K6K 589.7
4K-methoxyperfluoro 3K4K 489.5
' 4K5K 527.6
4K6K 589.4

P position of attack

0 orientation and position of methoxy group added
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Therefore teking this effect into account for 3-methoxyperfluoropyridazine
the results show that further substitutior should occur at positions 4
and 5 (AAEg 0.2 kJ mol-1). In the case of j-methoxyperfluoropyridazine,
after allowiné'for orientation effects the reéults-show that further
substitution should occur at position 5. These results, for
monosubstitution and disubstitution, agree with the experimental
observationé62. It is seen that the 3-monomethoxy compound is less

reactive than the parent compound while the L -monomethoxy is more

reactive. This is summarised briefly below

>@>@r

Subs.
ey ] 4 4 and 5
BAE =11 (o) 20 kJ mol™!

Position 6 is least reactive especially in the L-methoxy defivative
where AbEg is 200 kJ m.ol_‘I compared to positi-on 5.- -
Section (ii) of table 5.10 shows the energy difference
between the reactants and the products. It can be seen that if the
reactions were thermodynamically controlled different results would

be obtained that would not agree with the results obtained by

experiment
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Electronic Charge Distributions

(Tables 5.11 - 5.14)

These show many of the features of the perfluoropyridines
with the additional effect of two nitrogens. The two nitrogens are
ortho to each other and one of them will always be either ortho or
para to the position of substitution and the other will always be in
the meta position. It is seen that the nitrogen lying ortho/@ara bears
a large negative charge while the meta nitrogen bears only a small
negative charge. Dué to the electron withdrawing effect of the
fluorines it is not easy to see where the negative charge introduced
by the methoxide ion is distributed, the majority of the ring carbons
being in fact positive. It is here thet the "pi" charges are useful
since they agree with the prediction nade usihg simple resonance ideas
that the charge is distributed on the atoms lying ortho and para to
the position of substitution. As in the case of pyridine the fluorine
and the methoxy group involved in the substitution bear a moderate
proportion of the charge introduced. It is also noticeable that the
carbon atom at which substitution occurs bears a comparatively large
positive charge. There does not appear to be any simple connection
between the charges on atoms ortho and para to the position of
subétitution and the position at which substitution takes place. It
does seem though that éubstitution tekes place at positions para to
a nitrogen in preference to other positions. Compared to perfluoro-
pyridine it is seen that the negative charge on a para nitrogen is

less in perfluoropyridazine.

- 122 -




Table 5.11

Charges on the atoms in the Wheland intermediates formed by the

reaction of methoxide ion with perfluoropyridazine

Position of substitution

3 4
N1 ~-0.071 -=0.341
N2 : -0.357 -0.107
C3 0.464 0.095
" C4 -0.010 0.386
05 - 0.174 ~0.073
cé 0.066 C.275
¥3 - ~0.239
4 ~-0.216 -
75 -0,220 -0.226
76 -0.251 -0,245
F -0.308 -0.288
o] -0.310 -0.288
Cc 0.143 0.138
H1 ) -0,021 -0.016
H2 -0.042 ~-0.035
H3 ' -0.042 -0.038

Wpi" charges on ring atoms

1 0.047 -0.491
K2 ~-0.518 ~0.016
C3 - -0.203
C4 -0.230 -
c5 0.013 -0.366
) -0.281 0.086
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Table 5.12

Charges on the atoms in the Vheland intermediates formed by the

reaction of methoxide ion with 3K-methoxyperfluoropyridazine

4 5 611
N1 -0.326 ~0.092 -0.348
Nz -0.087 -0.322 ~0.058
C3 0.026 0.230 0.006
c4 0.390 -0.078 0.181
5 -0.089 0.379 -0.021
cé 0.280 0.074 - 0.465
F4 ' - -0.228 ~0.221
F5 -0.226 - ~0.217
P6 -0.247 ~0.242 -
-0.229 -0.240 -0.239
0.134 0.133 0.133
H1 -0.034 -0.033 -0.036
H2 ~0.044 - -0.045 -0.046
H3 | ~0.016 -0.007 ~0.017
P -0.289 © -0.288 -0.309
0 -0.294 ~0,292 -0.310
' 0.139 0.139 0.143
H1 -0.015 -0.015 -0.021
H2 -0.035 -0.038 -0.043
H3 ~0.039 ~0.035 -0.043
"pi? charges on ring atoms
¥1 . -0.482 0.004 -0.506
N2 -0.000 -0.487 0.062
C3 -0.222 0.091 -0.300
ca4 - -0.373 0.019
c5 -0.375 - -0.245
C6 0.091 -0.223 -
- 12 -




Table 5.13

Charges on the atoms in the WTheland intermediates formed by the

reaction of methoxide ion with 4K-methoxyperfluoropyridazine

Position of substitution

3 ©5 6
¥1 -0.063 -0.089 -0.348
N2 -0.351 -0.325 -0.064
c3 0.470 0.279 0.055
c4 -0.069 -0.135 0.117
c5 0.178 0.389 -0.010
c6 0.054 0.073 0.463
F3 - -0.249 -0.257
F5 -0.223 - -0.220
F6 -0.253 -0.241 -
4K '

-0.214 -0.215 -0.222

0.109 0.102 0.099

H1 -0.028 -0.036 ~0.028
12 ~0.050 -0.056 ~0.050
H3 0.030 0.032 0.047
F -0.313 -0.289 -0.309
0 -0.316 -0.293 -0.311
0.143 0.139 0.134

H1 -0.019 -0.015 -0.021
H2 -0.044 -0.038 -0.023
H3 -0.042 -0.036 -0.051

"pi" chargesfor ring atoms ,
N1 0.058 -0.000 -0.513 "
N2 ~0,513 -0.484 0.065
C3 ~ 0.083 -0.304
c4 -0.234 -0.366 0.023
c5 0.014 - -0.242
Ccé -0.293 -0.221 -
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Table 5.14
Charges on the atoms in the Wheland intermediates formed by the

reaction of methoxide ion with 4A-methoxyperfluoropyridazine

Position of substitution

3 5 6
N1 -0.063 -0.088 -0.348
N2 ~0.349 ~0.325 ~-0.064
C3 0.473 0.287 0.063
C4 -0.065 -0.137 0.121
C5 0.170 0.386 -0.023
c6 ' 0.054 0.072 0.464
3 - -0.249 -0.256
5 -0.224 - -0.224
F6 -0.254 ~0.242 -

44
-0.209 -0.217 -0.222
0.108 0.113 0.106
H1 -0.031 -0.033 -0.026
m2 -0.048 -0.053 -0.046
H3 0.025 0.019 0.038
F -0.310 -0.291 -0.31
e -0.312 -C.296 -0.312
c - 0.144 0.139 0.133
E1 -0.021 -0.013 -0.021
H2 -0.044 -0.036 -0.023
H3 -0.043 ~0.036 -0.052
"pi® charges on ring atoms

K1 0.059 0,001 -0.511
N2 -0.513 -0.484 0.062
c3 - 0.090 -0.293
C4 -C.230 -0.370 0.029
C5 0.008 - -0.257

c6 -0.294 -0.222 -
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Fyrinidine
Table 5.4(i) shows that for perfluoropyrimidine substitution
should occur preferentially at position 4, position 2 being less
reactive, AAEg 13 kJ mol~V. Position 5 appears to be singulerly
unreactive, AAEg> 200 &J mol~! end this lack of reactivity for
position 5 is also observed in the monomethoxyperfluoro derivatives.
Then the monomethoxyperfluoro derivetives are considered the orientation
of the methoxy group has to be zllowed for, as in the case of pyridazine.
It appears (see table A2.3) that the same "rules" that were applied
in the case of perfluoropyridezine may again be used. This being so
the results for the monomethoxyperfluoropyrimidine are as given below.
In 2-methoxyperfluoropyrimidine the fluorine at position 4 is
most readily replaced, while the fluorine at position 5, as noted
above, is very wweactive with AQ Eg) 200 kJ mol™'. In the
L~methoxyperfluoro compound the fluoéine at position 6 is most readily
replaced, while that in position 2 is less readily replaced,
AA Eg 13 kJ mol-'JI , and position 5 again most unreactive, [.Ys) Eg) 200 kJ
mol_1. \lhen 5-methoxyperfluoropyridazine is considered then again the
fluorine at position L (6) is more readily replaced and that at
position 2 less readily, in fact even less than usual with
{;[&Eg 67 kJ mol™1, The results given above for perfluoropyrimidine
L-methoxyperfluoro derivative are in agreement with experimental

and its

observations63. It has-been stated though that the reaction of

perfluoropyrimidine with other alkoxide ions may sive different

orientations for the productéh. In the cases of the 2- and 5-methoxy-

perfluoro derivatives the experimental data is not yet available and

the cslculations may be used as a prediction of the results.
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Table 5.15

Pyrimidine Derivatives

(i) Reactants to intermediate

Perfluoropyrimidine

2K-methoxyperfluoro

4K-methoxyperfluoro

5K-methoxyperfluoro

(ii) Reactants to products

Perfluoropyrimidine

2K-methoxyperfluoro

4K-methoxyperfluoro

5K-methoxyperfluoro

P position of attack

H O OYUT NNV U SN K

4a
5K

2X4K
2K5K
2K4K
4K5K
4K6K
2K5K
4K5K

513.5
500.1
590.2
560.5
503.1
562.7
516,5
555.4
593.7
515.9
495.2

0 orientation and position of methoxy group added
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Séction (ii) gives the energy differences between the reactants
and the products. It is seen that if the reactions were thermodynam-
ically controlled very similar results are obtained as when kinetic
control is assumed (see above). However since the other heterocycles
considered.only give consistent results if kinetic control is assumed
the same assumption will be made for perfluorépyrimidine and its
derivatives.

