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A review has been civen of mclecular orbital theory
and of its application tc calculations of rround and ex-
clted state nroperties of substituted aromatic hydrocar-

bon

N

The nitrations of ortho, meta and nara-xylenes and
naohthalens have bzen studied, alone and in competitive
reactions with benzene, usin~ nitric acid/acstic acid as
the nitratin- madium. Partial rate factcrs have besn dat-
ermineqd relative to henzene.

Comreatitive nitraticns hzve bsen carried cut betwean:
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nanhthalenz cnd 2-flucro-C-methylnaphthalens, nazhthalens:
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mido- (-m“thrWnaDhbnalcn 2-methylnanhthalene
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and 2, 0-dimethylnaphthalene, 2-methoxy-56-methylnaphthalene
and 2, 6-dimethylnaphthal=sne. Partial rate factors have
been dz2termined relative to naphthalene

Proton marnetin resonance studies at 60, 100 and 220

b

Mc/s have been made cf a series o 2,6-disubstituted narh-

An attempt has been made to internret the exp ental
data by detailed Parissr-Pa Pople self-consistent field

molecular orbital c2lculations.
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of symbols and abbreviations

Fundam=ntal Constant

W

2lectronic charze

P

m electronic mass
¢ velocity of 1lizht
h Planck’s constant
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N Avozadro number
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H fthe commlete electronic Hamilteonion

H  the core Hamiltonianj the terms in H which
of just the coordinates of el=zc¢tron i.

Cij= ee/r,j , an zlactren repulsion term in 11

Hi 2 one-2lectron Hamiltonian- non-sxplicit.
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M= 2 %;; , the dipols moment operator.
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Intexrals and matrix elements

f....dx, ints ration ovar the electron coordinate

Cl"

J...Jirs<3..>, inte-raticn cver the snin an’ srac

dinates of all the electrons.

H =< HIY>= j'q: H u/ A,
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<‘yruys>, the overlap intezral.
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transiticn moment.

I

o the Huckel coulomb inte ral.
/9 the Hickel resonance intezral.
hond crder betiiesn afoms/u and v,

Jther symbols

I

(o
Fye
D

electron affinity.

A= &
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Z nuclear char 'e.

Sr~ thz Kronecksr delta.
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(iii)
INTRODUCTION

The study of substituent effects on the electronic
structure and reactivity of organic compounds has occupicd
the attention of chemists for many years. From the study
of electrophilic aromatic substitution in particular, a
considerable amount of experimental data has been collected
for the constfuction and testing of theories of substituent
effects in orsanic molecules. Current theories of
substituent effects however, have been based in the main on
information derived from studies of henzene derivatives,
while relatively 1little work has been done on substituted
polycyclic aromatic compounds.

A vast amount of experimental data has been tabulated
using Hammett (9=-p) linear free energy relationships} in
which, for a given type of reaction, the effect of a
substituent is given by a substituent constant (7). Much
of this work has been devoted to qualitative discussions
of the magnitude and sign of & for a given substituent in
terms of inductive and mesomeric effects. More recently,
Dewar and Grisdaleahave attempted a more quantitative
treatment with extension to naphthalene systems, but it
remained dependent on several empirical parameters.

The chlef drawback to the above investigations is the
fact that the observed effect of a substituent depends not
only on the electronic effect of the latter upon the zround

state of the molecule, but also on its effect on the
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transition state for the reaction under consideration.

In recent years, the development of nuclear magnetic
resonance and photoelectron spectroscopy has enabled
substituent effects of molecules to be studied in their
ground states. Here again, very little work has been done
on substituted aromatic hydrocarbons other than benzene,
and this applies to both theoretical and experimental
investigations.

As far as quantitative evaluations of substituent
effects are concerned, the most important investigations
have been based on the analysis of the electronic spectra
of substituted benzenes and azulenes. The inductive and
mesomeric parameters for each substituent derived from
these analyses, have been incorporated into theoretical
treatments based on the localised orbital model, by
Murrell et al? and Craig et al. These investigations
have concentrated on the effect of substituents on the
electronic spectra. The most recent development has been
the introduction of the inductive substituent parame&ers
into standard Pariser-Parr-Pople SCF MO calculations? The
results of this type of treatment were very encouraging,
the properties investizated being dipole moments, 1I—I and
13C chemical shifts and electronic spectra.

It is clear from this discussion that there is a lack

of experimental information on the effect of substituents
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on the reactilvitiss, and ~round and excited state nrorzr-
ties of polycyclic aromatic hydrocarbons. Ths work des-
cribad in this thesis has been plann=d with this in mind.
Substituent effects have been investigatesd from meas-

urements of 1H chemical shifts and from nartial rate fac-

tors derivad from cormpetitive nitreation reactions. Prcton

ma-netic resonance studiles at 60, 100 and 220 Mc/s have
baen made of 2,6-disubstituted narhthalenes, and rartial

rate factors have been measured for a series in which one

Fal

of the substituents was methyl and the other was H, CH3,

OCll,, ¥ and NHCOCH3 During this work, it was found that
J
n

results wers lackilr

)

z for the partial rate factors of the

reference to nitration reactions. As these

@
wn
=
t
)

Xyliene
results were necessary to make comparisons hetween methyl-
nanhthalenes and the corressponding benzene derivatives,

nartial rate factors have been determined for the xylenes.

An attemct has been made to internret the experimental
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The main feature of aromatic substitution 1s the
influence exerted by substituents on the position at
which reaction occurs. Ingold accounted qualitatively
for positions of substitution and relative reactivities
in terms of polar effects of substituents. The processes
by which a substituent can affect a reaction are as
follows:

6
*) The o~-Inductive Effect (Ie)

This originates in the unequal sharing of the electron
pair forminz a covalent bond and can be transmitted to the
reaction centre by successive polarisation of intervening
< bonds. It explains the increase in dipole moment along
a homclogzous series and the increase in acidity of
carboxylic acids with the introduction of halogen atoms.
The effect falls off rapidly and smoothly as the distance
from the substituent increases.

"(1,)

The charge produced at a conjugated atom adjacent to

2) The pi-Inductive Effect

the substituent may polarise the corresponding pi electron
system. This effect explains the difference between ground
and excited state measurements of the inductive and
mesomeric effects of the halogens? The I, effect produces
a long rangzge polarisation similar to the mesomeric effect
(see below), but the latter chances the electron densities

only at alternate atoms, while the former builds up charge

3

on one set of atoms and decreases it on the other.
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$+ §-  §& S8
+I X—C=C—C=C

§+  £5- 8§86+ §-

+Ig X—+ C=C—C==C

3) The Mesomeric Effect6(M)

The pl electron system can be polarised by resonance
interaction with the substituent. An electron-releasing

substituent (+M) will act as follows:
+M §j§-0===c-—-c===c g&——%&==%-—jg2==é-
As with the ITr effect, due to delocalisation of
electrons, the mesomeric effect is transmitted over a
long range.

4) The Field Effect

The electric dipole field of the substituent may
influence tThe reaction centre directly across space. It
is not easy to distinguish between this effect and
inductive effects but Dewar et al? have shown that it can
be significant.

5) Hyperconjusation

A further effect which cannot be entirely discounted
is hyperconjugation. This is the process by which a group
such as an alkyl group can conjuzate with an arcmatic system
as though it possesses electrons of pi symmetry. Theoretical

0
studiesgf show that a conjugative mode of electron release
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by alkyl groups is feasible, and spectroscopic evidence is
also in favour of a methyl group behaving as a +M

substituent.

There are two approaches for the interpretation of
substituent effects in organic chemistry. The first is
based on the Hammett linear free energy relationship
and can be discussed in terms of Ingold’s definitions
of inductive and mesomeric effects. The second approach
is based on evaluation of substituent effects from
glectronic spectroscopy and requires more careful

definitions in quantum mechanical terms.



.
a) Linear Free Energy Relationships

The reactivities of functional centres in the side-
chains of aromatic compounds are correlated very well

. . . 1
by the Hammett linear free energy relationship:

10,3 kX'/I{O = G-K/Jy (1)

et

in which ky and kg are equilibrium or rate constants
for the substituted and unsubstituted compounds,
respectively, o~y is a constant of the substituent x and
/v.is a constant of the reaction at some centre y.

The validity of equation (') is restricted %o
substituents 1n the meta- and para-positions of the
benzene ring, and th2 effect of a substituent will

depend on its mutual orientation with the reaction centrs.

Thus, two different substituent ccnstancts, o

m and:r%

are regulired for meta- znd para-substitution, respectively.

The form of the Hammett eguation requires phat there
be no mutual conjugation between the reaction centre and
the substituent, otherwise substituents will require
special & values when conjugation is possible.

When the Hammett equation is applied to aromatic
substitution, resonance interactions between the
substituent and the reaction centre are much zreater
than in side-chain reactions. Brown et a1j1proposed

4

that a new substituent constant, e, should be used for
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these reactions, c-+ differing from ¢ by an amount
depending on the resonance interaction between the
substituent and the aromatic nucleus in the transition
state. Since fj'depends in part on the above resonance
interaction, it should depend on the extent of formation
of the news -bond in the transition state. The latter is
dependent on the nature of the reagent, increasing with
/012. Acccordingly, Knowles et a1j3proposed a further

modification to take this into account:

log k/k, = (g + og) (2)
I'or a very reactive reagent, the transition state
will resemble the ground state of the molecule and the
reaction rate will he governed by ground state electron
densities. & represents the polarisation of the reaction
centre in the ground state. For less reactive reagents,
the o~-bond will be appreciably formed at the transition
state and a resonance interaction@fﬁ) will be more
important thanerg. o R will increase with/o and a
linear relationship:
SR = TP (3)

12
was suggested ~, where @p is the ability of the

substituent to supply electrons to the reagent by

resonance interaction. Thus, equation (2) becomes:



~
'S

log k/k, = &g + G’P/az (4)

This is similar to the equation proposed by Yukawa

14
and Tsuno:

4

log k/k, = “p ¥ cj;o (5)

where/o'is a new constant measuring the sensitivity of
the reaction centre to mutual conjugation, and ¢ ’is a
corresponding measure of the conjugative power of the
substituent.

Both of these equations have been used successfully,
but they suffer the same deficiency of the Hammett

equation, namely the excess of empirical parameters.
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b) The Derivation of Substituent Constants from

Electronic Spectra

A satisfactory theory of substituent effects requires
a quantitative scale such as that given by Hammett¢‘7o
values, defined with reference to the electronic
properties of the substituent. Electronic spectrocopy
provides a zood basis for constructing a guantitative
theory, because changes in energy brought about by
substituents can be observed directly. The only
limitation is that differences in energy between Jround
and excited states, and not absolufte energies, are

observed. In addition, only the energy-change of the pi-

0]
Pl
(0]

ctrons is obscrved. However, the pl-electrons are
mainly responsible for the characteristic properties of
aromatlc compounds, and these properties should be
prredictable by calculating substituent effects on the
pi~electrons.

It is usual to deacribhe substituent affects on the
eglectron distribution in a molecule in terms of the
inductive and mesomeric effects, which were originally
defined (see above) by Ingold6 by reference to the
classical theory of valence. In guantum mechanics,
however, more exact mathematical definitions are necessary.

The pl-inductive effect of a substituent is definedl

as the effect of its potential field on the pi-electrons of the
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— -

unsubstituted molecule.

The mesomeric effect of a substituent is defined as
its ability to extend the space over which the pi-electrons
of the molecule are delocalised.

These effects can be treated separately 1f the mixing
of states (or orbitals) can be adequately described by
first order perturbation theory, and the energy changes
by second order perturbation theory.

Considering a substituted ethylene: if ¢ﬂandtk|are the
bondinz and anti-bonding pi orbitals of ethylene, and the
substituent X possesses an orbital ngf pi-symmetry, then

the orbitals of the substituted molecule can be written:

LP = <, LM + €. LP-! + s \PS ( 6)
Under the influence of the inductive perturbation,I,
% mixes with ¢»: and the mesomeric perturbation,M, mixes

W, and {, with Y ,

ct

he first-order approximation to the

pondlng orbital beilng:

= g . Wl ) g ()

€ - €, E, ~ £
where H=H4+T+M H is the unperturbed Hamiltonian.
To this order, the extent to which {f rires i Y is
independent of the mesomeric perturbation elements <mmﬂ%:>
and <¢_,IH'I!|’,>, and the extent to which Q’s mixes with QI. is

independent of the inductive perturbation element <WIRd>.
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The influence of the substituent on the energies of
lk and(k,can be calculated by second order perturbation

theory as:

2 2
<M gs> <gixi g,
Ex = E, + XTI > + <BMED> + — ¢ —

E, - E_ E, - E_,

(8)
2 2
< Mg > . < lz)d>

E, - E E . -E
[ - 1

t:rJ te
I

. E .+ > + <gmj,> +

(9)

2 2
<> <gizig,>
+.

E.-L E . -E
-} 1 -1 o

[<1'..|Il¢-> - <u’o’I'¢|> +

Ii

2 o
QImiy;, > ' <g 1Mt >
L

o [<mIg> - M > + (10)

- E " - H
-1 s J:,S E1

In an alternant hydrocarbon, within the zero-overlap
approximation, the ground and exclted states have the
same, uniform, charge density16. Now integrals like
<W\L)¢, > represent the interaction of electrons in a
state §, with I, and for alternant hydrocarbons will equal
x>, Hence, to first order:

*

E_, - E = [<ITIW> - <1zig>] + [<AulMlie> - <Pamid>]
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= 0, for alternant hydrocarbons. (11)

That is, the first order change in the transition
energy 1s zero.

In a non-alternant hydrocarbon, there is a pi-electron
density change on excitation and therefore a corresponding
first order inductive shift. If 1t is a valilid assumption
that the shifts in the 5000 A azulene band are dominated
by the inductive shift, an analysis of the shifts will
n#ive values of the pi-inductive parameter, ol . (eL'= <4;,M<ﬁ>,
where/uis the substituted C atom, V is the potential field
of the substituent, and ol is the chanze in the Coulomb
integral of the substituted C atom, as defined by Hickel
theory). To first order, the shifts are proportional tool
multiplied by the electron density change on excitation
at the substituted C atom.

A second estimation of e can be made from the second
order inductive shift in alternant hydrocarbons. This is
rather sensitive to the relative positions of substituents.
For cxample, consider Lwo states of ethylene, one (a)
totally symmetric and one (b) which is antisymmetric toc a

perpendicular reflection plane.

‘JJ@@ Ll/®'®
ORO, " O®

— e s —— - —

-— - -
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For 4‘, to mix with ﬁPb » the perturbation must have a
component with the same symmetry as the product¢g¢5,
vhich is antisymmetric with respect to the reflection
plane. The perturbing field arising from mono-substitution
has such a component, but those from cis- and trans-di-
substituted ethylenes have not, and there will be no
inductive shift. For zem-disubstitution, the perturbation
is antisymmetric and must be twice as large as for the
mono-substituted ethylene. Since the second order energy
changes depend on the square of the perturbation, the
energy shifts for gem-disubstitution will be four times
the shifts for mono-substitution. Hence the second order
inductive shift = Inife, where I  depends on the number
and relative positions of the substituents.

Table 1 shows the frequency shift of the 2600 A band
of benzene for substituents that are almost solely
inductive (aza N and F), and those which have a mesomeric
effect as well (Cl and CHy ). The Cl and CH3 spectra show
that the frequency shift depends on the number of
substituents and not on their relative positions, while
for F and (N) the reverse is true. By separating the
observed frequency shifts into a part which is additive
in substituents and a part which is not, it 1s possible
to deduce the magnitudes of the inductive and mesomeric

effects. 17
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TABLE °
Frequency shifts(cm") in the 2600A band of benzenej8

= | ;
| Position of i i

substitution (N) . F ' Cl CHs
R | ?";400 270 j 1030 : 610

1,2 L -1250 1850 | 520

1,3 i - 1800 200 ; 1900+ 1150

1,4 ; 900 1290 2340 f 1390

1,2,3 i © 2600 1260

1,2, 4 950 ' 3000 1570
' 1,3,5 5600 ¢ -Bho | 2600 1520
1 1,2,3,4 é g 3550 E 1700
1235 | ; 350 1750
| 1,2,4,5 ~300 } 180 | 3850 i 1890

,2,3,4,5 i ! 4250 ; 2030

The frequency shifts in the visible band of azulene

and the 28504 band

~
1 S vaa 4

f naphthalene arising [rom methyl and

[

phenyl substitution are shown in table 2. Here, CH3

exerts a first order inductive shift in azulene, in
naphthalene a second order shift. Azulene is the most
extensively studied of the non-alternants. It has been
shown by Plattner19 that the frequency shift of the first
azulene band follows an additivity rule, and therefore the

second order inductive shift is small. The phenyl group
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has a relatively small effect on the azulene bhand although
it can have a larze mesomeric effect. Hence, for substlituents
with weak mesomeric effects, the shifts in the azulene
band can be attributed almost entirely to the inductive
ef’fect, and even for strongly mesomeric substituents the
average mesomeric effect over all positions of substitution
may be small.