The results obtained are then that substitution occurs most
readily at position 4, or the equivalent position 6, and then at
position 2 with fluorine at position 5 being very difficult to replace.
Substitution is therefore occurring preferentially at carbon atoms
ortho and para to the two nitrogens, then at the carbon that is ortho
to both nitrogens, with no substitution at the carbon that is meta
to the nitrogens (ef pyridine and pyridazine). The introduction of a
methoxy group at fositions 2 and 4 appears to lower the reactivity
(of L-methoxyperfluoropyridine and 3-methoxyperfluoropyridazine),
while at position 5 it increases the reactivity (cf L~methoxyperfluoro-

pyridazine}. This is shown briefly below.

Me

]

(o)

JOORIG
ST 4l 4l 4(s)
A_AE,_ -33 | (o)




Blectronic Charge Distribution

(tables 5.16 = 5.19)

In pyrimidine carbon, C2 is ortho to the two nitrogens,
carbons ClL4 and C6 are ortho to one and para to the other nitrogen
and carbon C5 is meta to both nitrogens. when substitution occurs at
carbons €2, G4 or C6 it is seen that both the nitrogens bear large
negative charges. A para nitrogen, with substitution taking place at
either CL4 or C6, does not bear a larger negative charge than the ortho

nitrogen, in fact the reverse is true (ef pyridine and pyridazine).

ct

#hen substitution takes place at C5, meta to the two nitrogens, then
the nitrogens bear much smaller negative charges. Apart from this
effect there is no obvious relation between the charges on the
nitrogens and the most probable position of substitution. The
charges on the nitrogens are much the same as those on the nitrogen
in perfluoropyridine as compared to those on the nitrogens in
perfluoropyridazine, which tend to be smaller.

Simple resonance ideas would suppose that the negative charge
introduced is distributed on the atoms ortho and para to the position
of substitution. This is more clearly seen when the "pi" charges
are considered. It is interesting to note here that substitution at
position 5 does not produce much change in the charge on the nitrogens
as compared. to the original molecule (appendix 3).

Then the charges on the ring atoms, other than nitrogen,
seen that the carbon at which substitution is

are considered it is

teking place bears a large positive charge. Also this cherge does not

change appreciably when the same position of substitution is considered

in different derivatives. In fact generally speaking when the same
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position of substitution is considered the charges, on the different
atoms in the molecules, show only minor chanées with each other
regardless which derivative is considered. The exception to this is
the carbon atom to which a methoxy group is attached in a methoxy

derivetive becomes less positive than when a fluorine is attached.




Table 5.16

Charges on the atoms in the Wheland intermediates formed by the

reaction of methoxide ion with perfluoropyrimidine

Position of substitution

2 4 5
N1 -0.424 -0.419 -0.209
N3 -0.424 -0.443 -0.209
c2 0.602 0.444 0.197
C4 0.342 0.502 0.091
C5 -0.103 -0.085 . 0.357
cé 0.342 0.312 0.091
F2 - -0.267 -0.273
4 ~0.244 - -0.243
5 ~0.223 -0.217 -
F6 -0.244 -0.250 -0.243
-0.327 -0.307 -0.300
-0.325 -0.310 -0.302
0.147 0.144 0.138
H1 -0.029 -0.022 -0.020
H2 ~0.046 =0.040 - =0.037
E3 -0.046 -0.040 -0.037
"pi" charges on ring atoms
N1 ~0.458 -0.477 -0.087
c2 - 0.179 -0.237
N3 -0.458 -0.488 -0,087
C4 0.145 - -0.258
C5 -0.364 -0.301 -
cé 0.145 0.078 -0.258
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Table 5.1

Charges on the atoms in the Uheland intermediates formed by the

reaction of methoxide ion with 2K-methoxyperfluoropyrimidine

Position of substitution

4 5
N1 -0.420 -- -0.209
N3 ~0.437 -0.203
c2 0.350 0.149
C4 0.501 0.091
5 -0.086 0.358
cé 0.309 0.091
F4 ' - -0.244
F5 . -0.219 -
F6 -0.252 -0.245
2K
0 -0.268 -0.264
0.135 0.135
H1 -0.032 -0.037
He -0.044 -0.048
H3 -0.033 -0.014
-0.308 -0.301
-0.311 -0.302
0.144 0.138
H1 ' -0.022 -0.020
H2 . -0.041 -0.038
H3 -0.041 -0.038
"pi" charges on ring atoms
N1 ~0.477 -0.087
c2 0.178 -0.240
N3 -0.489 -0.087
c4 - -0.258
5 -0.303 -
6 0.080 '=0.255
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Table 5.18

Charges on the atoms in the Wheleand interuediates formed by the

reaction of methoxide ion with 4K-methoxyperfluoropyrimidine

Position of substitution

2 5 6
N1 ~0.425 ~0.209 -0.445
N3 -0.423 -0.211 -0.419
c2 0.601 0.196 0.441
c4 0.290 0.045 0.262
c5 -0.095 0.367 -0.077
6 0.340 0.088 0.501
F2 - -0.275 ~0.270
F5 -0.227 - -0.221

F6 -0.246 -0.244 -

4K '
0 -0.250 -0.228 -0.247
0.135 0.133 0.134
H1 -0.028 -0.036 -0.032
H? ' -0.042 -0.046 -0.044
H3 . 0.003 -0.015 -0.005
P -0.330  -0.303 -0.308
0 -0.327 -0.304 ~0.311
c 0.147 0.138 0.144
H1 ' -0.029 -0.020 -0.022
H2 -0.048 -0.038 -0.041
H3 ~0.046 -0.039 ~0.041
"pim charges on ring atoms

N1 ~0.459 -0.087 ~0.489
c2 - ~0.234 0.180
13 -0.460 -0.090 -0.4717
c4 0.146 -0.256  0.079
5 -0.363 - -0,302

6 0.144 -0.262 -
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Table 5,19

Charges on the atoms in the Wheland intermediates formed by the

reaction of methoxide ion with 5K-methoxyperfluoropyrimidine

Position of substitution

2 4
K1 -0,426 -0.422
N3 - -0,425 -0.447
c2 0.604 0.443
C4 0.345 0.509
C5 --0.156 ~0.139
cé | 0.352 0.320
F2 : - -0.269
F4 -0,248 -
F6 ~0,247 -0.254
5K
-0.219 -0.214
0.101 0.110
H1 -0,033 -0.030
H2 -0,051 -0,051
H3 0.340 0.027
-0,.328 -0.312
0 -0.326 -0.315
0.147 0.143
H1 - =0.029 -0.020
H2 -0.047 -0.041
.H3 -0.046 ~0.040
"pi" charges on ring atoms |
N1 ~0.459  =0.4T5
c2 - 0.178
N3 -0,456 -0.489
C4 ' 0.140 -
¢5 -0.359 -0.296
c6 0.147 0.244




Pyrazine
The results in teble 5.20 (i) suggest that the perfluorc

derivative should be more reactive than the monofluoro compound,

OAE g ™ 100 kJ mol-;l. then further substitution in the perfluoro

compound is considered then, as in pyridazine and pyrimidine, the

orientation of the methoxy group already-present must be taken into

account. The calculations, (tables A2,3 and A2,7), show that the
orientation referred to as &K, shown below, gives the lowest energy

for both the original compound and the Wheland intermediate.

2K-methoxyperfiuoropyrazine
N

N (u)
Me

The orientation ZK for the methoxy group then gives position 3
as the most reactive site. - ﬁov1ever the value of AAEg for positions
3 and 5 is very small, 1.3 kJ mol™!, and that for posifions 3 and 6
only 1.6 kJ mol™'. Tt would therefore not be surprising to find that
as well as 2, 3-dimethoxyperfluoropyrazine some of the 2,5- and 2,6—
products might be formed. Experimental evidence65 does show though
that the product is entirely the 2,3~ derivative. It is reported
fur‘tl'ler65 that other groups, e.g. methyl, do give the para 2,5-
aisubstituted products while alkoxy groups generally give 2,3-
3isubstituted productse

The results in section (ii) of table 5.20 show that if the
reactions were thermodynamically controlled the results would be the

same as those predicted from section (i). However the reactions are




Table 5.20

Pyrazine Derivatives

(1) Reagtants to intermeciates _ AE
P kJ 501'1
2-fluoropyrazine 2 -663.9
Perfluoropyrazine 2 -760.5
2A-methoxyperfluoro 3 -792.1
6 -740.7
5 -736.9
2K-methoxyperfliuoro 3 -739.3
' 6 =737.7
5 -738.0
(ii) Reactants to products
0
2-fiuoropyrazine 24 544,8
26 509.9
Perfluoropyrazine 2A 573.9
2K 503.1
2A-methoxyperfluoro 2A6K 576.1
' 2454 576.3
2K-~-methoxyperfluoro 2K3A 503.1

P position of attack

0 orientation and position of methoxy group added
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known to be irreversible under the conditions used and to be consistent
Y

kinetic control is assumed as in the case of the other diazines.

The reactivities as calculated are shown briefly below.

8,

-
Subs. :
ot 2 3 2
AAe, (o) 2) 97 kJ mol™!

It is noticed that as for the other diazines & methoxy group ortho to
a nitrogen in the perfluoro series brings about a lowering of

the reactivity.

Electronic Charge Distributions in the Intermediates

(tables 5.21 - 5.23)

These show that the nitrogen ortho to the position of
substitution bears a large negative charge, while the meta nitrogen
bears only a small negative charge. In tﬁe perfluoro compound the
nitrogens'bear slightly larger negative charges than in the monofluoro
compound. The cérbon atom at which substitution tales pléée is less
positive in the perfluoro compound than in the m&nofluoro compound.