TABLE 2

- 18
Frequency shifts(cm 1) for azulene and naphthalene.

Pogition of Azulene
substitution |—
1 - 2 4 5 6
CH3 +790 -430 ~370 +350 ~460
C6H5 +765 -50 +170 +405 +330
Position of Naphthalene
substitution
1 2
CH3 +800 +100
06H5 +1600 +1300

The second order inductive shift of the benzene 2600A
20

band has been analysed in detail by Murrell and McEwen
The overall shift can be represented by the relationship:

' 2
nA + Iﬁi
where n is the number of substituents, Inife is the

second order inductive shift as above, and A contains all
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additive contributions to the shift, i.e.

first order

inductive, mesomeric and zero-point vibration energy

changes.

A graph of

n

In

versus

should give a straight

line with slope &' . Values of o' estimated in this way

are given in table 3.

TABLE 3

Calculated values of & .

-

8

1-Azulene Benzene
! Substituent 1 -1
| (em ) (em )
‘ - - Jp—— ———
| F +8780
' C1 +3540 +5370
Br +2960 +5480
CH, +3290 +4290
CHZ.CH3 +3630 +4610
CH. (CH3), +3300 +3840
C(CH3)3 +3000
CF3 -3950
CN -3300 -6710
COOH 4750 -11850
CHO -5420 ~-17280
NO, -8710
OH" +13780
OMe +11870
NH +13750 +13880
(N -18750 -17500
From the spectre cof homosubstituted benzenss, g

can deduce the magnitude but not the sign of ol'. Aza
nitrozen 1is certainly pil-electron attracting relative to
carbon, so that o' is negative for this substituent.

The values of o' deduced from the azulene and benzene
spectra are in reasonable agreement, except for those
substituents (CHO, COOH, CN) which have strong -M effects.

These substituents produce a hypsochromic shift at the "~
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position of azulene, and if the mesomeric effect is
producing a bvathochromic shift, which is the =xpectea
behaviour, then «' will be underestimated.

The inductive effect of & substituent on the o
electrons (Is) of an aromatic hydrocarbon is not usually
the same as that on the pi-electrons (Iw), e.g. the
halozens have T, positive and I, nezgative. It has been
shown that the disagreement in the literature on the
relative mesomeric and inductive strengths of the halogens
is due to non-recognisance of this f‘act.7 In the e -bond,
fluorine is electron-attracting because of the lower
potential well at that nucleus compared with carbon. How-

ever, the fluo

=
[y
)
(O]
N
ko]

orbital contains two elzctrons, so

@

that an 2lectren in an adjazcent carbon 2p, orbital exper-

N

iences a pi-electron repulsion. (partly electrostatic and
partly due to the Pauli exclusion principle). This is
taken into account by a reduction in the coulomb integral
at that C atom.

In 2 localised-orbital mcdel, the mesomeric affeact is
introduced by allowing the zround and locally excited

ta

ct

4]
0]

states to interoct with char.e-transfer es. The _round

o
]

state can ba represented by ¥-R and the locally excited

state by X-R . If there is some overlap between the sub-

-stiltuent and hydrocarbon pil-orbitals, then both these
s . -
states interact with the charge-transfer states X-R and

-t
X-R". For every substituent there is a set of charge-
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7’2Oby second

transfer states, and it has been shown1
order perturbation theory that each set has an independent
effect on the hydrocarbon states. Within this approximation
the mesomeric effects of substituents are additive. From
that part of the substituent shift which is proportional
to the number of substituents introduced, the parameter A
is derived in equation (12). This has been tabulated for
& number of substituents by Petruska.

The order of the mesomeric strengths of the halogens
is roughly that expected from their relative ionisation
potentials: FKC1<Br<I, but is the reverse of the order
predicted from ground state properties.7 From a property
of the ground state which is correlated with electron
density in the ring, it is not possible to separate a +I,
and a +M effect, since both effects build up charge at
the o- and p-positions, although the charse at the m-
position is decreased slightly by the former? The meso-
~-meric effect is usually estimated from zround state

properties as a combination of I, + M.
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1

Simple Molecular Orbital Theory

The molecular orbital (MO) theory of the electronic
structure of molecules 1s the natural extension of the
atomic orbital theory of atomic structure to molecules.
mach electron in a molecule is described by a wave function
q;, which 1is called a molecular orbital.

The eneraies E, of the MO ’s are obtained from the
Schrodinger equation

HY = EY (*3)
where H is the Hamiltonian operator.

For a single particle of mass m (in this case an
electron) moving in a potential field V, the Hamiltonian

excluding spin is:

kS 2 Y B‘
8r'm ¥ ' Y
For a system of nuclei (/bU---) and electrons (i,j...)

the Hamiltonian is:

H=—Y h vl —\‘ "lV.l +Y-§t 4—\-—24'5‘3-6’L

ya 811‘!‘1/."/‘ [ 8'm" L_"a; L Pav
’ i 5o
2 a
- Z—#—e (15)
Tui
where . . /..L ’

va= é— + a_ -+ _a_
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The first two terms are the kinetic energzgy operators
of the nuclei and electrons respectively. The third term
is the mutual potential energy of repulsion of the
electrons,( Z' means a sum over all pairs of electrons) rij

i
being the distance between electrons 1 and j. The fourth
term is the repulsion energy of the nuclei, (Ze is the
nuclear charze), and the last term the potential energy of
attraction between the electrons and the nuclei.

Using the Born-Oppenheimer approximation, the total
wave function can be separated into an electronic and a
nuclear part. The electronic wave function is obtained for
fixed positions of the nuclei by nezlecting the first term
in the Hamiltonlian. Any future reference to the total wave
function, ener;y or Hamiltonian will mean the electronic
terms only.

Because of the many variables present, such a Hamilt-
onian cannot normally be used and it is necessary to use
an approximate operator in the Schrodinger ecquation. In
the empirical MO theory, a simple form for the Hamiltonian
is used.(e.z. in Huckel theory it is ziven in non-explicit
form. )

Using the Schrodinger equation, the enerzies of the
M0 s can be calculated, and the ground state of the mol-
ecule constructed by allocatinz the available electrons to
the MO ’s of lowest energy, subject to the restriction

imposed by the Pauli exclusion principle. The total wave
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function (P ) is taken as a product of theyl’s of all the
electrons considered. An excited state is produced by
raising an electron from a filled orbital to a vacant
orbital and, in the simple approach, the difference
between the two levels is the excitation energy.

There are two deficiencies of this approach:
a) The Pauli exclusion principle is not adequately taken
into account, since no spin wave functions are incorpor-
ated and so exert no influence on the energy levels. As a
result, an excited state in which two electrons are un-

paired will have the same energy whether it be a singlet

@]
s

a triplet state.

b) Every MO is constructed as if other electrons were
absent, neglecting the mutual repulsion between electrons.
Therefore to improve the method, electron spin must be
taken into account and the Hamiltonian must be made more
explicit by including more interactions between the
charged particles which make up a given system.

2. Antisymmetrisation of Molecular Orbitals

A spin function o or/3 can be associated with each
space function MO to give Molecular Spin Orbitals (MSO).
For example, we can have 1lseé or l%ﬂ as the complete wave
function of an electron in a 1s orbital. For brevity these

may be written 1ls and Is if no confusion with a simple

orbital function can arise. A wave function for a many-
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electron system might be written as:
P, NT, @40 . (16)

but an equally pgood function could be:

%m@m%m“-.ﬁm (17)
or any other of the n! functions which can be obtained by
promoting the n electrons amongst these spin orbitals. The
most general wave function will be some combination of
these n! functions. 'The correct combination 1s determined
by the fact that an acceptable wave function must change
sign on exchanging any two electrons. For two electrons,

the function:

1 [%m%m- %m@m] (18)
23
satisfies this condition. In zeneral, a determinant of
the form: _ _
y_ ) g0 . ... L}/K(l)
1 QWA . - P (19)
nis
Y, ). &(n)

satisfies the condition that it changes sign on exchanging
any two electrons, since interchanging two rows of a det-
erminant changes its sign. Such a normalised determinant

is called a Slater determinant and may be abbreviated:



v, ¥, - G (20)

This antisymmetric-exchange property of electronic
wave functions is merely a more general statement of the
Pauli exclusion principle. If two electrons have the same
ffour gquantum numbers, then they occupy the same spin
orbital. The determinant will then be zero since two of
its columns are identical: in other words, such a function
cannot exist.

For two electrons (1 and 2) there are four space

functions:
oL (1) oL(2)
%,, [40A@ + AMIE]  symmetric  (21)
/:Pm /3(:0
12,1 (4 p@ - AWLD]  asymmetric  (22)

The MSO ’s are then:

(AN (3)

N’q d(bl
Triplet: 1 [|4g.@b| + |¢L ¢h” (24)

|q/a -\PLI

The wave functions can be improved by taking a linear

Singlet:

Ni—
pes

combination of Siater determinants which have different
electron configurations: this is known as configurational

interaction (CI).
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3. The Linzar Combination of Atomic Orbitals(LCAQO)

Approximation.

then an =2l=2ctron zets close to a nuclsus it experien-
ces a potential due to that nucleus which swamps the effect
of the other nuclei in the molecule. It 1s therefore a reas-
onable assumption that in the regions close to the nucleil
the MO ’s look very like atomic orbitals(AD ’s). This is
the basis of the LCAO approximation tc the MO ’s of a2 mol~

ecule. Thus:

q/ = Zcu ¢w (25)

vhere ¢, are AOD ’s and the coefficients have to be deter-

mined. If a large number of A0 ’s is included in the expan-
sion, it is possible to obtain zood MO ’s. In pi-electron
theory, however, it is usual to include only one pi-orbital
per atom.

4. The Huckel Approximetion

2,) L] oy A) 3
Huckel““developed a very slmple form of MJ theory in

which a non-explicit Hamiltonian is usec.lP is assumed to
be an eizenfunction of a one-elactron operatof H, so that:
HY =E¢ (26)
Substituting for  in this equation, multiplying on the
left by ¢; and integrating over the spacial co-ordinates

of the electrons, gives:

- = 27)
(Z,C"(H/'“’ Es,,) = 0 (




where ?f, = <§ihﬂ4%> (28)
S/-o = <‘i‘;’...|‘f"o> (29)

If there are n AO s in the expansion there will be n
MO ’s and n secular equations of the type(27), and these
will have non-trivial solutions only if tThe secular det-

erminant is zero: that ig

H - E = 30
Yo §uu| 0 (3 )

In the LCAO approximation, the problem is deciding
on the form of the one-electron Hamiltonian. The Huckel
approach is to decide on the form of the matrix elements
ﬁpw and then to useAthe resulting orbltals without attrib-
uting any specilal significance to them.

In an aromatic hydrocarbon, each atom in the conjug-
ated system contributes one AO to the MO ’s, and each atom -
is in a similar environment. The Huckel approximations to
the secular equations for the pi-electrons of these mol-
eclles are:

1) Zero-overlap is assumed even between neighbouring AOQ ’s.
l.e. Sy =0 if pifp. Assuming that the individual AO ’s are
normalised, %T =].

2) %ﬁ" is assumed to be the same for each atom. It is
Ziven the symbol # and is called the Coulomb integral.

3) H., 1s a constant A if atom m is bonded to v (/'\—M?).ﬁ

is called the resonance integral.

b) 5@,=0 if/p and ¢ are not bonded together.



ol

With these approximations the secular equations

become:

U—\/u
ol -E
or by writing x ='7§—', they become:

Zcu + x<';-u = 0 (32)
D-v/h

“he secular determinant now has X everyvhere on the

()

diagonal and 1 in the off-diagonal elements of Tov m
column v if “3#: but O otherwise. Solution of the deter-
minant yields energy levelse + x/e vinere +x refers to
bonding and -x refers to anti-bonding orbitals.@s helinz a
nesative quantity).

The pi-electron distribution is described in terms of

o
the pi-charge %ﬂ’ at =zach atom:

2
Q. = ) NiCy 4 (33)
/; g 1 1
o)
and the pi-bond-order Puo ? for any pair of atoms/n andov °7
E:n 1Cvi (34)

where n; is the number of clectrons in the ith. WO.
4
Coulson2 also defined the term free valence g;, in
terms of the bond-orders:
F), = Mg - N/, (35)

vhere %ﬁ is the sum of the bond-orders between atmn/u and
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its neighbours, Nmax = 3&being a theoretical maximum value
of N derived from trimethylmethaneEB.

In Huckel theory, the pi-bonding enerzy E is approx-
imated as a sum of orbital energiesé& , computed as if the
electrons were independent. Coulson and Lonpuet-Higgins
showed that the total pi-energy in the ground state 1s:

TR A o9
/M

The introduction of a heteroatom into an unsaturated
system willl require new values for o and/s. Changes in e
and/a are usually expressed 1in terms of & and /9‘_‘ with

benzene as the reference substance.

ix = d(\ + hv C-C (37)
= 8
"%—x xfBe.c (38)
It is difficult to deduce definite values of hX and
kC , pecause Huckel parameters depend on the property

beings studied, thoughclx must be related to the electro-

nezativity of atom X, and it has been sugpgested that hX
iy related To the electronezativity difference of

S N fem o
1S Llilteal

25

<

and C.

An alternative method is to consider the introduction
of a heteroatom to be producins a perturbation on the MO ’s
and enerzies of the isoelectronic hydrocarbon.

From equation(36),

Zq da{ + 2[ d/ﬁu Xo( dq/“ + 2{/9/“,(10 39)

/K*U
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a N = : s = 2 Lo
and é‘# %P 5 /%“V 13“0 (40)
3
Hence éq - 2E _ 33, - o (41)
3o 3udds  dolu /

That is, a change in Jy.produces the same perturbation to
the pil-electron charze at atom ¢ as a similar change in oo
would produce at atom/A.'g;o, which is called the mutual
polarisability, may also be expressed in terms of the

coefficients and energies of the MO ’s:

m n €, +C,1.CpsC
J k- vjruk
o= 4% ¥ "E - (42)
J=1 k=m+ J 7 Tk
In particular the self-polarisability of atmn/u is:
m n c ?c i
T, = 2% - Z }: Wl (43)
sl - & €€ |
Ve =1 k=m+ J k

It will be shown later that the terms %F )« and.jbp

can be used as reactivity indices in a simple study of
actions.

The advantage of Huckel theory is its simplicity, but
because of the neglect of electron interaction terms in
the Hamiltonian its success depends on the variation of
the empirical parameters o and ,8 to suit the particular

experimental conditions beinz studied.



5. Belf-Consistent IField Equations and the &nergics of

Antisymmetrised PMolecular Orbitals

The energy of = wave function may be calculated from
the esquation:
E = <YHY> (44)
where H is the complete elasctronic Hamiltonian:
Ho= Y1) o+ Y F o+ v (45)
i i3 1J

c
H (i), the core Hamiltonian, consists of the kinetic

energy operator and the electrbn-nuclear attraction terms
for electron i, and where Vnn is the nuclear repulsion

enersy.

— P — Sy 1 o« — — -
E= Qe %I[Zu () +5,, + J”JN“ G B (16)

The determinant may be written in the form:

Nla wa. wx'

R SR ACK ZCTAC R A C BYTS

for a closed-shell system; where P 1s an operator which

o

permutes all the electrons 1l....n among the available

[0)

spin orbitals and multiplies by +' (dependinz on whether
it is an odd or svan permutation), so as to preserve ths
asymmetry of the function. There are n! terms in the

determinant on the rizht of equation(46), but since there



is nothing special about this particular allocation of
electrons to orbitals, all of these Terms must glve the
same contribution to E. Multiplying this one term by n!
zives:
E =
<(1+2) Y OT @ .. T o ] o, @B > (48)
The Tamiltonian contains a sum of one- and two-
electron operators, so that unless there is at least one
term for which all but two electrons are in the same
place on both sides of the operator, the matrix element
will be zero because of the orthogonality of the spin

2
orbitals. (Since for every term in the Hamiltonian = , we

I‘ij
can integrate over the co-ordinates of all the other elec-
trons, and if any one electron is in a different orbital
on each side of the matrix element this will 3ive zero.)
Thus after integration over the co-ordinates not involved

in the operator

< ¢ 0T, @ (1| g g@. ... Qi(n) >

1 b { \
2§E Hpp + 2 E: Tog ¥ Jnn (49)

r=a pairs rs

since there are two electrons associated with each MO.
c

- C
He, = <$IH1¢> (50)

Tes = Wl (D] 5|0 (10 (9> (51)
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Jrs is called a Coulomb integsral.