The other carbons are more positive in the perfluomw compound than in
thé monofluoro and this is largely due to the electron withdrawving
charécteristics of the fluorine atoms. It is seen that tie meta carbon

atom bears a more positive charge then the other carbons. The charge
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distributions in the monomethoxy Wheland intermediates are very similar
to each other and to that for fhe intermediate formed by perfluoro-
pyrazine. As in the other heterocycles considered the use of the

"pi" cherges gives similar results to those predicted by the use

of resonance cannonicals.
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Table 5.21

Charges on the atoms in the Wheland intermediates formed by the
reaction of methoxide ion with 2-fluoropyrazine and perfluoropyrazine,

substitution taking place at position 2 in each case

2-fluoro perfluoro
N1 ~-0.408 -0.431
N4 -0.105 -0.163
ce 0.492 0.468
C3 ~-0.141 0.093
C5 ~-0.141 0.033
c6 0,139 0.289
H3 _ -0.051 -0.232 F3
HS -0.076 -0.250 F5
H6 -0.085 -0.240 T6
-0.326 -0.304
-0.325 -0.307
0.147 0.143
H1 -0.016 -0.019
H2 -0,051 ~-0.039
H3 -0.054 -0.041
"pi" charges on ring atoms
N1 -0.456 -0.527
c2 - -
c3 -0.255 : -0.186
N4 0.057 -0.036
C5 : -0.334 -0.339
ce - 0.125 0.103
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Table 5.22

Charges on the atoms in the Wheland intermediates formed by the

reaction of methoxide ion with 2K-methoxyperfluoropyrazine

Fosition of substitution

3 5 6
N1 -0.165 -0.162 -0.432
N4 ~0.433 -0.432 ~0.165
c2 , 0.045 -0.015 0.239
3 0.477 0.298 0.042
c5 0.289 0.468 0.091
6 0.030 0.090 0.465
3 - -0.243 -0.254
F5 -0.242 - 0,234
F6 -0.252 ~0.234 -
2K '
o -0.224 -0.238 -0.240
c 0.134 0.135 0.134
H1 ~0.032 -0.037 ~0.030
H2 -0.042 -0.048 -0.044
H3 -0.013 -0,017 0.000
F -0.306 ~0.304 ~0.306
-0.309 -0.308 -0.309
0.143 0.143 0,143
H1 -0.018 -0.019 ~0.018
H? -0.043 -0.042 -0.040
H3 -0.039 -0.039 -C.042
"pi" charges on ring atoms
N1 -0.039 -0.037 -0.529
c2 -0.184 -0.341 0.104
c3 - 0.104 -0.338
N4 ~0.529 -0.528 ~0.035
5 0.101 - ~0.189
c6 . ~0.337 -0.184 -
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Table 5.23

Charges on the atoms in the liheland intermediates formed by the

reaction of methoxide ion with 2A-methoxyperfluoropyrazine

Position of substitution

3 5 6
N1 | -0.159 -0.156 -0.430
N4 -0.435 .-0.432 ~0.165
2 0.042 -0.014 0.239
C3 0.472 . 0.289 0.030
c5 0.288 0.469 0.090
6 0.032 0.090 0.466
3 - -0.244 -0.256
F5 -0.242 - -C.234
76 -0.252 -0.233 -
24 ' '
0 | -0.233 -0.243 ~0.242
0.107 0.100 0.097
H1 -0.027 ~0.036 -0.030
H2 ' -0.048 ~0.055 -0.051
H3 0.032 10.034 0.048
-0.309 -0.305 ~0.305
0 -0.313 -0.308 -0.305
0.142 0.143 0.143
H1 -0.016 -0:019 -0.019
H2 -0.043 -0.041 -0.042
H3 ~0.039 -0.039 -0.040
"pi" charges on ring atoms
N1 -0.040 -0.035 -0.524
C2 -0.179 -0.333 0.110
c3 - 0.097 -0.350
N4 -0.528 -0.526 -0.033
cs ' 0.100 - -0.7491
cé -0.336 -0.186 -
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Conclusions

The work described in this chapter shows that all valence
electron SCF L0 CNDO II calculations, using the Vheland intermediate
as a model for the transition state, give relative reactivities of
a series of compounds or of sites within a molecule.ihat are
consistent with experimental data. Furthermore the energy differences
between two Vheland intermediates as calculated correspond reasonably
closely to the known differences in the activation energies (see
benzene and pyridine);

It has been shown that within a closely related series (or
for substitution within the same molecule) solvation effects may be
ignored (see pyridine). “Then the series differ as in the case of the
perfluoro and perchloropyridines it was found that solvation effects
must be considered as the calculated reactivities were not consistent
viith experimental observations. Another example is the relative
reactivities of perfluoropyridine and perfluoropyridazine. The

calculations suggest that perfluoropyridine is more reactive than

perfluoropyridasine, AAEg 4 kJ mol-1, but obs.erva;.’cions2 indicates

that the reactivities are in fact the reverse. The calculations do
however give the same order of reactivities, as experiment1’63, in
the case of the perfluoro derivatives of bengene, pyridine and
pyrimidine. The calculated order of the réactivities for the

perfluoro derivatives considered is as given below.

O>@>E®] @>‘

-2 (o) kJ mot™!

ALEg -88 -7 -46
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Vithin the perfluoro series some generalisations may be made
concerning reactivities. It appears that a fluorine atom that'is para
to a nitrogen is more readily substituted than an ortho fluorine and
that a meta fluorine is very difficult to replace. The introduction
of a methoxy group ortho or para to a nitrogen lowers the reactivity,
compared to the parent molecule, while a methoxy group meta to a
nitrogen increases the reactivity compared to the parent molecule.
This latter effect, in the diazines, seems to counteract the effect
of a para nitrogen (pyridazine) but not that of an ortho nitrogen
(pyrazine).

Some generalisations may also be made concerning the charge
distributions in the Vheland intermediates. It is seen that when a
nitrogen atom lies ortho or para to the position at which substitution
is taking place it bears a larger negative charge than a meta nitrogen.
This suggests that the charge on the nitrogen is connected with the
energy differeﬁce since ortho and para fluorine atoms are more readily
replaced than meta fluorines. The connection is not, however, simple
since an ortho nitrogen generally bears & larger negative charge than
a para nitrogen yet the relative ease of replacement is the converse.

The enefgy difference therefore agrees with the idea52 that
e para quinoid structure for the jntermediate is of lower energy then
an ortho quinoid structure. However the charge distributions do not
agree with the suggestion that the para quinoid structure is of lower
energy because the para nitrogen bears a larger portion of the
negative charge introduced.

Although there is not strict sigma and.pi electron seperability
in the intermediates the "pi" charges are useful in that they show
the same principal positions of charge distribution as those predicted

by the use of resonance cannonicals.
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Appendix 2

Tables A2.4 to 42,10

Energies given in atomic units except in tables
A2.9 .and A2.10, where the energies are given in
JtA) mol-'dI and kJ mol—1, respectively.

4 stomic unit (a.u.) = 2.62555 17 mol™]

o f

—_— - e—— - = ——

——— _— I ———
_— —_— -

Energies labelled as 'calculated from ZE' refer

|
to total energies computed from the electronic ,'
|

energies and the ﬁ'oint charge apprqximation for &

the nuclear repulsion energies.
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Table A2.1
Energies calculated from ZE for Ethane and Monofluorcethane

in the staggered and the eclipsed configurations

au kd mol-1

Ethane

Staggered ~-18.8095

Eclipsed -18.8061

Energy difference ( e—¥s ) =9.0 (calc)

- -12.5 ¥1.2 (exptl)

Monofluoroethane

Staggered ~45.7823

Eclipsed -45.7795

Energy difference ( e~s ) -7.4 (calc)

Table 42.2
Energies calculated from ZE for the Fluoride ion and the
HMethoxide ion

Fluoride ion ~27.3153
Methoxide ion ~27.6514
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Table A2.3

Energies calculated from ZE for Benzere, Fyridine, Pyridazine,

Pyrimidine, Pyrazine, their fluoro ané rethoxy derivatives.

au
Bengzene
1=fluoro -74.0906
1-methoxy ~-T74.2221
1-chlorobenzene -62.5272
Perfluorobenzene -208.9937
1-methoxy -209.1163
Pyridine -50.8713
2-fluoro -77.8699
3-fluoro -77.8583
d~fluoro -77.8629
2K-methoxy -78.0118
2A-methoxy - =T78.0003
3K-methoxy -77.9890
3A-methoxy -77.9928
4K—ﬁethoxy -77.9965
Perfluoropyridine -185.8042
2K-methoxy -185.9511
ZA-methoxy -185.9242
3K-methoxy -185.9250
3A-methoxy -185.9341
4K-methoxy -185.9350
2-chloropyridine -66.2976
3-chloropyridine -66.2965
4-chloropyridine -66.2961
Perchloropyridine -128.0029
Pyridazine -54.6950
Perflvoropyridazine -162.6397
3K-methoxy -162.7867
3A-methoxy -162.7522
4AK-methoxy -162,7663
4A-methoxy -162.7739
3K,4K-dimethoxy -162,9160
3K,5K-dimethoxy -162.9191
3K,6K-dimethoxy -162.8982
4K ,5K-dimethoxy ~-162.9014
-162.877S

4K ,6K-dimethoxy




Table A2.3 cont'd.

Pyrimidine
Perfluoropyrimidine
2K-methoxy
4K-methoxy
4 A-methoxy
5K-methoxy
2K, 4K-dimethoxy
2K,5K~dimethoxy
4K ,5K~dimethoxy
" 4X,6K-dimethoxy

Pyrazine
2-fluoro
2K-methoxy
2A-methoxy
Perfluoropyrazine
| 2K-methoxy
2 A-methoxy
2K,3A~dimethoxy
2A,6K-dimethoxy
24,5A-dimethoxy

- 152 -

au

54,6547
-162.6238
-162.7665
~162.7715
-162.7376
-162.7488
~162.9131
-162.8906
-162.8984
-162.5840

-54.6425
-81.6360
-81.7800
-81.7669
-162,6003
-162.7483
-162.7202
-162.8949
-162.8393
-162.8392




Table A2.4

Electronic Energies calculated for Benzene, Pyridine, Pyridazine,

Fyrimidine, Pyrazine, their fluoro and methoxy derivatives

4K ,6K-dimethoxy

- 155 -

au

.Benzene
1=-fluoro -211.2382
1-methoxy ~253.9647
Perfluorobenzene ~592.1122
1-methoxy -657.2367
1-chlorobenzene -194.3610
Pyridine -155.2002
2-fluoro -216.8708
3-fluoro =216.5467
4-fluoro -216.3724
2K-methoxy -259.6976
2Avmethoxy -259.6764
3K-methoxy ~-259.5289
3A-methoxy ~-259.2504
4K-methoxy ~259.1155
Perfluoropyridine -512.5863
2K-methoxy -569.0919
2A-methoxy ~573.9735
3K-methoxy -574.1459
3A-methoxy ~574.4254
4K-methoxy -574.4863"
2-chloropyridine -199.7986
3-chloropyridine -199.6060
4-chloropyridine -199.470z
Ferchloropyridine -421.1683
Pyridazine -159.9917
Perfluoropyridazine -438.5324
3K-methoxy -491.0074
3A-methoxy -497,5861
4K-methoxy -496.9335
4 A-methoxy -497.3685
3K,4K-dimethoxy -554.0764
3K,5K-dimethoxy -552.,5163
3K,6K-dimethoxy -552.4432
4K,5K-dimethoxy -560.2607
-558.6845




Table A2.4  cont'd.
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au
Pyrimidine -161.3699
Perfluoropyrimidine -439.3663
2K-methoxy -492.3063
4K-methoxy -492.8852
4 A-methoxy -498.5527
5K-methoxy -497.9442
2K ,4K~dimethoxy -548.5842
2K ,5K-dimethoxy -553.2676
4¥.,5K-dimethoxy -556.1209
4X,6K-dimethoxy ~554.7952
Pyrazine -159.8222
2-fluoro -221.5701
2K-methoxy -264,2111
2A-methoxy -264.5568
Perfluoropyrazine -435.5868
2K-methoxy -488.8558
2A-uethoxy -493.3248
2K,3A-dimethoxy -544.8838
24,6K-dimethoxy ~-553.4347
24,5A-dimethoxy -553.4301




Table A2.5

Energies calculated from ZE for Pyridine, Pyridazine, Pyrimidine,

Pyrazine and some of their fluoro and methoxy derivatives on

- 155 -

protonation
au

Pyridine -51.3897

2-fluoro ~-T78.3781

3-fluoro -78.3619

4~-fluoro -78.3752

2K-methoxy 7845252

2A-methoxy -78.5275

| 3K-methoxy -78.5073

3A-methoxy -78.5107

4K-methoxy ~T78.5250
Perfluoropyridine -186.2664
Perchloropyridine -128,4804
Pyridazine

1- -55.1989

1,2- -55.4310
Perfluoropyridazine

1- -163.0967 -

1,2= -163.2975
Pyrimidine

1- -55.1590

1,3~ -55.4274
Perfluoropyrimidine

1= -163,0800

1,3~ -163.3037
Pyrazine

1= -55.1502.

1,4- -55.4173
2-fluoropyrazine

b~ -82.1272

- -82.1329

1,4~ -82.3861
Perfluoropyrazine

1= -163.0531

1,4- -163.2776




Table A2.6

Electronic Energies calculated for Fyridine, FPyridazine,

Pyrimidine, Pyrazine and some of their fluoro and methoxy

derivatives on protonation

au

Pyridine -163.0605

2-fluoro -225.9907

3-fluoro -225.1070

4-fluoro ~224.8395

2K-méthoxy -270.3498

2A-methoxy -269.47671

3K-methoxy -268.7886

3A-methoxy -268.3309

4K-methoxy -268.1044
Perfluoropyridine -524.9725
Perchloropyridine ~-433.1043
Pyridazine

1- -167.9419

1,2~ - -175.8481
Perfluoropyridazine

1- -449.7611

1,2~ -460.9603
Pyrimidine

1- -169.2934

1,3~ ~177.1048
Perfluoropyrimidine

1= -451,0958

1,3- -462.7227
Pyrazine

1- -167.7406

1,4- -175.5300
2-fluoropyrazine

1= -230.7229

4- -230.1877

1,4~ -239.2142
Ferfluoropyrazine

1= =447.3724

1,4- ~-459.0414
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Table A2.7
Energies calculated from ZE for the Vheland intermediate
formed by the reaction of methéxy ion with some of the
fluoro and fluoro-methoxy derivatives of Benzene, Pyridine,
Pyridazine, Pyrimidine and Pyrazine

Position of

substitution au

Benzene
1-fluoro 1. -101.9636
Perfluorobenzene o[ -236.9172
1-chlorobenzene 1 | -90.4330

Pyridine
2-fluoro 2 -105.7668
3-fluoro 3 -105.7248
4-fluoro 4 -105.7622
Perfluoropyridine 2 -213.7510
3 -213.7056
4 -213.7544
4K-methoxy 2 -213.8736
3 -213.8431
2-chloropyridine 2 -94,2270
3-chloropyridine 3 -94.1960
4~-chloropyridine 4 -94.2283
Perchloropyridine 2 -155.9992
3 ~155.9798
4 -156.0052
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Table A2.7

Perfluoropyridazine

3K-methoxy
4K-methoxy

4 A-methoxy

Perfluoropyrimidine

2K-methoxy

4K-methoxy

SK—methoxy

Pyrazine
2-fluoro
Perfluoropyrazine

2A-methoxy

2K-methoxy

cont'd.

Position of
substitution

W

A U W oUW et B

VI Oy W 1 oW NN

- 158 -

FO ST S B SRR, BETRR Y, ROy X

au

-190.5676
-190.5741
-190.7136
-190.7137
-190.7065
~190.7053
-190.6920
-190.6270
~190.6924
-190.7125

'=190.6331

-190.5726
-190.5775
-190.4929
-190.7115
-190,6269
-190.7111
-190.6317
-190,7160
-190.6896
-190.7147

-109.5403
-190.5414
-190.6733
-190.6537
-190.6523
-190.6813
-190.6807
-190.6808




Table A2.8
’

Electronic energies calculated for the Wheland intermediate
formed by the reaction of methoxy ion with some of the fluoro
and fluoro-methoxy derivatives.of Benzene, Pyridine, Pyridazine,
Pyrimidine and Pyrazine.

Position of

substitution au

Benzene _
1-fluoro 1 ~-348.0918
Perfluorobenzene 1 ~783.5381
1-chlorobenzene T -329.3316

Pyridine
. 2=-fluoro 2 - =354.9430
3-fluoro 3 ~354.0794
4-fluoro 4 ~353.6955
Perfluoropyridine 2 ~-692,.4459
3 -695.0455
4 -695.6408
4K~-methoxy 2 -763.0045
3 -768.3998
2-chloropyridine 2 -335.9679
3~chloropyridine 3 -335.1960
4-chloropyridine 4 -334.9033
Perchloropyridine 2 -595.5219
3 -598,0709.
4 -598.6159
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Table 42.8 cont'd.

Position of
substitution

Perfluoropyridazine 3
4
3K-methoxy 4
2
6
4K-methoxy 3
5
6
4A-methoxy 3
5
6
Perfluoropyrimidine 2
4
5
2K-methoxy 4
5
4K-methoxy 2
5
6
5K-methoxy 2
4
Pyrazine
2-fluoro 2
Perfluoropyrazine 2
2A-methoxy 3
6
5
2K-methoxy 3
6
5

- 160 -

au

-609.1449
-612.5660

-6T72.2234
-668.9655

'~678.8589

-679.5451
-675.2350
-676.5718
-682,8467
-677.0533

-608.1632
~611.5373
-613.4813
~671.8136
-673.7342
-670.5624
~675.6556
~672.3073
-674. 546
-681.4256

-360.0392
~-606,0176
-675.1954
-670.9866
-670.9928
-667.8984
-668.1025
-666.5057




Table A2.9

Nuclear Repulsion, Electronic and Total Energies for the Vheland

Intermediates formed by the reaction of methoxide ion with some

of the fluoro and chloro derivatives of Pyridine. Energies given

in MJ mol™ .