Consider now a term where electrons are exchanged in

&ya(l) and{Fé(E) on the left hand side of (48). This sives

the term
- < Wa(l) ¢,@-. .. IVK(n) || W, ‘(7“(1) e E;((n) s (52)

vhich is zero bpecause of the orthogonality of the spin
functions. If electrons are exchanged in Wa(l) and(yb(3)

this gives the term:

-K"B - <¢é(l)wb(3)¥%*3hya(3)¢b(l)> (53)

which 1s an exchange integral. There is one such term for
211 pairs of spin orbitals rs. If more than two electrons
are exchanged there will be at least three electrons in
diff'erent spin orbitals on the left and rigsht hand sides
of the operator and these terms will be zero.

The total ener y of a closed shell system is thus:

E= 2§ Hp + 2 e -K._) + v_ (54)
™ pairs I's > e =
1 . .
where Ko = <er,(1)4’8(3)l;_.JIQ/S(l)Q/r(J)> (55)

“he variation principle can ncw be applied to the

wave function(9) to find thz conditions that the energy

(54) be minimized. Anclyin the conditions is sufficient
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to define the orbitals\P , which when evaluated in this
way are called self-consistent field(SCF) orbitals. The
orbitals defined with respect to the antisymmetrised pro-
duct(19) are called Hartree-Fock SCF antisymmetrised mol-
ecular orbitals. (ASMQ)

Suppose that the function(20) does not give the low-
est energy of the state. Then there is some other function

Vo= Wl (56)
which has a lower energy. Assume that the difference bet-
veen %and 4'; is small and can be written as:

v, = ¢+ <, (57)
where\h is a spin orbital orthogonal to the settk....¢§
deuill still be normalised, providing Ct is small, be-
cause re-normalisation will only involve a term in ci
Equation(56) can now be written:

Y= (bl - el (58)
= ¥ + ¥ (say) (59)

Thus W‘is formed by adding toly a small amount of the
statelkf, which arises from the excitation of an electron
from Y, to Y.

For ¢'to be the best orbital of its type Cy must be
zero, and this further requires that the Hamiltonian int-
egral between { and 4’: be zero.

By substitution of equation(59) into the Schrodinger

equation we obtain:
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(# -3¢ + o (H-E)W. =0 (60)

Multiplying from the left by'QI; and intezgrating, gives:
<kl't'x'|H|¢> + c¢.< -t*IHItPt> ~ e =0 (61)
a ' t~Ta a £

Now the Hamiltonian is Hermitian, and we are dealing with

real functilons, therefore:

o\
N

t* t
<Y, lH> = <plag> = 7o (

If equation(62) is expressed in terms of spin-or-

bitals, we find by the same method used to derive (54):

k
Fag = H:tt ) 2<¢a(i)¢s(j)|%".lj¢t(i)qjs(j)
s=a i;

_<¢a<i)¢s(j>|-11:i|jq/s(iwt(j» (63)

Iflyi and ¢j are eigenfunctions of F with different eigen-

values, then:

<W1|FW3> =0 (64)

Thus, for equation(63) to be zero for any spin-or-
bital, not just Qé, the Q’must be eigenfunctions of F.

The Hartree-Fock equations can now be written:
c k
F=H + cg__a(EJs - k), Fy =EY (65)

where E 1s the orbital energy, JS and Ks are Coulomb and
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exchange operators defined as:

P
o
0
o
i

W 0w g e (D¢ (5)> (66)

—
-~
~—

I

. Syl . _
k)¢ Wa(l)‘Vs(J)IFist“Wt(Jb (67)

The potential zoverning the SCF orbitals therefore
consists of the core potential, and the Coulomb and ex-
change potentials for e=ach electron. The operator F de-
pends on all occupied orbitals Q'i through the dependence
of operators J  and K onlyi. Thus an iteration method has
to be adopted to calculate the 3CF orbitals, and the con-

dition of seli-consistency is reached when the orbitals

m

re consistent iith the potentilial from which they were
determined. The —round state is then representzd by the
best determinantal wave function and as such cannot be

improved by configurational interaction with any singly-

From (63) the orbital energies can be expressed as:

c ‘l{ { \ t oo
E =T = H 4 oT - X o
T rr rr & ‘s rs’ \oe)

T

If the SCF orbitals are to be represented by the
LCAD approximation, (25) must be substituted into (G3).

Thus,

iJ

T L0 pstes (2CA (14, (D15, 1(1)4(1)>
/av-

(o)
\D

DD YRR
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The SCF orbitals for a closed-shell system in this

form are then determined by solving the secular equations:

=

) <o (?pu - %ﬁd) = 0 (70)

through the determinant:

|
C
~1

|F/N E/w|

X 2
These are known as Roothaan ’s equations. 7

&. The Semi-Empirical SCF ASHMO Method28’29

During 1953 a series of papers was published which
introduced a semi-empirical element into the SCF ASMO
methods, in order to simplify them yet still retain a
certain dezree of rigour. The theory was developed indep-

o8 ele)
Yand Pople®“and is called the

endently by Pariser and Parr
Pariser-Parr-Pople SCF MO method.

In Huckel theory, A0 ’3 are taken as orthozonal. The
natural extension of this approximation to the two-centre
intezrals is to nezlect any integral which contains an

eiiLlal-

~- 1

—~ —— JORNE S I o I
e aclu=ullilice

et

overlap approximation.
lected unless m=v, A=o,

In Pople ’s treatment, the e-electron system is
ftreated as a non-polarisable core, and its effect is in-

; . c . ,
cluded in the ﬁﬂoterm.(equatlon 5¢) Thus,

Ha, = - %vz + Z'\%(r) (72)
N
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where %m(r) represents the potential due to the nuclear

charze and all the e—electrons associated with atom/o.
3;” can be written as:
, 2
RS A REIANR AR A IEC M VAK (73)
A
The first term is equated to the ionisation potential %p

&
H,.

appropriate to the particular valence state of the atom in
the molecule. The second term was originally estimated us-

ing a point-charge model as:
<4;. ) B> = -7y ,«a. (74)

where Z, 1s the effective charge of the e~-core of atomel ,

ﬁﬁi is the distance between/ﬂznuid. Similarly the nuclear

repulsion enerzy was expressed as:

-1
R Z,Z 75
L, The o i
For hydrocarbons, %P = 1, but it takes different values

for heteroaioms.

In a later paper31they used a more logical procedure,
<iW|Y;“#> was evaluated by assuming that the ensrzgy of a
density 4%2 in the field of a distant core of net chargze
Z*, is equal and opposite in si n to the energy of 152 in

the field of a distant charge %14h?' Thus,

SulVuld> = - 2, Gy lGl P> (76)
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Bullde> = - Z < 1G4, 1> (77)
which is neglected in the zero-overlap approximation.

Introducin-, the three zxpressions:

; =y 2 : I
bond order, %pu Z% %ﬂicul (34)
5o, (33)
charge density, q = 2c . 33
M i 1
) c ﬁwfor neighbouring atoms
resonance integral, H,, =
/ O otherwise
equation(59) becomes:
1% = - i F - 8
[} = — — /‘
P/no f}w ) p/wlsw (79)
vhere

- <4>,.<i>¢.,<j)|%;-ij|4;.<i>+.,(j>> = (polpr>  (50)

‘The total pi-energy of the normal state of a molecule

27

including nuclear interaction is:”

w — C - K + 7 -y

E 2!);}1 + ;g(e% ../u,) Von (8°)
= 1 a° L w o
_ng/u(u/w l-l_/'u,) +Vnn (82)

when the MO ’s are written in LCADO form. To be consistent
with equations(76) and (77), the core repulsion energy is
approximated as:

V. o= Z/,. Zy ZZ( 4’,..#0‘4‘/*4’@ (83)

nn oL
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where the repulsion betvieen the cores of atoms/u,u is
treated as the repulsion between charzges %M, Zp occupying
the p-A0 ’s 1;,4%.
t/lith These approximations, the total pi-energy of a
around state closed-shell confizuration in the Pople

method can be written as:

- 1
kD et g p/r* ’5‘?) * Efipfv/‘/w ,
+ oo ~Z - Z 84
The pi-bonding energy can be written:
B, = - [£E, - n%“ + vnn] (85)

Thus the pi-bonding enerszy of a ground state closed-

shell configuration in the Pople method is:

. . s 1oy @ -2) (q. -2

7. Calculation of Matriz Elements

a) The one-centre integrals, Suu
26

Pariser and Parr calculated ¥uws using an arzument
I 128 g

based on the enerpgy change in the process:

2C > ¢t c”
Trirtrr trortr trtrtrﬁ2
Assuming that the cores of the C atoms remain un-

chanped, and that the transfer involves a pi-electron,
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the .proceéss shoull bz zsndothermic by un amount . SXper-
imzntally this enerzy is .lven by th2 valznces state ionis-
2tion notantial T of nzutral carbon minus its electron arff-

inity <. Thus:

compared with the value 106.93 o7 calculated using S

O
=
C'
-
ct
[
-
]
W
no
J
©
=
[
[¥)]
w
i
1)
=
oy
d
(&)
]
=
£
(@)
ct
2]
e
o'
)
ct
]
[
[
jmy
'_l
O]

Jdiscrepancy tc

their failure tc consider

o
Y
o
o
5
s_g
5
w
}.J-
=

-glectron snergy
, n . T PO e
when Cforming C° andi C from 2C, though it ias later suiszss-

ted by Deviar and Holfnun533 that the lower =s2mpirical valus

mizsnt be duz to clactron corralotion, the electrons in a
si-systam tandinz o 3viy cn cprosite silzs of the nclal

this idea by breakin: repulsions betwesn full pi-orbitals
inteo repulsions vetwszen individual lobes of pi-orbitals

il

ths

L

theoraetical </Au/ud/uu/uu>; 22.8%eV, where the sub-
scripts u, 1 Jdenote upper and lower lobes, respectively.
m i e L1t S~ - Y, $ et
The fact that </ﬁl/“ub”l/“1> is close to the asmpiriczl
value supports the iiea of =lactron correlation. Pariser
obtained the better empirical value, %r==10.06ev, from

the benzene spectrum.35

%} for two electrons is the net energy spent in the
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(%4
il
H
I
l—{

/M 2 1 (88)

vhere I, and I, are the second and first valence state
ionisation potentials of the atom in question.

b) The two-centre integrals, Zuw

7

2
A simple idea proposed by Mataza and Nishimoto” 'may
be applied to obtain these integrals. The semi-empirical

representation for §mris assumed as follows:

2

e
TR (89)
a + I/‘_u

1
um|—~|ov >
Za

where ?fu is the interatomic distance betweenlfaand v,

Parameter a 1s determined usinz the valence state ionis-

ation potential I and slectron affinity & in the same

3&
valence state. For the homonuclear case:

2
o
=: =I..E OO
577' Py 7 Va (90)
For the hetoronuclsar case:
2 Yo + ¥,
e - Ly Cov (91)
a 2 J!

¢) The resonance integral, fus

The resonance intezral is considered tc be constant
for a given bond and depends on the bond lenzth and the

valence state of the two atoms. From equation(72),
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c l 2 i 17 % (
Huo = <Pul- 2V V. + Yl Po> 72a)
[ ¢ g ° + V| h lready been equated to th
OV - = b ] e e e
lox</,| 2v /_|/..> as already o) to e
valence state ionisation potential Ir,for removing a pi-
electron from atonl/». <@%1¢d> is an overlap integral, Sue,

L.
and o reasonable approximation for Eﬂ” is:

C 7
Hao = Swo( L + TI,)
C \
or Huo = kSl Ln + Tu) (92)

39,40

#hich is the Mulliken-‘Jolfsber:;-Helmholtz equation.
In this equation, k is a constant which is evaluated from
the C-C bond in benzene. The overlap intesrals are eval-
astablisned master formulae]for Slater orbitals.

According to Dewar and Chunyzy , HCC differs for com-
rutation of zround and excited state properties, and the
appropriate value must be chosen for the property being
studied.

_ . _.C
d) The core intezral, H

Iy; for carbon has already been equated to the val-
ence state ionisation potential. When two electrons are
ziven to the pi-system by one atom, the enerzy of one of
these electrons depends upon the attraction of the nucleus
(which may be equated to the first valence state ionisation
potential) and the repulsion of the other electron. Thus:

o= I

i, .+ Y% = I, (from(83)) (93)
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w. cymmetry Considarctions

mclaculas e very dmpor-
vent In coenfisurasiconal invercction and in determinin’
che sweetral selzetion rulcs. Zech MO must tronsform as
cna of %hs irrsducible resrasant~Sions (I.7.) [Mor tne
Lroup e tnidh the molzacule balon_s.

As an examclz, nophthalene velon:s to
Half of the symmztry speciss of this _roup are symmetrical
to reflection in the yz plane and thz other half are anti-
symmetric. The o 10 ’s belong to the former and the pi
0 "s to. the latter. In a discussion of pi MO ’g, these
orbitals are distinsuished from one another by their be-
haviour under ths three 2-fold rotations of the zroup.
Henca the pi MO ’s5 can be separated into different symm-
etry species by considering the sub-zroup D2 which posassses
ths following symmetry elecments:
i) I - the identity operator
i1),1ii),1v) C,, CJ, C5 - a rotation by 180°about the
Z, ¥, vl x axis of rotation, respectively.

“he D2 character tabls is:

Z y x

DI. I Cg Ca C,_ 2
A, | | | |
B, I [ -1 -

B.| ! -1 1 4 ! /
B; | -1 - |




YL

Each MO transforms as an I.R. obtained by perfor-
min : the onerations (i)-(iv) on it. Thus in naphthalene
the 10 V0 ’s comprise: 2A, + '2B_i + 3B5 +3B,. In the full

D2h Zroup these become: 2A1u + 2B1g + 3523 + 3b3u.

The symmetry of the total wave function for the

[ON)

zround or excited states is obtainad as the direct product

of the I.R. ’s to which the individual MO ’s belonz. The

o

pi~-electronic zround state of naphthalene consists of 5
doubly-occupied MO *s . (A.,), 4’2(3311)’ cy3(323), 4/”(1312)
and&P5(b3u), and hence the symmetry of the groﬁnd stateuis
A- and it belonzs to the I.R.[.4,.

In the Schrodinger equation, the Homiltonian operator
is Invariant under all symmetry operaticns and belonzs to
the totally symmetric I.R.IWA..

Consider the integrals:
-a| - =2 [y T~ D-
<g; Iijb> <¥; |d|TJ_b.>
(1) (11)
ron configuralions.

e

E S
“hese functions transform as the direct product of the
I.R. ’s of the A0 ’s i,a and j,b respectively. Intezral(i)
will be zero unless there is a component which transforms
as P.A1; for all other components, the positive and nezative
rezjions will cancel in the integration over all space. Thus

-a -b .
qli andij must transform as the same I.01., otherwise

thelr direct product cannot _;ive rise to a representation



~hoo
containing I .A.. Similarly, for integzral (ii) the direct
prcduct of Q_fl'a and ng must transform like r‘.A.‘ or as a
sum of components containing r'.A1. Thus Q;a and Ujgb must
belonz to the same I.R. of the group if (11) is to be non-
Zero.

Q. The Intensitiss of IZlectronic Transitions

a) Theoreticul treatment

A molecule which is initially in a state T K can ab-
sorb light of frequency v, providing there is a state In
which has an energy greater than g_jk by an amount

AE = E, -E_ = hcv (94)

If this condition 1is fulfilled, the probability of a pho-
ton being absorbed depends on the magnitude of the trans-
ition dipole moment between the two states, M, which is

def'ined by the integral:

M = e ZZr)

M <P &zl ¢ > (95)
where r; is the position vector of the ith particle
(electron or nucleus) of Cliar e Zie in the molecule. If

k=n then M, is the dipole moment in the state Ezk; it

is usual to call M the transition moment.
2 x 2 2 z 2
! = L - .\y i '\A _f
Moy = ()™ + ()7 + () (96)

The principles which were formulated in the previous
section can now be applied to decide if all three compon-

ents of the transition moment are zero(a forbidden trans-
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ition), or if one of them( a plane-polarised transition),
51 tiro of them( x-, y=-, or z-pclarisad transition) arec
“erc.

“c the approximation that the spin wave functions

are independent of the coordinate wave functions, the spin

2
operators 5., S commubte with the vectors x, y and z, so
there can only be non-zero matrix elaments between functioc
—_ <
- . P , <2 20
corresponding to the same zi-envaluess of S, and S,

This _ives the selection rule that only transitions bet-
yeen runclions of the same multiplicity are allowed.

The coordinate axes #, y and 2z zach transform as
I.R. ’s of the symmetry _.roup of the molecule. Thus if
the transition moment is to ba non-zero, the direct prod-
uct ¥, must belen. to the same I.R. as x, y or z. In
the case of a4

2generacy the selection rule is: the trans-

ition moment is only non-zerc vhen the direct product of

initizl and final stave wave functicns ceontains ot lezst
ciice the 2.0, to which the Z, ¥ cr z coorainate belon_s.
It Toliows that [or mclecuizs with a cantre of syrm-

etry uliowa2d transitions only occur datwzen - Ll uw--states

b) Zxperimental measurements

In order to mensure the absorzvion spectrum of 2 mal-

.

aced in s c211l =t a knovm concantro-

ule, the sample is p

Tion and the ratio of the intensitizss of the transmitisid

and .Ain€ident’ 1iht is detesrmined. This is jiven by:
T ... —€cl -
T = Q) (97)
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=1 -1 .
where € is the extinction coefflcient in ecm mole 1litre.

A graph relating & or log % for a specifiied concen-
0
tration and cell length, to X or v is referred to as the

absorption spectrum of the molecule. The maximum value of

£ (e for a band is a rough measure of its intensity.

max )

However, a more precise and fundamental quantity than &max

|=te

s the oscillator strength. This is proportional to the in-

tegrated intensity of the absorption band. Thus:

£ = 4.319x 1072€ au (98)

10. Excited States and Configuration Interaction

If the gzround state of energy Eo is a determinant of

orthonormal orbitals:
ClDo = |YyPg..... quQJm| (20)

in which the lowest m orbitals are occupied, then promot-
ing an electron from an occupiled orbitaltyk to an unoccu-
pied orbital\kn will zive rise to singlet and triplet
states ]Q?E, 34?&, whose wave functilons are ziven by equa-
tions (23) and (24).

Using the method described for the derivation of
equation(54), the matrix elements of the total Hamiltonian

H between the \1/': and I’o can be reduced to one- and two-

L3

centre integrals. The results are:

(Tanld) = Br (99)

nk
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CT Mg >-§ 6 E =S

k1l " ns -8

F F
kl ns ns 1k

+ 2<1in |6l sk> - <1n |Gl ks> (100)
3 -n 3 -s
< Wle' 4/1> - Sklgns By = Skl Fos ~ SnsFlk

- InlGlks> (101)

m
where F_, = Ho, + % [2¢inlcl k> - <jnlalxi> (102)
nk nk i=1

For SCF orbitals Fnk is diagonal, i.e. the ground state

does not interact with singly-excited states.
InlGlsk> = Z-ch/‘clrcnuc 0 (103)
Mo

If there are two or more excited states which be-
long to the same symmetry species and whose configurational
excitation energiss lie fairly close together, then in gen-
eral no such single function is acceptable. An acceptable
function can be formed as a linear combination of the ex-
cited states. Thus the singlet state resulting from the
excitation of an electron from o closed-shell apround sitate
may be written as:

1

- = S (kon)! 4
‘ZI ZK %C leon) Yk—m (104)

T
the summations k and n ranging over occupied and unoccu-
piled orbitals respectively. The energies of the final

states and the state-mixing coefficients are obtained by

diagonalising a CI matrix with elements zjiven by (100).



The intensity of absorption of radiation on excita-
tion to one of the above states as measured by its oscill-

ator strenzgth is given by:

29 2 .
fin = %703 x 1070, M (-ok)

vhere U, 1s the average wave number of the absorption
band in c:m'1 and Mkn is in e.s.u. The oscillator strength
is a dimensionless quantity which was defined originally
as the ratio of the quantum mechanical and classical con-
tributions of the transition k-n. For strongly allowed

transitions fkn is of the order of one.



CHAPTER 3




Two mein methods of approach have been used in dis-
cussing reactivities, which are associated with different
parts of the resaction path. In isolated molecule approx-
imations the model of the transition state 1s Jjenerally
one in which the pil-system is perturbed to a relatively

small dezree by the attackin: reagent, and is 2ssumed to

-

nave & structure similar to the reactants. In localisation

mouels, the reaction is assumed to proceced via ae-complex,

o U4 .
or Wheland intermadiate ', with a structure resembling the

N

transition stute. Thus the intermediate should be a better

model than the reactants for the transition state.

S45
sory

From transition state theor s, the rate conzstant k,

for reactions in solution is Ziven by:

. AE?

o BY

i RT ]
= K == ot

X Nn ()

where K, the transmission constant is usually taken as

2

unity. & is the 1as constant, W is Avogadro s number, T

is the absolute temperatura, h is Planck ’a constant =an
—|* » - .
AT is the frec =2ner;y of activation.

- + i * # _
Teplacing AF by its equivaient, AU -TBS, eguation(l)

becomes: * *
e H _as
gy == T
k = T2 2 M (2)
L'ij_’l

¥ *
vhare Al and A8 are the standard heat of z2ctivation and

entropy of acectilvation, respectively.
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The rate constant can also be expressed as:

__,*/ m
o HL £ AR (3)
) Nh fAfB...
where f,, fg... are the partition functions of the reac-

tants, and f*is the partition function of the transition
state. AE: is the activation energzy at O°K.

For two similar reactions it is plausible that the
ratios of the partition functions are almost the same.

}) : *
Thus ' -dAE_/RT
K- ¢ © (1
X )

\

| F
It can be shownLGthat this relation holds when AS =

AST but this condition is not necessary, and the equality
of the ratios of the partition functions at a given temp-
erature does nct imply that the entropies of activation,
which contain the derivative of the partition functions,
should be the same.

* + % +
O Eg can be written as AEp + AE_, where AEp is the

+
potential energy of activation per mole, and AE_ is the

N

ifference in zero-point energy between the reactants and

[e})

the transition state. For large molecules, it will be

*

3
reasonable to assume that AE7 = NE_ for two similar
reactions. With these assumptions equation(4) can be

written: K F3
-RT1n £ = AAL (5)
k P

for a series of reactions carried out under similar con-

ditions, provided that no specific effects, =.3. steric
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hindrance, are involved.

For reactions Involving changes in pi-electron sys-
tems, the pl-energy change is separated from thee -energy
change, steric and solvent effects etc. and it is assumed
that ./.SE:;‘>< AE,, the difference in pi-bond energy between
reactants and products.

With these assumptions it 1s possible to discuss th

(T

relative reactivities of different positions in terms of
pi-electron properties alone. The two main methods of

discussing the variation of AE, will now be reviewed.

") The Isolated Molecule Method

The isclated molecule approximation represents a
more precise formulation of The widely used gualitative
theory of organic reactions due to Ingold, Lapworth and
Robinson.47It assumes that electrophilic and nucleophilic
reagents attack preferentially at positions of high and
low charge, respectively.

As a reagent approaches an aromatic compound a

3

change in hybridisation from sp2 to sp” occurs at the

position of substitution, due to incipient o bonding. Thi

4]

may be represented by a reduction in magnitude of the
resonance integrals of all bonds proceeding from thils pos-
ition. The pi-energy change brouzht about by the chanzes in

the resonance intexzrals /7@}/%5 etec., may be expanded as



[ ]
=
n

where the summation is over all nei-hbours, r.
Assuminz that the change in all resonance integrals
is the same,gp , then this becomes:
SE = 2(5 - I.)¢A (2)

vihere EF is the free valence index as defined in equation

w
ul
g
a
[¢)

hapter 2. Hence the most reactive position initial-
ly will bz that with the hihest free valence.

he free valance has rscaivad only mederate accep-
Tancs a3 a reactivity index in radical reucctions, even

thouzh it 1s comparables with other indices and is mathem-

atically related to the corresponding localisation eneryy

, a . . 25, L5
and to thz self-polarisability.”™

The attacking species must approach very closely to
the conjugated system for the formation of an incipient &

bond. iloviever, if this species 1is chargzed, the pi electron

AL

systam will be polarised and the free valence index will

£
Ll
not be valid. ‘heland and Pauling assumed that the effect
of a charged reagent could be represented as a change S%M
in the coulomb integral at the pesition of attack/u. Azain
the pi energy change can be expanded as a power series in

fel/,:
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ME YB3
SE = 22 = 9= 54 +o.... (9)
dd. 2 5 7
. — 2
- %P S%h b3 qb” g/, TR ("0)

vihere %ﬂ and 137.are defined as in equations (40), (43),
chapter 2. From the definition of self-polarisability,
the charge at position/» will Dbe:

" (17)

a = q. +

L a
The index qf,alone viould adequately describe the =f-
fect of a very small f%p, but a rough estimate of S&»by
Brownugshows that the polarising effect of an ion even
two or three bond lengths away from/p may outweizh the
effect of a heterocatom in the conjumated framewvork, and
the two terms in equation (10) are then of comparable im-
portance. This cstimate shows that 1t would be an improve-
ment of the isolated molecule approximation to consider
chanses in the coulomb integrals at atoms neighbouring
the position of attack.
The =ffect of neglecting E&.can be seen by consider-
ing quinoline. The :sround state charge distribution, tak-

in- §d .. for the heteroatom as O.%po, is:
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This indicatas 3>P>0 55 the sequencs of zctive posi-
. . 59
tions althoush sxperimentcl lato on nitration” and brom-
=
. o . " - KN
ination” inJdiczt=2 that =lactreophilic substitution cccurs
axclusively, and almost =gually, at positions 5 and C.
Takin i&-as 0. %ﬂo and 1'3‘0 respectively, Grocenwood and

; 52 . cx
Mclleeny”“calculated the charzes at pOSltlonS/ﬁ= 35,

)

C duz to polarisation by an attacking ion as below:

1
'S
A

o
et
—

1.22¢0 .

o

o

Soln = 9. 58, bk = 1. 54
These results show that in the polarised molecules

The chorze builds up merez rapidly zt the site of a

r calculations of

L'l

vhen this is at position 5 or &. Similz

the change in pi enersy show that asSépjrmreases posi-

ticns 5 and &£ bzcome more sctive. This is stron: avidence

Thiwi vhen %P and 1%, ars considerasd together for systems

in which the char;e distribution is unaven in the _round

state, ths discrepanciss that occur by considerin_ the in-

dicas separately loarzely disaupear. Qualitatively, Tk? at

{7]

position 4 may he comparzJd with T%*in an d-naphthalezne vos-

ition, which will be _reater than E} in u g-position. Thus,

for a large &*.va1up, position 4 would be predicted as

resctive if Er were considered alone. However, the large
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Lolarisability term does not compsnsate for the low char ez

ct

g, = 0.932, arisin_: from deac
P

), ivation by ring nitrogen. In

senaral, thore is no more Jjustification for using UV alone
than for using %M alone, an exception belng alternant hy-
. 53

drocarbons, where =11 %» =

N

“he Localisation Ener.y Aprrcximaticn

“he localilsation method was orizinally Jdescribed by
. L
';!heland5 with reference to resonance theory, the activated
complex b2ing considercd as a resonance hybrid of structures

Including (i) and (ii) balow:

H

(11)
Il the activated complex were similar to (i), the
as2 of resaction and preferred vesitions of substitution

ould be determined by the rsactivity indices of the icsol-

.-l

etad molecule approximation. In structure (ii), %ths

ent 1is jolned to the substrate by a covalent bond and the
(T is the conjusatzd system

giderzd the case ‘here thz octiveted complazx jas dazeribal

by (1i) and assume. that th2 carbon stom undsr chtoelk

a
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number of clectrons in (1i) was defined as the localisa-
tion energy. In this approximation, each localised electron
iz assigned an enarsy o corregponding to removal of its
contribution to pl-bonding. For an alternant hydrocarbon,
the lccalisation enerzy will be the same for radical or
electrophilic attack. UHowever, with the assumption that all

o-bond chanzes are regarded as constant in the transforma-

tion from the sround statzs to the intermediate, the local-
isation enerzy as estimated by Wheland should reflect the
activation enerzgy differences between different positions
for any one type of reaction.

For example, the pi-electron energies of the neutral
pi-electron system (E")A and the corresponding energy of

the protonated system (Ey), + may be calculated from Hiickel

da

theory. The difference of the two energies:

e

represencs the localisation enerzy, althouzh the =2ffect

of the positive charze is not desalt with by this thecory.
|

(Coulson andg Devar”~have discussed the uncertainty in app-

lying; HMO theory to ions. It is probable that these diffi-

culties are minimised in a comparison of structurally sim-

U

-
. o : 0 .
ilar molecules.) Gold and Tye~ calculated these energies

for a series of aromatic hydrocarbons, assuming that the
effect of the positive charze vas of constant ma:mnitude in

the proton-addition complexes. The treatment allowed pred-



besicities of structurally similar hydrocasrbons in asree-

mant ith expsriment. Mackor ot «l.” demonstrated that the

,_31

caction entrony is larzely independent of the structure of

the aromatic compound besin;; protonated, by Jdetermining the

tharmodynamic data for some methylbenzenes and condensed

»

aromatic hydrocarbons.

Thus:
)

[GV]

& % =
AF ~bH + constant = -RTIn KB (1

whare ¥_ iz the reduczd basicity constant (Gibbs-Helmholtz

L‘U

equation). The reduced basicity constant is thz observed

basicity constant ¥ . divided by the number of carbon ctoms

(y

in the molecule which have the highest preton affinity, o.
Assuning that the r—bonding enerzies are unchanged by

the delocalisation, A&T may be attributed vo the change in

1=

- R7ln ¥_ = AL. + constant {14

Thus 2 simple linser relationship exists between the loe-
alisation energzy AZ, and 1n K_ . This uas confirmed by

=
, > . . . . . -
Mackor et al. {,uho obtaineu a lin=ar relationshis:

-
]

In X = 2G.4 22F + constant (1%)

2
with relatively smalil deviabtion. Similarly, Streitwieser

has shovm that thers is 2 linear corrazlation betiveen tha
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Ay 2 + ; . . e s

cation localisation eneryy L, and sxperimental reactivitisz
r
viith averoje deviation slizghtly lower than for the indice
of the isolated moleculzs approximation.
Deviar ’s approximatc method for the conjuzation enerzy

betieen two odd-alternant hydrocarbon units can be appliec
_')
50, 59

tc the calculation of localisation ener:zie

L
w

Py

Consider two odd-alternant radicals R, S combining to

¥}

T3

form R-S. Let H_, H_ be the Hemiltonian opcerators determin-

S

ing the MO ’s in R and 3. Then the lamiltonlan operator for

H, .= H, + H, + P (15)

where the perturbation P represents the formation of bonds

batwecn D and S in R-S. The basis of the method is that

the function¢, -iven by:
= + b 1
atPn 4: (17)

can sive a satisfactory approximation for certain orbitals

of R-5. The enerzies associated with the orbitals(17) are

o

obtained from the secular determinant:

H - &£ H

N RS ns
= 0 (13)
I il -
S SS ERb
,here. I:_RP\ = <qﬁ|IIP II‘PR>" I-IS <¢ | —\C‘ILPQ
= H = iI -
HRS <wﬁl"ﬁslwé> <4@l 16l¢l> HSR
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If thers is mora than one iink betiuesn 0

ivow the liocalisation snsrzgy 1is squivalent to the con-

Juzation energy between a single atom sttached tc two pos-

ivions of the residuzl molecule, »hich is an odid-zltarnant

-

hydrocarbon. If ths pcsition r tc bz localised is attached

to posit

e

ons 3 and t in the rezidual mclecule,

>

[
o

1l

Mo
“»
&

'_
; ]

]
T

“cs? “ct

e ) r LY} - - . . - « . (|
ficienuvs which zon b2 ootuinzld by inspection.
viliues «re smaller in magznitude than cation local-
isation eneriies L,, but there is an excellent linear cor-
"IT

rziation betueasn the tio 7, and tha correlation between

&nd zxperimental reszciivivizs 1s slizhtly better than fthav

3. rrontisr Jrbitals and Charge Transfer Theories
62,03
It was suszested by Tulul et al.” ’ “Zthat the 2lectiron

censity in the hishest occcupield round stato MO is important
in determining th2 positicn of electrophilic attack, ana

the zlectron density in the lowest unoccupied zround stat

[

M2 iz important for nucleophilic attack. For radical reac-

Toetli. o 4.0 w3 are taken into account and the Frontier

Vawiling

Zlectron Density is the density of one slectron in each cr-
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bital. Thes2 two orbitals he called Frontier Orbitals, and
the Ffrontier 2lectron density fr’ has been used as & reac-
ity index to predict the =zctive positions in a given
molecule. Althoush this index predicts the most reactive
sites with reasonable accuracy, it Jdoes not permit compar-
ison between different hydrocarbons.