2=-fluoropyridine

3=

4~
Ferfluoropyridine 2

3
4

4K-methoxyperfluoro 2

'2—chloropyridine

3-

4_
Perchloropyridine 2

3
4

3

Kuclear
Repulsion
654.2246
652.0674
650.9613

1256.8374
1263.7820
1265.2168
1441.7706
1456.0163
634.7028
632.7576
631.9043

1153.9888
1160.7323
1162.0965

- 161 -

Electronic

-931.9206

-929.6532

-928.6452

-1818.0513

~1824.8767

-1826.4397

-2003.3065
~2017.4721

~882.1005

-880,0739.
~879.3054

-1563.5725

-1570.2657

-1571.696C

Total

-277.6960
-277.5858
-27706839

-56T1.2137
~-561.0947
-56102229

-56105359
‘561.4558

-247.3977
-247.3163
-247.4011

-409.5837
—40905328
-40905995




Table A2.10

AE. = - gigi (1-1/D) in methanol
iso 2rij
kJ mol "

_Pyridine -11.3
Perfluoro pyridine -200,0
Perchloropyridine -63.8
1-proto-pyridine ~341.6
1-proto-perfluoropyridine -584,6
1=-proto-perchloropyridine =-393.1
2-methoxyperfluoropyridine ~194.9
3-methoxyperfluoropyridine -191.8
4~methoxyperfluoropyridine . =161.2

Wheland intermediates
Perfluoropyridine subs at 2 -522.8
3 -501.0
4 -432.7
Perchloropyridine 2 ~376,0
3 -366.8
4 ~382.8

1-proto-perflucropyridazine -559.9

1=proto-perfluoropyrimidine =574.2
1-pr9to-perf1uoropyrazine -576.8
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Electron Distributions, Sigma and Pi Charges
(For Benzene Derivatives see chapter 3)
Pyridine

Pyridazine

Pyrimidine

Pyrazine (see also chapter 3)
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N1

ce

c3
c4

5

H?
H3
H4
H5
H6

c2

c3
c4
5
c6

B2
H3
H4
H5
H6

Total
charge

Pyridine
-0,1€3
0.097
-0.023
0.047
-0.023
0.097

-0.015
0.001
-0.005
0.001
-0.015

sigma
charge

0,062

=0. 000

-0.005
-0.000
0.062

N-protonated pyridine

0.008
0.156
-0.004
0.136
-0.004
0.156

0.066
0.077
0.063
0.077
0.066

0.202

- '1614, -

0.406
0.055
-0.002
~0,063
-0.002
0.055

pi
charge

-0.075
0.035
-0.023
0.052
-0.023
0.035

0.101
-0.002

0.199
-0.002

. 0.101




N1
c2
c3
c4
C5
c6

2
3
74
F5
76

Total
charge
Perfluoropyridine

-0.210
0.290
0113
0.217
0.113
0.290

=0.171
~-0.158
-0, 154
~-0.158
=0.171

sigma
charge

-0.038
0.247
0.206
0.182
0.206
0.247

-0.224
~0.,197
-0.205
-0.197
-0.224

N-protonated perfluoropyridine

-0.041
0.364
0,130
0.282
0.130
0.364

-0,103
-0.092
-0.085
~-0.093
-0.103

0.249

- 165 -

0.429

0.272

0.208
0.134
0.208
0.272

-0.169

-00137 .

-0.159
—0.169

pi
charge

-0.172
0.043
-0.093
0.035
-0.093
0.043

0.053
0.039
0.051
0.039
0.053

~0.470
0,092
-0.078
0.148
-0.,078
0.092

0.066
0.044
0.074
0.044
0,066




N1
c2

c4
c5
c6

c12
Ci3
Cl4
C15
C16

N1
c2
c3
c4
c5
c6

c1z2
Cl3
Cl4
C15
C16

Tetal
charge

Perchloropyridine

-0.095
0.170
0.046
0.098
0.046
0.170

-0.101
-0.080
~0.074
-0.080
-0.101

sigma
charge

-0.037
0.122
0.057
0.050
0.057

-0.122

-0.138
-0.112
-0.102
-0.112
-0.138

N-protonated perchloropyridine

0.044
0.218
0.046
0.162
0.046
0.218

10,013
0.005
0,021
0.005
0.013

0.209

- 166 -

0.455
0.105
0.051
~0.008
0.051
0.105

~0.043

"'O L) 030
-0.040

pi
charge

-0.058
0.048
-0.011
0.048
-0.011
0.048

0.037
0.032
0.038
0.032
0.037

-0.410
0.114
-0.005
0.170
-0.005
0.114

0,052
0.035
0.064
0.035
0.052




M1
c2
c3
c4
¢5
c6

H3
H4
H5
H6

- F2

N1
c2
c3
c4
c5
c6

H3
H4
H5
H6

F2

]

Total
charge

2-monofluoropyridine

-0.201
0.318
-0.073
0,066
-0.044
0.115

0.024
0,002
0.007
~-0.008

N~-protonated, 2-monofluoropyridine

-0.043
0.392
-0.058
0.151
-C.018
0.166

0.099
0.070
0.081
0.071

"'00 131

0.220

- 167 -

sigma
charge

-0.073
0.249
-0.001
-C.007
0.005
0.060

0.407
0.261
-0.003
-0,061
0.003
0.056

—0.198

pi
charge

-0.129
0.069
-0.072
0.073
-0.049
0.055

0.053

-0.444
0.131
-0.055
0.212
-0,021
0.110

0.067




N1

c3
ca
c5
6

H2
H4
H5
H6

F3

N1

H5

H6

F3

"

Total
charge

sigma
charge

3-monofluoropyridine

-0.107
0.041
0.192

~0.024

-0.011
0.082

0,008
0.020

0.008"

"'0. 010

-0.200

N-protonated, 3-monofluoropyridine

0.029
0.014
0.238
0.081
0.014
0.142

0.089
0.086
0.083
0.071

—O. 136

0.218

- 168 -

-0.069
0.052
0.188

-0.020

-0.004
0.071

-0.244

0.408
-0.035
0.208
-0.074
-0.000
0.060

-0.186

pi
charge

' "0.038

-0,011
0.004
-0,004 .
-0.007
0.011

0.044

-0.37¢
0.049
0.030
0.155
0.014
0.082

0.050




M1

c2

c3
c4
e
c6
H2
H3
HS
H6

N1
c2
c3
c4
c5
3

H2
H3
H5
H6

P4

Total sigma pi
charge charge charge

4-monoflucropyridine

-0,142 -0.053 -0.089
0.119 0.060 0.059
-0,090 -0.014 -0.077
0.253 0.180 0.073
-0.090 -0.014 -0.077
0.119 0.060 0.059
-0.010
0.025
0.025
~-0.010
-0.200 ~-0.252 0.052

N-protonated, 4-monofluoropyridine

0.032 0.446 -0.414
0.184 0.061 0.123 -
0.345 0.140 0.205
"‘0-075 —00019 "'0-056
0.184 0.061 0.123
0.069
0.100
0.100
0.069
-0.131 -0.207 0.076
0.199
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N1
c2
C3
C4
c5
c6

H3
H4
H5
H6

Cl12

N1
c2
c3
c4
c5
c6

H2
H4
HS
H6
c13

K1
ce
c3
c4
C5
c6
H2
H3
H5
H6
14

Total
charge

2-chloropyridine

-0,128
0.174
-0,013
0.044
-0.022
0.099

0.018
0.004
0,008
-0.006

-0.170

3-chloropyridine

-0,156
0.108
0.065
0.057

-0.026
0.101

0.001
0.011
0.00%
-0,008
-0.164

4-chloropyridine

~0.159
0.096
~0.012
0.133
~0.012
0,096
~0,007
0.017
0.017
~0.007
~0.164
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sigma
charge