Yhereas the isolated molscule and localisation meth-
ols were based on fairly well-defined physical models,

~

there is little theoretical justificaticn for frontier or-

bitals. Fukui et al. originally conceived them as partici-
7~

. . R . o2 . .

patinz in active triplet states , then as taking part in

63

the formation of ¢ bonds at the position of attack ~.Later

ical treatment which was interpre-

64,48
ted as a Justification of the [rontier electron theory.

they developzd a theor

They associated the frontier clectron density with pi-zlee-
tron chanzes similar to those used in isolated molecule app-
roximations, but including the 1dea of hyperconjuzation at
the position of attack. The stability of the transition
state was assumed to be increased by electron delocalisation
between the pi orbitals of the hydrocarbon and a oseudo-pi-
type orbital 4% associated with the attackin: reagent X

and the hydrogen atom Il at the position r of attack. A
rouzhly symmetrical arrangement of the centres H and X

about the plane of the molecule was assumed, and the

pseudo orbital ziven the form:

de = 2 ($y - (25)
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wherec#x and‘¢H arzs valence orbitals associated with atoms

T

A and d. “he symmetrical combination:
» ]

d’,— = J’-dl_ (‘#X + ¢H) (26)

b

was assumed to overlap with the triscnal o~ orbital of
the carbon atom. Fukul used perturbation theory to derive
an approximate expression for the chanze in pl enerzy of

the hydrocarbon due to hyperconjuzation:

Y (v: - é). 29" 2 i -
£ = ¥ J Cri A" + v(d -ol-) (27)
J=1 g.-a* -
>, E‘) J
where o and e.. ars the coulomb intezrals associatzsd with

—

(#; and X,ﬁy iz the rzsonance intezral betuzen d& and ¥
2nd is wasumed small. Th2 index J 13 taken over c2lil 110 °s
of the noleculz under attack, and U, 1s the occupancy. ©
is O, 1 or 2 for electrophilic, radicel or nuclsop

tack, rospecitivaly. The axpressiir:

n . 2
Sr — r (U- - U)Lrj e
J=l EJ- - ‘LO (5‘;))

N
“

o)
Jd=fined as the Superdelocalisability by Fukui , Jdiffers

from the coefficient of‘,ﬁwd in (27) by replacement of oL

by the standard coulomb integral-LC. ... index 1is indep-
endent of the perturbation/e and of the intrinsic proper-

Fs

ties of the resgent. Like other indicces, it is defined in

terms of the substrate alone. The correlation of Sr with

rsactivities 1s about as _0od as the other indices Jdiscussed.

The Fului zroup then ariued that sir1ce|(£.j - db)lis

P

lecst for the levels of the 2 frontier orbitals, which are
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nearest to the zero of energyd the summation Sr is dom-

O’
inated by these corresponding terms. Thus:

2
S:i- - 2 crf

, —I} : where Xf = lff - ol | (29)

o

and f indicates a frontier orbital. This proposal relates
the model used to the frontisr electron density, but the
other terms in the summation are frequently almost as im-
portant, and the S; approximation is questionable.

The performance of Sr as a reactivity index is often
superior to that of others, with the possible exception of
localisation energies, but there remains the deficiency that
the physical interpretation of the role of frontier orbit-
als in reactlion mechanisms is obscure, and attempts to
zive substance to Fukui ’s treatment have frequently used
questionable procedures or models.

Also closely related to the frontier electron theory
are the several theories based on charge-transfer models of

65, 65 66
state. 7’ Drown s model  tor electrophilic

the Lrane:

ngsl

tion
reactions differs appreciably from that of Fukui et al. and
leads to the definition of a new reactivity index Zr'
A seneral wave functionlfCT can be written as a lin-
ear combination of a vave function (VO, representing the
unperturbed sround stute, and functions (y representing
the configurations obtained by transfer of an electron

from the jth MO to the vacant orbital of an attacking el-



n s : P N
Also, writing W as - %ﬁb , (34) becomes:

. 2
2 ‘i b ' A \ =
[ 2 - 237 Z_l.J’JTr(Z-Ik)=s (35)
372 -Y, ‘
J

Brown f'ound that inclusion of

@]

onfigurations arising from
charge~transfer from any but the hi_hest #¥0 had a nexlli:x-
ible efiif'ect on the lowest charge-transfer state. Therefore

all terms except the frontier orbital (j=f) term in (35

were dronped, and the Z_ value obtained from:
42 2
2., = Yn + 256 °rf {36)
r f = \
L
r
tye - - . 3 o - L hY 7 .* Y 2
Aith assignment of rezasonabls values to If and ;_ fcor the
(=
best f£it, Rrovwn demonstrated a jood correlation with Dewiar’s
[P R . L 58366 2 - ] 4 - 2 k] ) 5 F
nitration Jdata s the extent of ccrrelation being better

than for Dewer’s Il and Fukui’s S indices.

The Zr valuzs for various positions 1n a conjuzated
hydrocarbon are determined primarily by Yf and crfg, the
iovier orbitals making little contribution except when one
of them is nearly d=sienerzte with the frontier orbital,

Thereforc the frentier orbital density distribution c.

Fh

determines the position of attack.

Brown’ s method provides a physical basis for frontier
glectrons, which huad besn lackin: in Fukui’s theory. Fron-
tier electron densities make a major contribution to Sr s

but the proportional contribution from other occupied orb-



ectrophile.
Yer ~ Bolo F ALYy e aj v (30)

where chargze transfer from e orbitals is nezlcected.

The approximations of Huckel theory are introducad

~
into the solution of the CI matrix to 5ive:°7
H. % |
ry - 2 Hog 1 T (W -B) =0 (31)
J(0) W =By k(70)

where W= Hoo' E,‘Aj = Hoo_ Hjj and Hij is the matrix ele-

ment between (Pi and (#j of a Hamiltonilan operator repre-
senting the charge-transfer complex. The CI integrals Hoj
reduce to:

T . #
ij = 03 Hoj =J§c¢wf;M =J2 C;ﬂge/@ (32)

+ . r . .
o 1s a constant characteristic of the electrophile.

The diaszonal elements AJ. = Hy - H relate to the

o 3i’
formal transfer of an electron from the jth MO of the mol-
ecule under asttack to the vacant orbital of the electrophile.

Thls can be related to the ionisatilon potential I, of the

™

Jjth MO and the electron affinity E of the electrophile.

Thus:
.~ E - I, 33
A j L j (33)
Writing £ and Ij in torms ofoLO an;/go, this becomes:
D, = . - = - 3 3
3 (ky - kg )/eo fJ./JO (34)

where ki is calculated from the Hickel secular equations and

k, 1s characteristic of the electrophile.

L~



_he

itals to the latter are considerably sreater than to Z,

values.

4, Comparison of Reactivity Indices

R 25 . . . oas .
Streitwieser "has sho:m that the six r=activity ind-

ices discussed in this chapter correlate well with exper-
imental reactivitiss. I'or alternant hydrocarbons, &ll six
indices show Tairly ;ood correlation, with Dewar’s react-
ivity numbers ziving the best results. However, it has

8]
been ﬁhownluthat the varicus indices war'e mathematically
related, and therefore they ars expected to be in azreement.
In the case of alternant hydrocarbons it is therefore im-
ezn predicted and ob-
served reaction rates, based on a particular index, point
unambizucusly towards a particular mechanism,

All of the indices discussed have been based on Huc-
kel theory, or variants of it based on perturbation theory.
This approach has been fairly successiul in the case of
hydrocarbons, but 1t becomes progressively less reliable
for molecules containing increasinz numbers of heteroatoms.
Any treatment of reactivity that nejlects the transition
state 1s incorrect in principle, and the success of the
isolated molecule indices is probably due to coincidences
between the varlous guantities in question and thz enerzy
differences that determine the rates of reaction.

An obvious next stern is to take ths best method, i.e.



the loculiswtion :nz» v method, oni re-axomineg iv within
-2 fremavork of the Tariser-Perr-rople SC° V0 theory.

c. Rafinal Traabtnents of Localisation Zner izs

In thae calculation of cation iocnlisztlion cner les,
the iiflferonce 1s tuken of the pil electiron enar_iss cf tTwo

S2ualuld Bl systame, onz of vhich is neutral ani thz other

ilonic. Zigsnvaluz solutions of secular equations derivad

Tzirly successiul tachnique for acnlﬁvwng sell-conszistancy
vias Introduced by Vhelond and Mann. - r"he zoulomb integzral
is remlaced by a term

iz obtainzd using tha M0 me
bution is then used to calculate newd’s usin; (37), and
the procedure repeated to seli-consistency.
-~

- 09 Q I a ] 5 '-1

Jhrenson “calculated localisation ener’ ies of the
methylbenzenes within the Tromevork of the LCAD method,
z1llowin: for hyperconju_ation botiieen mathyl

rin; carbon atoms, folloin. the calculations of tuller ot

d’s,/e’s, znd 3's Lo seif-consistency. According to equaticn

(14),



If this =zguation i3z ralatzd to o stand-ra equilibrium, it
iz pcosiblz te wirite:
K5 * * .
- M in —’ = AG - AC-O = DAL (32)
Kc

Using this purely hyperconjusative medel, agracment

betteen czlculated volucs of DI, and exporims

Cn

Tzl (K5 -
. , »-'—*
pK.) values was nct very cod. In a later paper, ' Zarcnson

-

Jiscussed the influznce of an inductive effzct and the com-

binatlion of both effects. This latter combinaticn zave val-

- b

uss closcly approaching the reliabls zxperimental data of

57

6}

VIazkor et al.
Th= abcocvz thaory trltes account of elsctron invtzricsion
N

in z very cruds vy by r2cornising thut thz coulemb inte

’_ ‘s
|
|_._J
D.v

2 sensitive tc the zlzetren Jansity on tha2 aterm in
gquesticn., A much mcrs savisliciory trectment woul i Be one
posed on tha Parisar-Parr-Porls 701 D mathol.

Stuert and frulzinga repeated the lccalisation energ

calculations of Gold and *y° “using MGC-SCT calculations

P 2. A - T . IR - —'—|’C‘>'
as intrcducced by Loothaan ana ro.l.o . “hay obtained un
excalilent linear correlaticn between BIp wnl pi- Tor a s3r-

ies i condensed polycyciic nydrocarpons.

: . 3, . . . .
sukui 2t al.( in 1959, calculated locwiisation enzrizs
of a series of alternant and non-alternant hydrccarbons,

using a rariser-rParr te iqu They made two Jdifferent

(D

assumptions: a) that the intsraction between the iocalise
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Ty

2lactrons and the residual molecule might be nezlected,
b) that the interactiocn might be treated as a perturbation.
Calculations by both methods rave good results for al-

ternants, but there was a Jdivergence for non-alterncnts vhen

azalnst vai-

ol

A%, s calculated by either method were plotte
ues obtained by the Huckel method.

NesbetTMdemonstrated a linear relationship between loc-
alisation enerzies calculated by Huckel thesory and those
calculated by an SCF Pariser-Parr treatment (neglecting
localised electrons~residual molecule interaction), but on-
ly three alternants wvere studied.

7Dcal

In *962, Flurry and Lykos

04, treatin: the effect of methyl Lroups as purely induc-
tive. They used Slater-type orbitals and allowed for the

£

inductive =ffect by chanzing the 2p pil-orbital exponent of

the substituted carbon atom, the chanze bheing estimatcd
from the expression:
. \2
I -1 = 4 1 - nk g
I, I 5 ( nS§& ) nl (39)

where Io 1s the ionisation potential of an electron in ths
pi-AO, In 1s the corresponding valuz vhen n identical zroups
are attached, ¥ is 2 constant containing various electron-

interaction terms, and §Z is th2 changce in the 2xpconent.
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iruilcn, bHut the prolictea recciolvitios of i2s3 rauctive
32020 lieve 4o virionce.

cree = - I ” T~ Y

peucr cnd Thompson' "oxplain

-~ - -, - £ . - T pu Ka) . K .. Tm - - A
1t a3 being due oo neglact oif core rapulsion. Chaolvet 2U

T
H
O
t
cr
,
[

n k a_ainst tha 4
betvieen thoe rsactants anl the intermediste arenium ions,
rather than ths Jiffersnce in pi-bond zneryy. The pi-boni

ME_Y o , of o moleculce is _iven by:



« + (4°)

vhere Eyf is the pi-binding enerzy and vnn is the core rep-

ulsion. Vnn is different aven for intermediates correspon-

din;, to substitution at different positions in the same
hydrocarbon, thus the procedure of Chalvet et al. does not
even lead to a correct pradiction of relative isomer prop-

ortions.
_ 42,78
In "965, Dewar et al. published a series of papers
in which SCIF MO theory was used to calculate ground state
properties of conjuzated hydrocarbons. The basic approach

was the same as that described in chapter 2, i.e. a semi-

L_'J
0

empirical SCF MO treatment wiith nejlect of overliap, fcollow-

f

in; the _eneral method for closed-shell molecules proposed
23 . .
by Pople. “The various integrals appearing in the Pople

method ierc cvaluated as follows:

a) The one-csntres inte_ral was taken as *0.92 &V, the eval-

. . 34
uation being as describad in chapter 2.

b) The two~cantre inteprals §mvmre avaluated usin; the un-

taking electron correls-

iformly charzed sphere model, &

i . . 34

tion into account.

¢) The one-zlectron resonancz integrals A}ouere estimated
(]

. A 00
by the method of Dewar ani Schmeisingz, from the thermo-

chemical cycle bhelou:
L o o . ”"
o WAA ¢ L ha 4o Te
> C=C » C=C + C=

H

(@]
1
Qo
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- . 1 . - - . -~ - PR S m A1 oy . B
D, D 272 tha bund 2neries of & s3injrz2 bend and of o

ivunle bond raspactively, bebween Two s hybridised carbon

atems wt thelr eyuiliibrium bond iengths ré , r:. C, C are
the comprassicn ener-ies rayuirasd tc chanze tha bonds from
their ceuilibrium lan ths to a length oF '.Mﬁ. ﬁ, iz the
pi-bondin: enaryy of o C=0 bond of Jlen;th '.NK =nd can b2
avaluatad as:

£(p) = (b, -¢C") ~ ( De-c') (12)

It can also be exprzsssald theoretically as:

r(p) = -2 ; [ ¢11}11> - <11122> 1 (L3)

.. o r _ R [V . - \
in the Pople method. (from zauatlon(PC), chawter 2)
Lo
Usin_ tho Jdote 1listad in tholr pzpasr,  Chun. and Deuur

N L)

cilculatei./?aﬁ,-”.TSeV. In zaditicn, they desterminzd
Ol Vvellicho. Pasohancs energizs and transition snargiss

but tiic valu2 obvained as 2bove govz the bast valuoe Tor

encrgies for eleven benzenold hydrocarbons and obtained the

= Ix o P . © - I
value 3.028eV + 0.227. lcwaver, caleuiatad 12sti.i.e 2ner-
»ies Yor non-benuenoid hy.drocarbons were only in fulr agirse-

ment vithh experiment. n this trestment, 211 C-C
C\ -

assumed agual (7.39(f; Davar and Gloicher allowed for vai-

lations in bond len_th by recalculatin, bond ordisrs B““’ in

2ach iterative cycle, and arranging for the beond lengths

1/'1«.)
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and the integrals%%” §W, to be recalculated from these
vzluas. Thus a set of MD's was obtained which s szelf-
consistant for variztions in the /3/’..., and X/.a with bond length.

They wssumed a linzar relation betueen 8“’ and 3’” as sugn-

M
)]
gsted by Dewar and Schmeising.
w
[-]
(in A) = ".538 - 0.°CC p,0 (Ll
The boni cnergies calculated by this method were al-

[

most identica’l to those calculatzsd assuming constant boni

lensth (3.320+0.27%), while thos

D

calculated using experi-

- - " » 1. [ ’ °
mental bond lenjths hald a greater deviation (3.509 + 0.344).
dona lean_ths calculated by the self-consistent/e procedure
aoreed with experimental values, within experimental error.