-0,068
0.144
0.001

-0.005

-0.008

0.063

_Oo 201

-0.078
0.060
0.087

-0.004

-0.000
0.055

-0.189

-0.093
0.064
0.003
0.086
0,003
0.064

"00196

pi
charge

~-0.070
0.030
-0.014
0.04¢
-0.014
0.036

0.032

-0.078
0.048
-0.023
0.062
-0.026
0.047

0,025

-0.066
0.032
-0,014
0.047
-0.014
0.032

0.032




N1
c2e
c3
c4
c5
c6
H3
Hé
H5
H6

H1
H2
H3

1

H4

mH1
H2
H3
H1

Total
charge

2K-methoxypyridine

“‘00 181
0.258

0.053

-00052
0.116

0,016
-0.001
0.003
-0.016

-0.230
0,132
0,008
0,010
~0.002

-0.064
0.321
~-0.054
C. 145
-0.022
0.159

0.086
0.0671
0.073
0.060

-0.164
0.119
0.030
0.053

-0.021
0.216

-7 -

sigma

charge

-C.059
0.182
0.002

~0.013
0.007
0.058

-0.315

N-protonated, 2K-methoxypyridine

0.389
0.174
0.008
-0.061
0,007
0.055

-0.272

pi
charge

0,122
0.076
~0.080
0.066
~0.059
0.059

0.085

-0.453
0.147
-0.062
0.206
-0.029
0.105

- 0.108




N1
c2
c3
c4
c5
c6

14
HS
H6

H1
H2

N1
c2
C3
c4
c5
c6

H3
H4
H5
H6

H1
E2
H3
H1

Total
charge

2A-methoxypyridine

-0.171
0.257
-0.088
0.052
~0,053
0.116

0.016
-0.002
-0.003
-0.014

~0,222

0.127
-0.008
-0.006
-0.009

N-protohated, 2A¢methoxypyridine

-0.,022
0.323
-0.075
0.137
~0.032
0.167

0.081
0.060
0.074
0.062

-0.180
0.123
0.030
0.043
0,005
0.204

- 172 -

sigma
charge

-0.052
0.181
~0.004
-0.015
0.006
0.059

-Oo 307

0.428
0.165
0.003
-0.070
0,007
0.055

-0,288

pi
charge

-0.118
0.076
-0.084
0.067
~0.059
0.057

0.085

~0,450
0,159
-0.077
0.207
~0.039
0.113

0.108




1
c2
c3
c4
c5

H2

H2
H3

1
c2
3
c4
c5
6

H2
H4
HS
H6

Total
charge

3K-methoxypyridine
0,113
0.039
0.134
-0.016
~-0.014
0.079

0.001
0.012
0.004
-0.015

-0.216

0,127
-0.008
-0.008
-0.007

'N-protonated, 3K-methoxypyridine

0.043
0.089
0.162
0,077
0.002
0.141

0.078
0.075
0.077
0.063

~-0.169
0.121
0.022
0.038
-0.014

~0.197
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sigma

. charge

-0.078
0.058
0.121

-0.009

-0.007
0.075

0.417
0.050
0.120
-0.071
-0.005
0.065

pi
charge

~-0.035
-0.019
0.013
~0.007
-0.007
0.005

O. 076

-0.374
0.039
0.043
0.147
0.007
0.076

0.083




N1

c3
c4
C5
c6

H2

H5
H6

H1
H2
H3

N1

m
H2
H3

H1

Total
charge

3A-methoxypyridine

-0.112
0.050
0.134

~-0.026

- -0.014
0.079

~-0.001
0.012
0.003
. =0.014

-0.214

0.127
-0,008
-0.007
-0.010

N-protonated, 3A-methoxypyridine

0.044
0,105
0.161
0.063
0.003
0.139

0.075
0.072
0.075
0.063

-0.173
0.122
0.022
0.035

-0.006

0.199

- AT -

sigma
charge

-0.075
0.063
0.121

-0.015

-0.008
0.075

0.418
0.058
0.117
-0.075
-0.006
0.066

-O. 256

pi
charge

-0.038
-0.013
0,013
-0.011
-0,006
0.005

0.076

-0.374
0.048
0.044
0.138
0.009
0.073

0.082




N1
Cc2
¢3
c4
c5
c6
H2
H3

C

H1
H2
H3

N1
cz
c3
c4
c5
c6

H2

H3

H6

4-methoxypyridine

N-protonated,

Total
charge

-0.147
0.118
~0.093
0.192
-0.083
0.118

-0.016
0.016
0.017

-0.015

-0.217

0,128
-0.006
-0,006
-0.007

sigma
charge

-0.050
0.058
~0.009
0.110
~-0.004
0.059

~-0.302

4-methoxypyridine

-0.000
0.176

~0.074
0.287

-0.061
0.174

0.061
0.084
0,086
0.062

-0.169
0.121
0.025
0.038

-0.003

0.195

- 175 -

0.446
0.053
-0.007
0.057
~0.002
0.055

pi
charge

-0.097
0.060
-0.084
0,082
-0,080
0.059

0.085

-0.446
0.123
-0,067
0.230
-0.059
0.119

0.121




N1
c2
c3
o4

cé

F3
P4
F5
6

H1
H2
H3

N1
c2
c3
c4
C5
c6

F3
F4
F5
P6

H1
H2
H3

Total
charge

sigma
charge

2K~-methoxyperfluoropyridine

-0.224
0.230
0.116
0.214
0.107
0.286

~0.167
-0.159
-0.163
~-0.178

-0.195
0.128
"~ 0.001
0,002
0.002

~-0.041
0.188
0.212
0.179
0,208
0.241

-0.206
-0.210
-0.201
-0.230

-0.282

2A~-methoxyperfluoropyridine

~0.212
0.229
0.107
0.217
0.107
0.288

-0.174
-0.160
-0,163
-0,176

-0.200
0.097
0.001

-0.004
0.043

-~ 176 -

-0.035
0.167
0.214
0,180
0,210
0.242

-0.214
-0.211
-0.201
-0.229

-0.286

pi
charge

-0.183
0.058
-0.096
0.035
0,101
0.045

0.039
0.051
0.038
0.052

0.087

~0,178
0.062
-0.107
0.037
-0.103
0.046

0.040
0.051
0.038
0.053

0.086




c2
c3
c4
c5
c6

F2
P4
F5
6

M1
c2
C3
c4
c5
c6

2

F5
F6

H1
H2
H3

Total
charge

sigma
charge

3K-methoxyperfluoropyridine

-0.214

0.053
0.220
0.111
0.283

-0,187
-0.162
-0.163
-0.176

-0.181
0.092
0,001

~-0.005
0.043

3A;methoxyperfluoropyridine

~-0.214
0.293
0.053
0.212
0.112
0.284

-0. 179
"'0. 169

-00176 )

-0.183
0.102
0.001

-0.003
0.033

- 177 -

-0.047
0.258
0.121
0.190
0.200
0.257

-0.240
-0.213
-0,202
-0.227

__o. 251

~0.046
0.255
0.124
0.192
0.202
0.252

-0.,220
-0.203
-0,228

pi
charge

~0.167
0.026
-0.068
0.030
0,089
0.032

0.053
0.051
0.039
0.051

0.070

-0.168
0.038
-0.071
0.021
-0,090
0.032

0.052
0.051
0.039
0.052

0.070




M
c2
c3
c4
c5
c6

F3
F5
F6

Total
charge

sigma
charge

4K-methoxyperfluoropyridine

-0,22C
0.289
0.106
0,157
0.115
0.285

-0.178
-0.175
~0.167
-0.176

-0.181
0,100
0.004

-0.001
0.040

- 178 -

"Oo 034
0.244

0.215°

0.099
0.213
0.240

=-0.231
-0.214
-0.206
~0.229

pi
charge

-0.186
0.046
~0.109
0,059
-0.096
0.045

0.053
0.039
0.039
0.053

0.086




i
N2
C3
c4
c5
c6

H3

H5
H6

m
N2
c3
c4
c5
c6

F3
F4
5

"6

Total
charge

Pyridazine

-0,068
-0,068
0.069
0.005
0,005
0.06¢

-0.011
-0.,005

0.005
-0.011

Perfluoropyridazine

-0.059
~0.059
0.240
0.147
0.147
0.240

-0.176
-0,152
-0.152
-0.176
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sigma
charge

-0.032
<~ 0.055
-0.018
-0.018

0.055

0.016
0.016
0.239
0.168
0.168
0.23%

-0.224
-0.199
~-0.199
-0.224

pi
charge

=~0.037
=0.037
- 0,013
0,023
0.023
0.013

-0.075
-0.075
0.001
-0,021
-0.021
0,001

0.048
0,047
0.047
0.048




Total sigma pi _
charge charge charge

N-monoprotonated pyridazine

M1 0.121 0.467 -0.346
W2 0.041 0.037 " 0.005
c3 0.084 0.044 0.040
C4 0,076 -0,080 0.156
5 0.016 ~0,024 0.040
c6 0.147 0.042 0.105
53 0.007
H4 0.079
H5 0.084
H6 0.071
H1 ' 0.204

N-monoprotonated perfluoropyridazine

1 0.068 0.476 ~0.408
N2 0.007 0.084 0,077
c3 0,285 0.245 0.040
c4 0.243 0.134 0.109
c5 | 0.184 0.192 -0.008
c6 0.343 0.247 0.096
73 ~0.101 ~0.159 0.058
74 ' ~0.082 -0.152 0,070
PS5 ~0.086 0,139 0.053
76 0,100 ~0.167 0.067
H1 0.241
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M
Ne
c3
c4
c5
c6

H3

K1
K2

Total
charge

sigma ri
charge charge

W-diprotonated pyridazine

0,109
0.109
0.207
0,107
0.107
0.207

0.147

0.150
0.150
0.147

0.280
0.280

0.476 -0,367
0.476 ~0.367
0.011 0.197
~0.063 0.170
-0,063 0.170
0.011 0.197

N-diprotonated perfluoropyridazine

0.047
0.047
0.419
0.267
0.267
0.419

_Oo 022
"0. 017
—00017

-0.022

0.306
0.306

- 184 -

0.512 ~0.465
0.512  =-0.465
0.223 0.196
0.166 0.101
0.166 C.101
0.223 0.196
~0.113 0.091
~0.094 0.077
-0.094 0.077
~0.113 0.091




N1

N1
N2
C3
C4
C5
cé

F4
F5
76

H1
H2
H3

Total
charge

sigma
charge

3K-methoxyperfluoropyridazine

-0.065
-0.067
0,180
0.149
0.143
0.234

—0.161
"’Oa 157
~0.182

-0.205
0.13C
0.000
0.001

-0.001

0.005
0.019
0.166
0.174
0.165
0.242

-Oc 229

-0,285

34-methoxyperfluoropyridazine

-0,067
-0.058
0.180
C.138
0.145
C.233

-0.169
-0.158
-0.181

-0.200
¢.030
0.000

-0.,005
0.045

- 182 -

0.006
0.024
0.159
0.17

0.174
0.244

=0.217
"00205
"0.228

-0.281

pi
charge

-0.070
-0,086

0.014
-0.025
-0.022
~-0.008

0.046
0.046
0.047

0.080

-0.067
-0.082

0.021
-0.038
-0.019
~-0.011

0.048
0.047
0.047

0.081




K1

w2
c3
c4
c5
c6

F3
F5
Fé

)

Total
charge

sigmg
ckarge

4K-methoxyperfluoropyridazine

-0.067
-0.062
0.233
0.084
0.148
0.239

=0.161
=0.181

-0.181
0.097
0.003

-0.003
0.042

0.022
0.007
0.248
0.083

0.177 .