“he resonunce and pl-bending ensrzles were culculated for

to [30]annulene. ALl the [Y4n]annulenes -iere

r—=y

the annulenes up
correctly predicted to be non-sromatic, while the [In+2]
annulenes were predicted to be aromatic up to and includ-

ing {22]annulene, in ajreement with the experimental work

[ag]
LY
of Jackman =t al.
The suceess of this work, and of its prellminury app-
|’_‘f-)
L NPT Lo I ommn- A > U T cire . A
lication to hetoroatomic molzculas, rowmtad Dewir ond

[ gl P o, S T T [ PR S P S I (R e . (P, -

LNOMLo0N Lo éexaming 1ts zpplilecablliily in culzulavin cham-
—

U T S S L e e e L S ST B S i e o~ s

itoa reseeivivices. Thizy us2l o lotoailocvlon theory, .nd in

PR - P DR R e i T R -

DAY U mIke U2 Ll prledinaticns L5 valld w3 possivie, aol-

condicions:
) ] e cratis Pers e Perenn ] PR
&) “he reactants and precaucits were frae Irom heteroctoms.

b) neactions were chosen vhich were thou: st not to involive
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any spacial resconones interactions in the transibion stuca.

c) Sari tions wrera chosen where aldesguate rate

E1l
25 L I

l_

0]
L
¢!
ct
|_

1

ii1) Pariser-Parr-PoLle(PPP) theory with all bond len_ths

iii) The PPP methcd made self-consistant for changes in

bond length.

[

iv) The split-p-orbitz1(SPO) method “with all bond
lengths equal.
v)  The SPO method with self-consistent bond lenzths.

The results obtained for methods (iv) and (v) were
very similar tc the results of (ii) and (iii) and will not
be discussed further.

In order to examine the validity of the methods, they

plotted zraphs of &Es against the logarithms of partial
-0
1 . . i . N s ; a. DO
rate factors for nitrations in acetvic anhydride at U C.

All the SCF MO methods :iave better correlztion than the

Tuckel method, with (ii) and (iii) ziving slightly better

—

correlation than (iv) and (v). In the treatments allowing
for variations in bond lengths, the lenzgths of the C-C
bonds in the intermediate were frequently guite different
from those in the original molecule. They thought that the

zood correlation for fixed bond lenzths might have been due



to the intermediate resembling reactants more closely than
products. Therefore they calculate:d AEg by a procedure

vhere the bond lanzths and . were estimated for the par-

2nt hydrocarbon, and EWb calculated for the intermediate

arenium ion using the same values for the various integral

wn

a3 in the final 1teration for ths parant hydrocarbon. In
this case there was no linear correlatlion at all betvisen
lox k and AL,.

In the procedures using self-consistent bond lengths,

the ym)’s are re-calculatec for adjacent pairs but not for

n
C
L
1]
ct
o]
=
[43]

more distant pair for a neutral hydrocarbon, the

errors are expected to bz sm2ll, bhscause the lceng range in-
teractions appear in thz diazonal elements of the F-maetrix
only in terms of the fcrm (g -1)%7 (vihich vanish il atom/M

is neutral), and in the off-diagoncl eleaments in terms of

the form p ¥, .(which are usually smzll because bond-or-

ders betweesn non-adjacant atoms arz not large). lUowever, in

the intermediate o number of charze densitiss could be very

C“
"".)
iy
[p]

r

(u

nt

(_'l

I'rom unity an.d the lack of sell-consistency in

3

non-nearest neizhbour éul 5 coulld interfere with estimates

r Evb for the arenium ion. Until it 1is possible to deter-

mine the whole zeometry of the molecule as a function of

0

individual bond len; ths, it is probably = better procedure
to use the same bond lznsths in initial and transition
states. Dewar and Thompson found that it is better te aliow

for some variation in bond length than to assume all bonds
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The above discussion shows that chemical reactivities
can be treated successfully using localisation energies
calculated within the framework of the PPP SCF MO method.
It is possible to extend this treatment to substituted
hydrocarbons using substituent constants evaluated from
electronic spectra, as described in chapter 1. In the next
section it will be shown how substituent effects can be
incorporated into the PPP method, and how the theory is
used to calculate ground and excited state properties of
substituted aromatic hydrocarbons.

6. The Introduction of Substituent Effects into PPP SCF MO

Theory

a) The «-Inductive Effect

As described in section 7, chapter 2, values of 37
and §7.are obtained from the appropriate valence state
ionisation potentials and electron affinities, using the

381p

tables of Pritchard and Skinner or Jaffé and Hinze.
there is any polarisation of & electrons, these values
must be modified. Ionisation potentials of isoelectronic

series of atoms and lons show a quadratic dependence on

the effective nuclear char«e, as proposed by Glockler:1u8
2
= B -
%, AZ,, + %p 1 C (45)

where %p is the effective nuclear charge of atom/A, and A,
B and C are constants which can be determined by consider-
ing an isoelectronic series of ions. This formula is also

applicable to the calculation of electron affinitiles. The



../_)...
effective nuclear charge is a function of the electron den-

sity on atom/u, the dependence following directly from Sla-
ter’s rules,149and so the fraction of the bonding electrons
on/u must be determined. This 1s estimated by considering
what fraction of the electron pair in any one single cov-
alent bond bhetween two atoms A and B is actually on A or B.
The simplest estimate is to assume that the electron pair
divides itself between A and B in the ratio of their orbi-
tal electronegativities.iBU Thus, of the two electrons in a
single bond 2xA/(xA+xB) electrons will be on atom A, X
beinz the orbital electronegativity of A. The latter was
shown by Mulliken151to equal (IA+ EA)’ where T,, E, are
the appropriate valence state ionisation potential and
electron affinity.

When an atom or zroup of atoms is attached to atow/u
in the ring, the calculations must take into account the
changes in %p with electron density. Using an iterative

[ vema v o s
nrocadure unodilied Cor the

[$3)

valuc of %ﬁ is calculated
change in electron denéity using Slater’s rules) and sub-
stituted into the appropriate quadratic equations to cal-
culate new values of %ﬁ and %M. Using these values a new
%ﬁ can be calculated, and thé procedure repeated for the

whole xroup of atoms until a self-consistent charge dis-

tribution has been obtained.
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b) The pi-Inductive Effect

i

It has been suggested by Murrell et a1.3’5’1' and

I~ W

Craig and Dogzett that a substituent with two electrons
in a pi orbital causes re-distribution of charge through-

out a conjugated system by an extra mechanism which they

4

3’5’150r orbital penetration effect.

call the pi-inductive,

—l

Jsing, a localised orbital method which included a pi-induc-
tive effect, Murrell et al. had considerable success in
calculating, pi-electronic transition enersies. They suzgg-
est that a substituent X changes the core integral Hﬁhby
an amount%}(X), the pi-inductive parameter. This pi-induc-
tive effect may operate either by a field effect or an ex-
chanse mechanism, which is short range and 1s a consequence

of the Pauli exclusion principle;3’15the latter appears to

be the most important effect for most substituents.3
ar

The values of¢lC(A) determined by Murrell et al. are

used toc modify H,.. by an amountoJC(X):5

CC

H__(X = H 4- c/_ (X\
CCh CC cr

Murrell et al. have determined the pi-inductive par-
ameters only for the carbon atom in the bond C-X, since X
is not considered to be part of the conjugated system in
the ground state and does not enter directly into their
calculation. In the molecules studied in this thesis the
amount of chargse transfer from atom X is small (ca. O.1

electrons), and it seems reasonable to assume that the ef-
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fect of the pi-interaction proposed by Murrell for the
case of an AO containing two electrons will still apply
and that as a first approximation the same pi-inductive
parameters can be used.5 In the calculations the substit-
uent ¥ is considered to be part of the conjugated system,
and the value of Hy, is modified by an amountciX(C). Ir
the pi-inductive parameters arise from the mutual repul-
sion of electrons, then the effect on HCC and HXX will be
equal.

The value of‘lC(X) is the total change in Hns prod-

uced by substituting a hydrogen atom by X and so it in-

cludes the o~ and pi inductive effects.
ir

-~

LX) = od (07 + oy (X) (18)
o
Thus, having calculatedo{C(X) by the method described in
N -
(a),J(,(X) can be calculated as (« C(X) -OZC(X)(). By
. CAnNT ‘ “ -
equatlnga(d(A) w1thoJX(C), the total inductive parameter
, Q) . T

can be determined for X. Althougzhelo(X) and«l{y(C) are

always of the same maznitude and sign,olc(X)v-and:iX(C)

are opposite in sign.

c) The Methyl Group

The methyl sroup may be considered as a pseudoatom

situated at the position of the carbon atom, contributing
2 electrons to the pi-system through hyperconjugation. (ref.
15, p.211) The first valence state ionisation potential of

this pseudoatom is taken as the first ionisation potential

of methane, equal to 13.123V.152’153 Since the group elec-
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tronesativity is inaccessible, parameters pertaining to
the carbon atom are used. Thils seems reasonable since the
carbon atom has effectively been given an artificial pi-
bonding orbital. Thus,
1) = By
I

H. . (Me) = 1(CH4) +§7Jtrtrtrw) = 24,10 eV

/7»\

7. The Method of Calculation

(C: trtrtrw) = 10.98 eV

The calculation of the self-consistent rround state
of a molecule follows the seguence:
i) Solution of a matrix with muessed elem s. (usually
Hickel)
ii) Calculation of the density matrix.
iii) Assembly of the I matrix.
iv) Diagonalisation of the P matrix.

Steps ii)+iv) are repeated until the coefficients do
not chanze onh iteration.

The total pi-enerzy is computed from sither of the

equati()ns 81 or P.Ll (r"h"\'r\"l"n'r- ’3\

Having calculated the pi-bonding energies of the neut-
ral molecules, the enersiles of the corresponding Wheland
Intermediates are calculated. For example, the Wheland in-
termediate for benzene is the benzenlum cation. This is
treated as a 5 carbon atom pi-system with 2 occupisd or-
bitals. From the self-consistent density matrix, charze
densities at each carbon atom are obtained, and the pi-

bondinz ener-y is computed as for the neutral species. The
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localisation enerzy is then Egdcation) - E,(benzene).

For calculations on substituted cations, the induc-
tive parameters of the substituents are multiplied by the
charse density on the substituted carbon atom, obtained
from the self-consistent density matrix of the appropriate
unsubstituted catilon.

Excited Statzs

. . Y

The ener=zies of the excited states 3are calculated
by diagonalising the interconfizurational matrix whose

elaments are siven by equations 100 and 101. (chapter 2)

Intensity Calculations

From equation 95, chapter 2, the transition moment

between states is ~iven by:
Qk’gn : Y

“—Hm = ¢ <|S_Vk%2i£igr{> (49)

The calculation of Ekn is simplified by isnorinz all
those electrons of the confisuration which remain in

closed shells, only those electrons which are present in

ArrmaSaia A L1a
il i v

Y

AN NI A
Dl"Ol{e"‘ (S fu.x. FEE Lo

velns con-

S

Suppose the transition moment lies in the x direction
only, for a transition from a doubly-filled orbital - to
a vacant orbital e. Then:

M, = e< ZW (1) (2) |x(1) + x(2)| JUy (T (2)l

re
—_ (5 )

|
63
[0
v |
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which reduces, throu~h the orthogonality of MSO’s to:

X

M, =42 e <y KD (5*)

where the intecration 1s over the space of one electron.

Yhen the LCAD MO’s are substituted into (5%1), terms
such as <¢,.|x|+,,> and <4’,.|x|4=o> are encountered, which can be
apnroximated as:

<4’n lx |¢f>

X s the average value of x for'/u.

Bulx|da> = a ““’.S/“, = 0, in the zero-overlap approximation.
2

For the state Q formed from a linear combination of

confisurations,

ﬂ% 1s ziven Dby,

o= L oc. M (52)
- 1 1 -1
and o= (92 s ()% ¢ (nP)2 (53)

X . s
whereAMi is the value of the transition moment for each

configuration(yi in the x direction.

Calculation of ITIonisation Potentials

The wave function of an ionised state is obtained by
£

ommittin- one of the MO’'s from the “round state function,

aiven by

ﬂ:z '3 U"I s eq. 20, chapter 2)
of ener:y r 5
i f 25 Hy +E(23; - Kyy) (eq.54, ch.2)
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Consider the singly excited state obtained by remov-
in cither of the electrons occupyinz the MO kPi (assumin;
that LVi does not belong to a degenerate set). The wave

function for thils ionised state is:

2 ¢
¢, = v

T T \V;

=l
<
<
x

%ﬂ hl.-.qiqz

(54)
This state is a doublet, the two wave functions having the

enersy: E(2?I) = E(P,) -4 - (2755 - %50 |
J

U1
Ul

J
(By the same method as for the derivation of eq.54, ch.2.)
Hence the ener<sy reaquired for removing one of the electrons

oceupying d/i 1s ziven by:

=
il
N

(P -5CT) = -w, - T(ary, -K,)  (56)
5 %1y

= - Ei (from eqg.68, ch.2)
vhere Ei i1s the orbital ener-Ty.

It follows that -Ei can be equated to the ionisation
potential provided that the ionisation process is adequately
represented by the removal of an electron from an orbital
without chanaze 1In the wave functions of tThe other electrons.
(Koopman’s theorem)

The aporopriate values of the narameters for various
substituents, which were used in the calculations, are
listed in table 1. The various inte~rals were evaluated

usin~ the methods described in chapter 2. The ~eometries
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of the compounds studied are enerally unknown. The arom-
atic rings were assumed to be rerular hexaons with C-C
bond lengths 1.39 K. C-¥X hond len~ths were taken from,
Tables of Interatomic Distances and Confizurations in

Molecules and Ions. (Spec.Pub.No.11, Chem.Soc., London, 1958)

Ul

Prozram for Solution of Molecular SCF Problemsb

The program was written in Algol 60 for the Univer-

sity of Newcastle English Electric XKDFQ computer. The eig-
envalues and eigenvectors of the Fock matrixes are found
by the Wilkinson-Householder method156. The density matrix
is then constructed from the eigenvector sets, and together
with the core matrix and repulsion matrix is used to form
a new IF matrix. The iteration proceeds until the density
matrix is self-consistent to 5 decimal places. For the ex-
cited states the interconfi~urational matrix elem=ants are
calculated from equations 00 and 10', chapter 2, and the
CI matrix so constructed is diazonalised. The nrogram con-
siders a prescribsd set of single electron excitations and

all CI between them. The oscillator strenrths of the states

nto account CI in the

e

are automatically calculated taking
excited state. Finally, if required, the n+7 transition
enerjies are calculated usinz a similar technicue to that
employed for the pi-electronic states. For a2 molecule con-

tainin;; 10 pi electrons, e.:. nanhthalene, the time taken

)

is ca. 5 min.

o
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; ° 777 7“ferric chloride cr aluminium chloride
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d brominations, ond certain rizdel-Crafst

4, 95

onium salts
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)‘An interasting feature cof these reactions ves
the improbable values found for partizl rate factors.(The
~

varcial rate factor L, omeasures the rezctivity of the pos-
ition concarned relative to that of one position in benzene)
'or nitration of alkylbenzenss with nitronium tetrafluoro-
borate in tetramethylens sulphone, Olah foundgivalues for
0.t ror sthylbenzecne and 0.°0
for n-propylbenzene. These results wesre Ilmprobables, 2as

therz i1s nc explanation for 10-fold deactivaticn of the

meta-position reiative to benzene. Partial rate factors
can only e used if competition takes place hetvicen indiv-

idual nositions in an aromatic compcund, and not between
pl-electron systems as entities. In thoe competition between
molacules invelving their pl-systems as entities, the cal-
culation cof f-values is meaningless.

The pi-complex(i) contains a bond between the elesctro-
phile and the pi-electrons of the aromatic system and may

be zquivalent to a chargze-transfer conmplax.

(1)

1
They are knovin to exist, both iwith ions such as A,

Qg
and with neutral species such as ilodine”" and HC1. T the
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sGs2s soove =50 to Live boron trifluoride, HE
benzotrifluorids in almost quantitative yield
asted the structu (iii) for tha cammlex, and

and m-nltrc-
They su;l-

sincz m-

nitrobenzotrifluorids is the product of nitration of benzo-
trifiuoride wniar normal conditicns, this wis convineing
c>videncz thot (1ii) iz on intermsdictc in the nitration.

[ CF 7

3
T N
/A- Py rS }_l_

i o, | (1ii1)
Anzlo-ous complexu have been iLsolated using other =l

- op
. e s ! ‘I = ) P
treghilic rea;ents. The electronic spectrum of anthic-
cens dissolved in sulphuric ccid is similar to that of the

o+
ben¢hydryl caticn, PhECH , indicatins ths formation of (iv).
H Ii
+ (iv)
A number of aromatic hydrocarbons dissolved in CF. COU" wnd
BF_, indicatc the presenca of a methylens _roup such as
1737
] 3\ a- CaS ~
(iv) contains.
llore zeneral evidence that thesc cations ars intarma-
dlates In elactronhilic substivtuction was wnrovided by Drowm
1:)}_!_

2t al. vno showed thot plot of lo; k feor the chlorina-



tion of methylbannenes cocinst 1o 1 for the eguiliovrium
batvuieen the methyibanzanss and tha cations they
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HI" i3 linzs2r. In adJition, thes ratzs of holcgenction wer:s

c-A

Jound ve porzllel e-complex, ratner thun pi-complex, stab-
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ilitizs. “hese r=2sults ore consistent with the two-step

echanism:
L . 1;”,12 Ko -
Ar-tl + & = Ar - Ar-T o+ I
k_. ™~z
N - =
- \JJ . (R3S
as first envisazed by Luapuworth, “Pleiffzr and 'lizinger,

und later by haland. uynchfonoua formation of o C-& bond
and clzavage of o C-II bond has been dismisszd as a result
of the abeve wecrk on intermediistes znd Melander’ s Jdz2monsuor-

aticn of the absence of 2 kinetvic isotore 2ffect in nitra-
1y
tions of aromatic compounds. Similar results were found for

5

Giliferent Dbenzenold compounds under nitrating condlitions

veryinz from pur2 niftric acil to o sciution of nitric acid
‘l(‘)r "09

in olsum. in the &bove schozme, no isctope a2ffac

cr

would be detectoed 47 Lk,
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these facts vere interrretad ws an indication that JLQ

iz the offective nitrating coent in sulphuric acid solution.
sfor nitrations In partly =2gusous sulrhuric =z2cild, sec-

cna order kinetics usre observad for fairis unrsactive aro-
-23
mavic compounds.
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Tive aromocle conpouna should reacth
n partly acusous sulphuric/

nitric acid mixtures, formation of 10,5 :1ill be revarsible
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ana the rate-datarnining stvep ccocull than b the fernadtion
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JO T, sdith Lne rewetion rate indspendane ol Ll nalure
<

L] 4 Bl N . L - 2 :; - -
0y conzanvravion ol the substrate. —unton =T =i, observad
zeroth=-order kinetics with raspect to reactvive zubstratses

in accordanca with v:3 >> v2 in tha proposed recctlon schems:
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~e - AT --.+
LJ2 + Aar. = AringO + ii
v

.-2’, the rate of excnang2 1s the
rove of formation, cr Jdestruction, of iiD,". The rate of
o
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nitration via LDE 2annoc excesaed the rate of forma

o
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-7 'l- 3 . = o Il a . v .
u02 , and it was found, for zeroth-order kinetics relative
~

: - - - . [ TR L - L Aﬁ 19(‘1 _, - -
cO the aromstic compcund, vthat the rate of 0 exchange

z2roth-order nitretion rate. There was nce evidences that nit-
ration or exchange occurred by direct attack of [32ND3]+,
thouzh this could be a necessary precursor of NO2+.

(ii) Hitrations in Concantriafed Sulnhuric Acid.

T . ) - ] . ] 3 T Jl
Witric acid is known to be completely lonised to W

2
1A= . "23 a1 o LI} i3
under thess conditions, and for unrzactive aromatic com-
123, 127 .
pounds second-order kinstics are observed. Unlnr these

conditions the slow rate-determining step 1s attack ol 10
on the aromatic compound. As already idiscussad, the nitra-
PR . P/ . .
tion rate was found to increase up to 904 sulphuric acid

concentration, due tc the increase in ionisation of IIND
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ngcil 2t al. susgestel roasons Wy 2 should bha =

minimur: in anhydrous sulphuric acld, anid they zocve svii-

ance thaot, for nitro-compounds, £,  is greatver in siijht-
Al

1y agueous sulpnuric acid then in the enhydrous acii. “hus

1,

thay uere ablz to account qualitatively Tor the observeld

rate variation.
(1ii) titrations in Droaniz Soclvents.
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Benford and In_old shoved in 183!

that the kinetics
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cf’ nitrations using exc2ss of nitric acid in nitromethans
or acetic aclid were zeroth order with respect Lo the aro-
mztlic compound, if 1t was fairly reactive. Tor unrezctive
compounds, first-orier kinstics were obscrvaed. Ior reac-

tive arcnuitics the rate is therefore independent of their

nature or concentiration. “he reactvion rate was found vo b:

[

constant uncili monc-nitrution was completa. The rote-det-
grmining step was therelfore iimited To tnz nitric zcid, with
They sbudied the erfect of add-

21 potassium nitrzt> znd Tr.ces cf sulphuriz acid. Due e

.

the salt affz2ct, zn incraeise in recctvicn rate is usuel rith
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ratlon of laz2d nitrute ion3, cna .. cnd D conatLnis.
“he inclercncz wo: that the added nitratz ion was reuwrsss-~
in_ & nacessary pre-scuilibrium in hich the nitrate ion
is formzd. This step could not bs tha direct formation of
the nitroating envity, since zsroth-eriler kinetics -ars
meint-ined evin vhan Tha »olz e retorded. Thorolcrs thay
dzcidzd chat the nitrats ion s reprassing vhe Tormaticn

— . - - e I - . - —~ ™ . T . . -
¢l zome pracurser ol tha roictive scacies. Thay lJescrivel
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“ne raagcvion 3 o tio-3t2n cutonrotolysis:
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2action uvas stronsly catalysed by traces
of sulphuric ccid, aue tou prelferential protonetion by

stron2r acid, and removal of 10 .

3
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dn:der the 2xpasrimental conditions the cutosretolysis wias
too small to bz Jdstected spectroscopically.
The 24dition of smoll cuantitiss of mter had iittle

2ffect con tha zeroth-osrizr rate hacauss the rra-aguilib-

el

rium sTen would not bs offected. 'lith the slddition of norz
.21, a competliticn wculd ensuz between watsr ana thsz arc-
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metic compound for the nitronium ion, and first-ordsr kin-
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(7} Tdsrations in Ture Jiteic Nelld

“he kinaetic cobsarvaticns wars 2x2ctly s Tor nitvra-

T 1. .

Ziens in or_znic solvants. Tho wlditicn of nictr
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n nitration, i nitro-_roup is addea L the arocmatic
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che work of llelunder, Y'? '2Yno found no kinatic isotope
2ffact 1 he nitration ol tritiated arouutic conmpounds.
This ~us dmadicte proof chet the C-E bond from which =

proton is ultimitely displizced is not sizakened auring the
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1237, oGy cor2lul shudy izs nade of tha con-

paebitive nitrovion of wenzene and toluane unler vaorlous

conditions. Uzin, ni%tric .cid/nisromethone they moocsurad

- k)
¥ K ~ o
Yo 4 L— . ~ - o e o 2 T L AR I Y
"oJuenc/ ~anzans = 27, To=37, Iy 2.C anc r == .t 32 C.
m =
Tt [ 5 P N1 L Fal P 2 PO P ] - =
ol L2 oavasnTt o __{.;’ o 1 l ‘.I - \.u. N 1Y JJ.K.*-_.H‘\/ Lo SN

s ev I v Ve wncamTa e g - N CoaTy T B R -
e oibls o o molE omucli it _CCUrl Uz ndosulllients o ison.ey
R S P "".""1" Tam o7 e "7-1 ac o~ - -4 T N Ty et
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rooicn of ~ilc

in nityric ccidl (1=1.52) .nl weasic wnhyirils [27Czctively

neztyl nitrate) By usin: Insoid’ s value of 27 for

1- Lo Xa

e, m /‘-'- =y e - VI R - . i
Zoluens enaensa, they re-calculata2d the particl rutce

2xoendad by Olzh ot al.i o, In o systematic stuuy of
aromatic nitrations, studisd competitive nitrations bestiizen
alkylbenzanes and benzenz for a variety cf solvents and

5. At 253 usin_ nitric/.cztic acid meliz, thay ob-

. K ~ . .« “n .
crineld Toluena/“TCenzanc = 20.70 and the isomer Jdistributions

— L la)
EJ sa QA (")‘I-‘Jl_l Qe 2. l"/\ At AanA ey 27 caiiqna

Om ortho~; 2.ch neta- and 0. 34 poro-nitirotolusnz. Slaeil” s
investizaticns of the nitration of the xylenasz indicated
that overall rates rith respect to benzene lere in excess
of 1000 for both m2ta- and para-xylenes, results at vari-
anca with those Tor toluene and Alcorn zand Walls’s rasults

e o

D

for tha: monomethylnophthalanes. o niltraticn of the «y-
lenas in acetic/nitri: zcid melin has tharafors baen ra-

1

i.at=za, over o .rids temperature ranie, o measure
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lsomor Jiciribuvlions, ona belviel reve fectors ralativa
To Dznzene., IT w.s 1lso ol interzst to investi_acz2 tThe in-

e ey

croiuction of a secona mathyl roun ince the naphthalens

;__1

nucleus. Isomer cistributions and portial rate fectors
have therefore bean measurzd for 2,6-dimethylnighthalezne.

. Celculation of FPelative Rate Constants.

The competivive method of comparing reacticn ratces

does not regulire an accurate lmowledse of tha reactlon «in
etics, provicad that sach competing substrute is aliiays
rresent in excess over the amount of r2ijent wrosanec, thos

reactions are kinetically first-order in substrate. The
relative rats constants can then be detorminzd cs T
For the reaction of the nitrating azent X, with hylro-

carbons HC. and IIC, at time %,

2

_O_' v — -~ 3 "r']r]' T

So HC.ly = -k, [xIfrHC 1

3 1)
d n (
—— f = — 'd '}

5o [HC,1L k, [ T_[IC Je

where [ ] represants molar concentravions. Herc n is the
order of reaction with respect to X, k1 and k2 arec the
rate constants for T:-IC.i and H02 respectively.

k. [HC.]

v _ 1 1 T (2)

1137 i f 30
u[uCEJt k2 Iug]t

Intesrating from t=0 to t=7, the time when the reaction is
P SRR

stopped, (“ s MAY \%9 g

\ .3
Nl



b . v 3 = e 3
. J_Oolo:LC. i, T~ LOQIO_'.J.C_' 1,
P 1o C., - 1o HC.]
2 L.).lo- '_\J L_..-O‘- 2- :
T2 the nitro darivativas 2re Tthe only prslucts ©
- o Prrev 1 , " 1
<. losp . 11C. | - 10010([IIC_J__ - [ Yai)
; ; = e Y] i
- . 1 - TN
k2 lOém[dcg]o - lOum([dCEJO - {LQJ/
vhere [T 4] are the riclal cuncencrations ol

cmount of reaction is small, This assumption i1l
valic 1 other »roducts are Tormed, providsd thoo
of Tormetion of nitro products is nov intverfered

cxpanding 1o

rithms sni iznorin: nowers of

(vritin, [HC.Jc = [UC 1 = ¢, whers o 3> (.0 or [
r-'-_--"- - == 1 n -, i~7 o) i
k. e * (=) s n(l-'-'j])«‘.._ 1]
N 2 - ? CT 1 .. Lt .
- ~- = < ) - ~ :
k;‘j 1m0 - " g c - Fay 300D r--
- Lh”"l - _.( '-.l.l':!-l\l L —'—( LodY o L=y
C Ty CL_ 7 v 3 c 7 T o d
Similzrly Tor Two positions i and J in the sume mole
k. o
i - 1J
— ~y —
C Firo
J 8 jJ
if 1) and [,) ars very small.
i J
2. Galculation of Partial Nate Fauctors.

m o-xylene, the partial rate Tac
tion EQ s is debterminzl as olloiss:
o
£ = Ko-“'lsne ¢/ 24
3 = _Loaylene (/ J~lsom:
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der Lo obtalin the best values for the relative rate con-
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vihere 4k, and Al , are the actlvation energiss for substi-~

- tution at positions 1 and J respesctively.
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3. lesultas
Isomer Jdistribuvions have been stuldisd in the tempar-

ol -y’ T . - [ S T = . R
aturzs ranze 22-702°C Tor the zylcones and 2, c-Jimethyinanria-

chilene. Competitive nitrations ot 25 C vetwean benzene and

] -

I S TP L. . ~ LI S s et T ey Ty —
TATVial PLte JTautoiz. LU £, c-gllidchyinapninalans, COmpec-

- 4

ivive nitravions were carrield out i
naphthalens. Nitration of the lattzr on 1ts owvn z2nd in com-
pavivion ilth naphthalene ve results lientizoali, within
tal zrror, to those reportad by Alcorn and ‘lelis.
Competitive nitrations wers also carried out on naphthalenz
vith respect Lo beonzene to allovw partial rate lactors with

reapect To benzene to be caiculated for ths mono-methyl-

i

and 2, 6~dimethylnaphthalenes.

(1) ortho-xylene

Table (1) shows the variation with temperature of the

isomer distribution and relative nitration rate for ortho-

. m B Lo 2 o omnmma - mmem el ) , - » i o
¥wlzne. At 25 3-nivtro isomer preiomiliabes, LUue a3 The

S - -

b

temperature is increased the proporticn of the 4-nitro is-
cmer increases, until at ca. 60°C the two are produced in
rou-hly equal amounts. At higher temperatures the U-nitro
isomer becomes the major product. A plot of the logarithm
of the isomar ratio versus /T gives o reasonabls strai_ht

L

line (Figure(ii)), from the slope of which an activation
= I

% +
energy difference AE) - azg = 5.09+0. 34 Kcals/mole can be
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/s e o\ o P o
(iii;, meta-xylane
T-2bie (3) sheus the variciion rith temp. of the isc-

mer Jdistribution ana rziative nitration rate for m-xylene.
. . P °o

Inly two isomers werc ZJetacted In the temp. ranige 25-700 C.

“rom = plot of the logarithm of the lsomer ratio ascinst

1/7, (Fi;ura(iv)), 2n a2ctivation sner_y Jiffercncce DE

+0. "€ Keals/mole can be evaluated. There are larg

©
differcnce is small. Zhe isomer ratio at 25 C i1s evalusted
as: lMenitro-m-xylene]
= 7.93+0.33

"2-nitro-m-xylene]

from which the isomer proportions are:

A4-nitro-m-xylene = 88.8+3.7
4 . . P —
42-nitro-m-xylene = '1.2+0.5

A corresponding plot of the logarithm of the relative

rate azainst 1/7 zives a straight line (Figure(v)), from

which the relative rate at 25 C is evaluated as 399+43.
Tha partial rate factors of the 4 and 2 pusitlions in m-xy-

lene may be calculated as 1063+135 and 268+34 respsctively.

(iv) Maphthalene

Table (4) shows the variation with temp. of the iso-

mer distribution and the relative nitration rate for naph-

thalene. The preicminance of the "-nitro isomer is largely
3 21 . . * -1* } [R1AY
dus to the lower activation ﬁnpr’srA - AL, = -(.Lko+r0.28)

Kcals/mole. The difference in the entropy of activation,
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* +
a5, ~ A52 = O.C‘ip.‘S e.u., but the substantial error does

not justify eny riorous conclusions. These values 2re

o
&
1

1. .

tained from the nlot of th2 lozarithms of ths isomer vetios

P

versus 1/7, (Fizurs(vi)), from +hich the isomer ratio at

[
25 C is obtuined as:

[*-nitro-naphthalene]

il
(B
N
»
(92

§

2-nitro-naphthalene]

«

siving the lsomer percantage

4 -nitro-naphthalene = 94.9+3."
Z2-nitro-naphthalene = 5.1+0.2

-

The results are in ood agr2ement with chos previously

ani Strei

5

reportsd by Alcorn and lell

ﬁ
=,
@]
[#)]
[6)
H

(at 25

)

and Fahey(50, ?Oolb)]39. From the plot of the logarithm
of the relative nitration rate versus 1/T, (Fizure(vii)
the relative rate at 25 C is obtained as 149415, and from
the above isomer distribution, partial rate factors of

'2+22 and 1°.4+7.2 may be calculated for the 1 and 2 pos-
itions respectivealy.

z

(v) 2, b-dimethylnaphthalene

In the nitration of 2,5-dimethy1naphthalene, 211 of
the 3 possible isomers -iere obtained, and Table (5) shous
the variation of the isomer distribubtion wwith temp. From

plots of the lozarithms of the isomer ratios versus 1/T,

(Figures (viii) anda (ix)), activation eneryy Jdifferences
AEb_ AE, = 0.8310.00 Keals/mole and AE;- AE) = 2.92+40.4C
i ' - T -

Kcals/mole can be evaluated. Tho correspondin entropy
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121zn:z ond 2-m2thylnaphthalene ot 25 C save = relative

BN

o 3

rrte ratio of €.040.3. Tha cempatitive nitratlicen betirzen

Zomzthylnophthelzns onl naeohtholone reproduces, within

2. arinenoLnl arror, the results of Alcorn cnd Ylells. Using
- 3{*

their results, ~anl the ilsomer distributicns in Ta2ble 5,

thze partial rate foctors for 2, 6-dimethylnaphthalane, rel-

ztive tc nadhthalenz, ware ovaluated as L30+148, 148477,

and 100. "+35.56 for the 1, 3 and 4 positions respectively.
X >

)

on of the abova rssulits rill

=h

is ©

ct

ve siven In a latzar chapter, but 1

©
-
o,
[§Y]
ct
V)

parzs them cualitatively with other expasrim=nta
Fizurzs 1 shows a plot of the relative reactivities
in nitration at 25 C, as looorithms, asainst the logarithms
of the relative =2quilibrium constants for protonation in
H¥, Tho nitration date for Lciuens and the moncmethylnaph-
rem referenc2s(137) and (733), whils

~

the equilibrium constants are fro eference(57). The ras-

=3
)

uits are fairly xood, the sraph bein a straizht line

throuzh the origin. A rezclivity cconstant o and reaction

<« -



@
Q

o
Q

log relative k(basicity)

40

2.01

1.0

20

Figure 1.
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log relative k(nitration)
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el

where the standard electrophilic substitution!ﬁ* is unity,
for the protonation reaction. From Figure 1,/0* for nitr-
atlon in nitric/acetic acid media at 25°C is evaluated as

0.48. From published data for the methylbenzenes for pro-

)i
todedeuteration in CF3CDDH-H280u—CClu media1loand chlorin-

149 =

ation in acetic acid, ' can be calculated as 0.83 and
1.33 respectively. This indicates the much lower selectivity
of the electrophile in nitration in acetic/nitric acid media
compared with the other reactions.