0.234

=0.239
=0.207
"'O. 229

4A-methoxyperfluoropyridazine

-0.083
-0.078
0.247
0.098
0.150
0.244

-0.184
=0.170
-0.182

-0.180
0.104
0.003

~-0.001
0.033

- 183 -

0,013
-0.001
0.250
0.090
0.183
0.238

-0.231
-0.216

-0.259

pi
charge

~0.089
-0.069
-0.015
0.001
~-0.029
0,005

0.048
0.046
0.048

0.079

-0.096
=0.077
~-0,004

0.008
-0.033
0,006

0.048
0.046
0.048

0.080



N1
K2
C3
C4
C5
cé

F5
F6

H1
H2
H3

1
H2
H3

3K, 4K-dimethoxyperfluoropyridazine

3K

4K

" Total
charge

-0.091
0,089
0,182
0.103
0.158
0,239

“Oo 167
=0,185

-0.209

0.119
~0.002
-0.004
-0,002

-0.185
0.0%94
-0.001
-0.007
0.048

- 18, -

sigma
charge

0.001
-0,000
0.183
0.099
0.180
0.240

-0.232

-0.291

—0. 264‘

pi
charge

-0.092
-0.087
~0.001

0.004
-0.023
~0.001

00046
0.047

0.081

0,078




1
N2
c3
c4
c5
c6

F4

H1
H2
H3

E1

H3

3K, 5K-dimethoxyperfluoropyridazine

3K

5K

Total
charge

-0.068
~-0.074
0.180
0.141
0.081
0.237

~0,190

~0.209

0,121
-0.00z
-0.002
-0.001

-0.182
.0.,104
0.001
-0.003
0.032

sigma
charge

-0,003
0.024
0.163
0.183

0,082

0.249

—00221
-0,237

~0.261

pi
charge

-0.065
-0.098

0.017
-0.042
-0.001
-0.012

0.045
0.047

0.080

0.079




H
H2
H3

3K, 6K-dimethoxyperfluoropyridazine

3K

6K

Total
charge

-0.064
-0.069
0.174
0.147
0.135
0.176
-0.166
-0.166

-0.208

0.131
-0.002
-0.002
-0.001

-0.204

0.091
~-0,002
-0.008

0,045

sigma
charge

0.012
0.008
0.172
0.170
0.173
0.164

-0.212
-0.213

~0.287

_O [} 283

pi

charge

-0.076
-0.077
0.003
-0.023
-0.038
0.012

0.046
C.047

0.079

0.079




K1
N2
¢3
c4
c5
c6

F3
F6

HT

H2
03

4K ,5K~dimethoxyperfluoropyridazine

4K

5K

Total
charge

-0.069
-0.069
0.234
0.077
0.086
0.242

"‘0.195
-0.195

-0.194
0.097
0.001.

-0.007
0.042

-0.185
0.102
0.000

~-0.004
0.036

- 187 -

sigma
charge

0.013
0.127
0.244
0.095
0.093
0.242

-0.243

"0. 272

pi
charge

-0.082
-0.082
-0.010
-0.018
-0.007
-0.000

0.048
0.048

0.078

6.078




N1
N2
c3
c4
c5
c6

3
F5

H1

H2

H3

H1
H2
H3

4K ,6K~dimethoxyperfluoropyridazine

4K

6K

Total
charge

~0.066
~0.064
0.226
0.082
0.140
0.180

"Oo 195
~0.155

-0.186
0.098
0.001

~0.005
0.042

-0.,230
0.090
-0.002
-0,008
0.046

- 188 -

sigma
charge

0.029
~0.003
0.252
0.080
0.185
0.155

-0.311

pi
charge

-0.095
~0.061
-0.026
0.002
-0.045
0,025

O. 047
0.047

0.079

0.081




N1

c2
C4
c5
c6

H2
H4
H5

E6

N1
N3
c2
C4
c5
C6

2
F4
F5
F6

Total
charge
Pyrimidine
0.203
0.142
0.142

~0.031

-0.022.
0.012

-0.022

Jerfluoropyrimidine

~0.231
-0.231
0.435
0.339
0.050
0.339
~0.195
~0.176
~0.155
-0.176

- 189 -

sigma

charge

-0.082
-0.082
0.127
0.058
~0.014
0.058

-0.021
-0.021
0.306
0.231
0.188
0.231

-0.255
~0.235
-0.190
~-0.235

pi
charge

-0.098
-0.098
0.076
0.084
~0.049
0.084

-0.210
-0.210
0.129
0.108
-0.138
0.108

0.060
0.059
0.035
0.059




K1
N3

N1

N3

c2
c4
c5

P2
F4
F5
6

H1

Total
charge

sigma
charge

N-monoprotonated pyrimidine

0.024
-0.117
0.258
0.204
-0.046
0.197

0.057
0.059
0.091
0.063

0.210

N-monoprotonated perfluorcpyrimidine

-0,112

~0.145

0.491
0.423
0,101
0.384

-0.115
-0, 104
-0.088
-0.098

0.262

- 190 -

0.365
"Oo 032

0.111

0.053

0.395
0.044

0.311 .

0.203
0.203

0.252

-0.,189
-0.185
-0.128
-0.169

pi
charge

~0.389
-0.085
0,147
0.209
~0.026
0.144

-0.508
-0.189
0.180
0.220
-0.,102
0.132

0.074
0.081
0.040
0.071



N1
K3

Total
charge

sigma
charge

N-diprotonated pyrimidine

0.023
0.023
0.325
0.256
-0.014
0.256

0.134
0.132
0.162
0.132

0.284
0.284

N-diprotonated perfluoropyrimidine

-0,066
-0.066
0.580
0.461
0.126
0.461

-0.046
-0.035
-0.026
-0.035

0.323
0.323

- 191 -

0.382
0.382
0.107
0,008
-0.018
0,008

0.405
0.405
0.330
0.234
0.214
0.234

-0.138
-0.129
-0.071
-0.129

pi
charge

-0.359
-0.359
0.219
0.248
0.004
0.248

-0.471
~-0.471
0.257
0.227
-0.088
0.227

0.092
0.094
0.045
0.094




1
K3

Total
charge

sigma
charge

2K-methoxyperfluoropyrimidine

-0.243
-0.230
0.376
0.335
0.045
0.333

"Oo 183

-0.222
0.130
0.000
0.001
0.002

- 192 -

-0.025
~0,017
0.238
0.227
0.190
0.224

-0.240
"00 194
-0.241

"00317

pi
charge

0,218
0,213
0.138
0.108
~0.145
0.109

0.058
0.034
0.058

0.095




Total sigma pi
charge charge charge

4K-methoxyperfluoropyrimidine

‘N1 - -0.238 -0.019 -0.219
N3 -0.243 -0.025 -0.219
c2 0.432 0.302 0.131
C4 0.277 0.158 0.119
5 0.054 0.195 -0.141
cé 0.335 0.228 0.107
w2 -0.202 -0.261 0.059
F5 -0.164 -0.198 0.034
F6 -0.182 -0.240 0,058
0 -0,205 -0,299 0.094

0.130
E1 ' 0.001
H2 0.002
H3 0.003

4A-methoxyperfluoropyrimidine

N1 -0.245 -0.021 -0.224
N3 ~0.237 -0.021 -0.215
c2 0.431 0.299 0.131
c4 0.278 0.150 0.129
c5 0.051 0.202 ~0.152
c6 0.339 0.228 0.111
F2 -0.199 ~0.258 0.059
r5 -0.173 -0.209 0.036
F6 ' -0.183 -0.241 0.058
0 -0.203 -0.296 0.093
0.091
H1 0.002
H2 -0.004
H3 0.051

- 195 -




N1
N3
c2
c4
a5
6

F2
T4
F6

H1
H2

H3

Total
charge

sigma
charge

5K—methoxyperfluoropyrimidine

-0.235
~0,236
0.430
0.334
-C.012
0.243

=0.200
'_'O- 190
—0. 184

-0.180
0.097
0.0

~0.005
0.037

- 19k -

-0,028
-0.028
0.309
0.240
0.105
0.239

"0. 24‘2

pi
charge

-0,207
-0.208
0.121
0.094
-0.117
0.104

0.059
0.058
00058

0.064




N1
N3

c4
c5
c6

¥5
F6

H1
H2
H3

m]m
H2
H3

2K, 4K-dimethoxyperfluoropyrimidine

2K

4K

Total
charge

-0.250
~0.241
0.373
0.274
0.050
0.330

-00169
-0.188

~0,228
0.130
-0.003
-0,003
0.001

-0.,208
0.130
-0.001
0.000
0.002

- 195 -

sigma
charge

-0.035
-0.021
0.234
0.156
0.198
0.223

-0,202
-0. 246

-Oo 322

"0. 301

pi
charge

-0.226
-0.220
0.139
0.118
~-0.148
0.107

0.033
0.058

0.094

0.093




iy}
N3
c2
c4
C5
c6

F6

(]

H1
He
H3

2K ,5K-dimethoxyperfluoropyrimidine

2K

Total
charge

0,247
-0.235
0.372
0.330
-0.016
0.336

-00195
-0.191

~-0.225
0.130
-0.002
-0.002
0.001

-0.183
0.098
-0.002
-0.007
0.037

- 196 -

sigma
charge

-0.033
-0.025
0.243
0.235
0.109
0.233

-0.253
-0. 249

-01318

"O ° 246

pi
charge

-0.214
-0.210

0,130

0.094
-0.125
0.105

0.058
0.058

0.093

0.063



1
N3
c2

sl

LV

C5

2
F6

H1
H2
03

4K ,5K-dimethoxyperfluoropyrimidine

4K

5K

Total
charge

-0,240
~0.245
0.427
0.274
-0.007
0.340

-Ou 189

-0.216
0.121
0.000

-0.002
0,003

-0.185
0.095
-0.004
-0,008
0.043

- 197 -

sigma
charge

-0.026
-0.031
0.305
0.170
0.114
0.237

"0. 264
"‘0. 247

"0.310

-O. 248

pi
charge

-0.214
-0.214
0.123
0.104
-0.121
0.103

0.058
0.058

0.094

0,063




K1
K3
c2

C4.

c5

F2
F5

H1
H2

H1
H2
H3

4K ,6K-dimethoxyperfluoropyrimidine

4K

6K

Total
charge

=0.237
~0.251
0.430
0.276
0.047
0.274

'_:0. 180

-0.210
0.130
-0.001
-0.001
0.002

~0.207
0.091
0,000
-0.007
0.051

- 498 -

sigma
charge

-0.006

-=0.022

0.297
0.157
0.204
0.150

-0.216

-0.303

~0.301

pi
charge

-0.,222
-0.22%
0.133
0.119
-0. 157
0.124

0.059
0.036

0.093

0.094




N1,N4
€2,3,5,6
H2,3,5,6

N1,K4
€2,3,5,6
F2,3,5,6

N1
N4

2,6
C3,4
H2,6
H3,5

- H1

N1
N4

c2,6
€3,5
F2,6
F3,5

HT

H1,4
02,3,5,6
H2,3,5,6
H1,4

N1,4
€2,3,5,6
F2,3,5,6
H1,4

Total
charge

Fyrazine

-0.118
0.065
-0,006

Perfluoropyrazine

—Ol143
0.244
-0.172

H-monoprotonated pyrazine

0.087

"'0.014

0.137
0.071
0.079
0.080

0.194

sigma
charge

~-0.098
00055

-0.060
0.252
~0.221

0.424

~0.138

0.046
0.056

pi
charge

-0.020
0.010

-00083
~-0.008
0.049

-0.337
0.124
0.091
0.015

N-monovrotonated perfluoropyrazine

0.011
-0.063
0.326
00272
-0.096
-0.099

0.246

0.406
~0,100
0.267
0.270
-0,160
-0,153

N-diprotonated pyrazine

0.125
0.150
0.155
0.267

0.327
0.049

-0.395
.0.037
0.059
0.002
0.064
0.054

0.101

N-diprotonated perfluoropyrazine

0.049
0.351
-0.030
0.309

- 199 -

0.337
0.280
"'00103

"Oo 288
0.0%1
0.073




N1
N4
2
C3
C5
cé6

H3

M1
M4
c2
c3
c5
c6
H3
H5
H6
F2
H4

Total
charge

2-fluoropyrazine

~-0.157
-0.096
0.291
0.015
0.043
0.084

0.016
0.002
0.002

-0.200

N1-monoprotonated,2-fluoropyrazine

0.031
0.008
0.377
0.019
0.054
0.150

0.102
0.086
0.084

-0.122
0.212

N4-monoprotonated,2-fluoropyrazine

-0.0586
0.106
0.312
0.081
0.118
0.091

0.100
0.085
0.088

0.202

- 200 -

sigma
charge

-0.082
-0.097
0.244
0.052

" 0,061

0.053

-0.251

0.419
-0.132
0.254
0.054
0.062
0.048

-0.188

-0.125
0.420
0.261
0.043
0.052
0.054

-0.181

pi
charge

-0.075
0.001
0.047

-0.037

-0.018
0.031

0.051

-0.388
0.140
0.123

-0.035

-0.008
0.102

0.066

0.067
-0.314
0.051
0.038
0.066
0.037

0.056




K1

Total
charge

N,N-diprotonated,2-fluoropyrazine

0.055
0.148
0.404
0,098
0.126
0.168

0.175
0.159
0.16C

-0.049

0.283
0.273

- 201 -

sigma
charge

0.326
0.327
0.272
0.045
0.061
0.047

pi
charge

-0.271
-0.179
0,131
0.053
0.065
0.121

0.078




N1
N4
c2
c3
c5
c6
F5
76

H1

B3

H1
H2
H3

2K

3A

Total
charge

-0.159
-0.159
0.190
0.190
0.234
0.234

"Oo 184
-O- 184

-0.250

0.130
~0.002
-0.002
-0.002

-0.250

0.130
-0.002
-0.002
~0.002

- 202 -

sigma

, charge

- 2K,3A-dimethoxyperfluoropyrazine

~0,067
~0.067
0.187
0.187
0.250
0.250

-00231

-00332

-0.332

pi
charge

-0.092
~-0.092
0,003
0.003
-0.016
-0.016

0.047
0.047

0.082

0.082




N1
N4
ce
C3
c5
cé

F6

H1
H2
H3

H1

2A,5A~dimethoxyperfluoropyrazine

2A

54

Total
charge

-0.148
-0.148
0.179
0.233
0.179
0.233

—0.191
-00191

-0.203
0.096
-0, 001
-0.006
0.041

-0.203
0.096
-0.001
-0.006
0.041

- 203 -

sigma
charge

-0.064
-0.064
0.180
0.252
0.180
0.252

-00 240
-0.240

—O. 283

-0. 283

pi
charge

~-0.085
-0.085
0.001
-0.019
0.001
-0.019

00049
0.049

0.080

0.080




N1
N4
c2
c3
5
c6

F3

Total
charge

sigma
charge

24,6K-dimethoxyperfluoropyrazine

24

6K

-0.142
-0.155
0.184
0.228
0.228
0.184

~0.192
-0.192

-0.202
0.096
~0.001
-0.006
0.041

-0,202
0.096
-0.001
~-0.006
0,041

- 204 -

0.118
0.262
0.262
0.118

—00240

pi
charge

~0.093
-0.076
0,016
-0.034
~0,034,
0.016

0.048
0.048

0.082

0.082




Appendix 4

Coordinates of Atoms in llolecules

These have been calculated from the appropriate parameters
as given in "Pables of Interatomic Distances and Configurations
in Molecules and Ions", Chem. Soc. Special Publications, Editor
L.E. Sutton, 1958 and Supplement 1965, except in the case of
nyidine and Pyrazine. In these compounds the values are those
of E. Clementi, given in Chem. Reviews (1968) 68, 341 and J C P
(1967) 46, 4731, 4737. 1In all the compounds and derivatives the
C~-F bond length was taken as 1.3315‘8, the C-CT1 bond length as
1.7A& and the N-H bond length as 1.0&

Where the geometry of the parent ring was not available the
geometry was estimated from that of the most suitable derivatives
for which information was available. The calculations were
carried out on NUMAC using simple APL programmes and the units
are gngstroms. |

(1 & = 100 pico metres = 10719 metres)

- 205 -




C1
c2
c3
C4
C5
c6

H1
H2
B3
H4
H5
H6

M
F2

T4
75
6

Cc11

Benzene

0
1.20983
1.20983
0
-1.20983

'—1 [] 20983

0

7
7

7
T

2.148609
2.148609

0

-2.148609
-2.148609

0
2.36295
2.36295
0
-2.36295
-2.36295

0

y
1.397

0.6985
-0.6985
-1.397
-0.6985

0.6985

2.481
1.2405
~1.2405
-2.481
~1.2405
1.2405
2.7285
1.36425
-1.36425
-2.7285
-1.36425
1.36425

3.097

- 206 -

O O O O O O W

o

[&]

o O O O

O O O © O O




N1
c2
C3
c4
c5
c6
H2
H3
H4
H5
H6

F2
F3
74
F5
Fé6

€12
13
- C14
C15
C16

H1 at N1

)

24

ridine

0
1.156413
1.200734
0

-1.200734

-1.156413

2,08672

2.149483

0
-2.149483
-2,08672

2.278972

2.37783

0
~-2.37783
-2.278972

2.6254
2.6937
0 .

-2.6937

-2.654

0

- 207 -

Y
-0.7031745
o
1.381148
2.,101199
1.381148
o

-0.5447188
1.89542
3.179169
1.89542

-0.5447188

-0.7160676
2.003512
3.432699

"2.003512

-0.7160676

-0.85€9
2.195
3.8012
2.195

-0,.8569

~-1.703174

O O O O O O O O O O O O O O O O N

O O O O O




N1

H1 at 11

H2 at N2

H1 et T

H3 at N3

Pyridazine
A —R

X
-0.66
0.66
1.323915
0.7
-0.7

2.407465
1.265611
-1.269611
-2.407465

2.654863
1.399666
-1.399666
-2.654863

-1.162266

1.162266

Pyrimidine
P

X
-1.186408
1.186408
0
1.161826
0
-1.161826

-2.105291 .

0

2.320705

0
-2.320705

-2.039048

2.039048

y
-1.163966

-1.163966
0
1.251816

1,251816

¢

-0.03121264

2.174095
2.174095

-0.03121264

-0.03833915

1 2.384671
2.384671

-2.02868

-2.02868

0

v
~0.5786499
1.339796
2.065785
1.339796

-1.66265
1.873583
3.149785
1.873583

-1.91015
1.995458
3.397285
1.995458

-0.5224986

-0.5224986

O O O O O O O O O O N

o O O O

O O O O O O O O O O m

o O O O




I'1
N4
c2
c3
C5

He

H1 at =1

H4 at R4

1.169204
1.169204
-1.169204
-1.169204

2.113223
2.113223
-2.113223
-2.113223

2.318815
2.318815
~2,318815
~2.318815

0

0

¥y

<.

rrazine

H

..209..

v
-1.370072
1.370072
-0.6950354
0.6950354
0.6950354
-0.6950354

-1.240064
1.240064
1.240064

-1.240064

-1.366814
1.366814
1.366814

-1.366814

-2.370072

2.370072

O O O O O O ®w

o O

o O

o O O O

0"




.. Hethoxy ion
. ‘l‘he coordinates of the atoms are calculated from the appropriate

pafameters for methanol.

H2

-/ gH3

a . a !
o _ 'c:zromf
b

Hi

-I.Telf;hgalc.v group

The ring carbon-oxygen bond length is that for-carbon—oxygen

in dimethyl ether and the ring carbon-oxygen-methyl carbon angle
is likewise taken from dimethyl ether. The dimensions of the
methyl group are again as those in methanol. From these dimensions

the coordinates of the atoms were calculated.

[Methoxy 'grouib 'ilp)'
plane of ring.’

|uj:;{CH3

o
Y § |
d 1.4288 |
Sigma complex B H,42 - . ' i.
ethoxy group out) g .
(of plane of ring Hl/c '
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