The partial rate factors for the xylenes, naphthalene

and 2, 6-dimethylnaphthalene are shown in Figure 2 with pre-

137

viously published data for toluene and the monomethyl-

naphthalenes.'3800mparab1e studies have been reported for

protonation equilibria in HF,57’1uoinvolving particular

141, 142,

sites in a molecule, and protodetritiation in tri-~

o
fluoroacetic acid media at 70. Figure 3 shows a plot of

log k (partial rate factor for nitration) versus log rela-

tive K (equilibrium protonaticn). The graph 1s a good

——— H -_— . Lo g &

R

straight line and suggests that there should be a reason-
able correlation between the log k’s and localisation en-
ergies. The corresponding plot of partial rate factors for
nitration and protodetritiation is shown in Figure 4. Here
there is a considerable spread, with the 2-position in m-
xylene and the Y4-position in o-xylene showing the greatest

deviation from a linear correlation. For the former there
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is a steric effect, and the anomalous behaviour of the lat-
fter in nitration, is also shown to a lesser extent in pro-
todetritiation.

At present there are no partial rate factor data to
compare with the results for the nitration of 2,6-dimethyl-
naphthalene, but it 1is of interest to compare the rate en-
hancement produced in one ring by methyl substitution in
the other. Thus, for 2-methylnaphthalene, the rate enhance-
ment at the 5 and 8 positions with respect to naphthalene
is 7.7 and 16.5 respectively. For 2,6-dimethylnaphthalene
with respect to 2-methylnaphthalene, the corresponding fig-
ures are 5.89 and 11.25 respectively. The rate enhancement
at the 3 position is 23.8, but there are no figures avail-

able for the corresponding 7 position in 2-methylnaphthalene.

Key for Figures 1, 3 and 4.

1 Toluene a Toluene-2-position

2 o-xylene b Toluene-U4-position

3 m=xylene ¢ o-xylene-3-position

4 p-xylene d o-xylene-4-position

5 Naphthalene e m-xylene-2-position

6 1-Me-naphthalene f m-xylene-U4-position

7 2-Me-naphthalene g p-xylene-2-position

h Naphthalene-1-position i naphthalene-2-position

J 1-Me-naphthalene-U4-position k 1-Me-naphthalene-5-position

l_l

2-Me-naphthalene-1-position m 2-Me-naphthalene-3-position
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5. Experimental

Materials

Nitric Acid

Nitric acid (10 ml.,d=1.51) was mixed with sulphuric
acid (10 ml, d=1.84) and distilled (room temperature, 0.001
mm) into a liquid air cooled flask containing sulphuric ac-
id (5 ml, d=1.84). Nitric acid was distilled from this rec-
eiver (room temperature, 0.001 mm) into a liquid air cooled
flask containing glacial acetic acid (1 ml), until 0.63 g
had been transferred. The colourless solution of nitric acid
in acetic acid thus obtained was allowed to melt and imm-
edlately added to the solution to be nitrated.

Acetic acid and Benzene

British Drug Houses ANALAR acetic acid and benzene
were used without further purification.

o-Xylene, m-xylene and p-xXxylene were dried before use
with phosphorus pentoxide, and distilled. (They were shown
to be pure by gas chromatography. )

Maphthalene, m.p. 80.5-81.0, 2-methylnaphthalene, m.p.
31.5: and 2, 6-dimethylnaphthalene, m.p. 110-1112(pure, gas

chromatography) were used without further purification.

Analytical Nitrations

The nitrations were conducted in a thermostat con-
trolled by a Jumo contact thermometer with temperature con-
o]
trol +0.01. The reaction mixtures were stirred ca. 1200 rpm

and the amounts of substrate (o-, m-, p-xylene or naphthalene
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alone or with benzene; 2, 6~dimethylnaphthalene alone or
with 2-methylnaphthalene) were each 0.01 mole. The sub-
strates were dissolved in acetic acid (25 ml) and allowed
to equilibrate at the required temperature before treating
with a solution of nitric acid (0.63 g, 0.01 mole) in acet-
ic acid (1 ml), prepared as above. The reaction mixture was
left until colouration (yellow, orange or red, depending on
substrate) showed that some nitration had occurred. In
competitive nitrations less than 5% reaction was allowed
to take place, so that partial rate factor calculations
would be valid.

Preparation of Samples for Analysis

The reaction mixtures were guenched by pouring into
ice-water (200 ml) with stirring. The suspensions were
neutralised with sodium carbonate before extraction with
ether (4x100 ml). The ether extracts were washed with water
(2x100 ml) and these washings were extracted with ether
(50 ml). The combined ether extracts were dried (MgSDu),

£ 4 —~ -
X eSS, ail

RS

the maghesliuin sulpnate residue washed with

cu

€
ether (30ml). The total ether solutions were distilled,
and the cooled residual oil dissolved in a small amount
of chloroform.

This procedure was checked with standard solutions of
reaction products. Within the limits of experimental error
of the pas chromatographic analyses, the compositions be-

fore and after extraction were the same.



Preparative Reactions

Preparative nitrations were carried out on each hy-
drocarbon using the same experimental procedure as above.
A larser amount of substrate was used, with the tempera-
ture maintained at 100 for Lhr.

Gas Chromatography

All analyses were made with a single column Pye 104
sas chromatograph fitted with a flame ilonisation detector.
This was coupled to a Honeywell-Brown recorder (-1 to +10
mV) fitted with a Kent Chromalog integrator.

The columns employed for the analyses were:

a) 5/ neo-pentylglycol adipate on Celite (90-100 mesh),

5 feet by 1/16 in. i.d.

b) 1021nethyl silicone rubber gum on Celite (90-100 mesh),
10 feet by 1/16 in. i.d.

Nitrogen was used as carrier gas at a flow-rate of
60 ml/min.

The detector was calibrated for all the products of
the reactions studied except 3-nitro-2,6-dimethylnaphtha-
lene, and the minor isomers of nitrated 2-methylnaphtha-
lene. For all the nitro isomers tested, the weight resp-
onces were identical, for each particular hydrocarbon, to
within 1%, and linear over the range 0.1-10 41 sample in-
jected. Results for the compounds not tested are therefore
gucted with confidence. Peak areas, measured with the in-

tegrator or from the recorder trace with a planimeter,
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were multiplied by the appropriate correction factor for

molecular weight differences and the difference in res-
ponse for nitro isomers of different hydrocarbons. Isomer
distributions were recorded as product ratios and the stan-
dard deviations estimated from a minimum of three analyses.
These figures were then converted into Napierian logarithms
for the Arrhenius plots, as in tables 1-5.

Identification of Products from Analytical Reactions

p-Xylene was mono-nitrated by the method of Kobe and
143

Levin. “The nitro-p-xylene formed was distilled at 150G
(45 mm) using a 12 in. Vigreux column with a hipgh reflux
ratio. The glc retention time and infra red spectrum of
this sample were identical to those of the product from
the preparative nitration of p-xylene, carried out under
the conditions of the analytical runs. The infra red spec-
trum showed an intense absorption at 1351 cm—1, character-
istic of the symmetrical stretching absorption frequency

1
of the nitro group in nit1"o—p-xy1ene.“H

From the preparative nitration of o-xylene, two prod-
ucts were separated on a Pye 105 preparative scale zas
chromatograph, using a 30 ft£.x1/8 in. i.d. column packed
with 25} Apiezon L on Celite (60-72 mesh) at 200. Of these,
3—nitro—o-xy1ene was identified by its infra red spectrum
and glc retention time, which were identical to those of

an authentic sample. Careful recrystallisation of the sec-
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ond product from absolute ethanol save yellow needles,m.p.
26-28. (L-nitro-o-xylene, m.p.27.6—28.7°1u5)(Found: C,63.7;
H, 6.0%)

H,6.2. Calc. for CgH C,63.5 )

\so

9NDe:

Nitro-m-xylenes

Two products from the preparative nitration of m-xy-
lene were separated on the Pye 105 gas chromatograph.
These were identified as 2-nitro and 4-nitro-m-xylenes by
comparison of thelr infra red spectra and glc retention
times with those of authentic samples.

Nitronaphthalenes

Two products from the preparative nitration of naph-
thalene were separated on the Pye 105 gas chromatograph
(254 Methyl silicone rubber gum on Celite(60-72 mesh), 30
£t.x1/8 in. i.d.) at 250. Of these, 1-nitronaphthalene was
characterised by comparison of its infra red spectrum, glc
retention time, and m.p.(57-58" ), with those of an authen-
tic sample. The second product, after reaystallisation
from ethanol, gave yellow needles, m.p. 77-78?(1it:1462-
nitronaphthalene, m.p. 77.5-78.2°)(Found: C,69.2; H,4.0;
Calc. for G, H,NO,: C,69.33 H,4.1%).
Nitro-2-methylnaphthalenes

2-Methynaphthalene (7.1 g) was niltrated by the method
of IMierz-David and Mannhart147- The 1-nitro-2-methylnaph-
th-~lene obtained (6.2 ) crystallised from ethanol as or-
ange needles, m.p. 80-82?(1it: 80-81°) The product from

the preparative nitration of 2-methylnaphthalene, carried
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out under the conditions of the analytical runs, was elu-
ted down an 18x3/L4 in. i.d. column packed with alumina
(Camag, Brockmann activity 1), using carbon tetrachloride
as eluent. One fraction was obtained pure with the same
4le retention time and infra red spectrum as the authentic
sample of 1-nitro-2-methylnaphthalene, prepared as above.
The peak areas for the other isomers agreed, within exper-
imental error, with the isomer proportions published by
Alcorn and Wellsj38(a1though these peaks were not charac-
terised) In the competitive nitration between 2-methyl
and 2, 6-dimethyl-naphthalenes, the glec peak for 1-nitro-2-
methylnaphthalene was identified, and the proportions of
the other isomers were interpolated from the data of Al-

corn and Wells.

Nitro-2, 6-dimethylnaphthalenes

The product from the preparative scale nitration of
2, 6-dimethylnaphthalene was eluted down an 18x3/4 in. col-
umn packed with alumina (Camag, Brockmann activity 1), us-

ng petroleum ether (b.p. #0-60). Two fractions were ob-

I_l

talned, which were purified further by thin-layer chroma-
tography using Kieselgel as stationary phase and cyclo-

hexane as eluent. After crystallisation from ethanol, the
two fractions had m.p.’s 66.0-66.5 and 78-79. (1it: 1-nitro-
2,6-dimethy1naphtha1ene,68°748, Lonitro-2, 6-dimethylnaph-
thalene, 8&-850149) Glc analysis of the fraction with m.p.

66-66. 5 showed ca. 1% of a second isomer, which had been



det=zcted in th2 analytical runs. It sesmed rsasonabls tc

9]

assicn this as 3-nitro-2,56-dimethylnaphthalene, althoush
all attempts to separate it failed. The identities of the
other two isomers were established unambiguously by means

of their n.m.r. srectra.

2,6-Dimethyl-1-nitronaphthalene

Spectrum (a) shows the low fizld aromatic region of
the n.m.r. spectrum of 2,6-dimethyl-1-nitronaphthalene(in
carbon tetrachloride), with a sweep width of 250Hz at 109
MHz. The methyl -~roups (not shown) form a doublet at 17.72

7?

. . D . 173 ;
and 7.68ppm., in agreement with Wells ~“who observed a

docublzt with spacinz 0.04pom. Protons 3 and 4 form zn AB

quartst (pesaks 1,2,9 and 11). Usinz the INDOR double reson-
ance technique, the following assignment was made.wz’174
Peaks Proton Peaks Proton
1
- 3 7 } 5
2
° 1
3 &
10 1
4
- 7
5 9
L
6 11

2, 6-Dimethyl-4-nitronarhthalens

Spectrum(b) shows the low field aromatic resion of
2, 6-dimethyl-4-nitronaphthalene( in carbon tetrachloride),

with a sweep width of 250Hz. The methyl zroups( not shown)






(b)




- 1 e ~ PR 1 Fal r
form = sinzlet at T 7.50. From the data of 'lells 73'or' the

2ffect ¢f 2 nitre »rour cn the chemical shift of a methyl

=h
ct
o)
(]

sroup, it is fcund that the predicted srlitting o

rmethyl pe=ke in 2, €-dimethyl-4-nitrconanhthalene is 0.02prmn,

172

technique, ths followin_: assisnment as made.

Peaks Proton Pealks Protcn
1T 7 7T } 1(or 3)
2

= J
w

@]

=
~—

7
J

- 2 10 F 5

(@)Y

The INDOR experiments show that spectrum(a) contains

an AB and an ABC systom. The AB couplin: constant is &.12/s,
1 73 ‘T'l‘n t

3
D
s
ct
(@)
Pt
9]
J
[
[e]
o
g
—~
[u]
o)
4]
1
o
,_l
o
H
(e}
!
n

-dimethylnaphthalsne is
-T-= 0.43 ppm) The IUDOR sxperiments show
that spectrum(b
Tha AB couplinz constant is 1.6c¢/s, characteristic of a
1-3 ccurlinz constant, zc that the assi-nment of spectrum
(b) as U-nitro-2,6-dimethylnaphthalene is unambizuous.
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Models for a Theoretical Treatment of Substituent Effects

Any theory cf substituent effects should encompass
a theoretical interprstation of as many experimentally ob-
servable quantities as possible. Thus it might be possible
to explain:

) Freocuency shifts and changes in intensity of elec-

Q

tronic transitions of aromatic compounds on substitution.
b) hanzes in orbital enerzies as evidenced by lcocnisa-

t

o

on potentials.
c) Chan~es in charge distribution es evidenced by chan-

1

2
1JC and H chemical shifts.

d) Relative reactivibties of substituted aromatic comp-

ly concerned with thes effect of methyl substituents. Craiz
and Dog;ettg have shown that intensity changes in the el-
ectronic spectrum of benzene, on methyl-substitution, can
e accounted for by assuminz that the methyl group has an
inductive werturbation only. However, Murrell et al.3 have

2 . . s
shom, from Petruskoa s analysis of experimental results,

651

within the framework of the localised orbital model, that

a methyl sroup exerts a mesomeric and an inductive effect.
The influence of a methyl zroup on reactivities has

69,71,75

been treated by inductive and mesomeric models.

[y
Clark and Emsley” made calculations on substituted
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banzenss, within the framework of the PPP SCF MO msthod,
treating the effect of the substituent as:
i)  purely mesomeric

ii) mesomeric + e-inductive

'_l-

|

-
o

mesomeric + o and pil-inductive
The energiss and intensities of the lowest singlet-

s3inzglet transitions calculatcd by methods i) and iii) shows

similar agreement with experimental results, but only the
combined inductive-mesomeric model(iii) save zcod agree-
ment with 1H and 13C chemical shifts. The Adistribution of

the pi-els

(¢}

trons in a substituted benzenz is usually more

s2ansitive to the method of calculation than the relative

if the inductive effect was necglected.

In this thesis, mecthyl-gsubstituted benzenes have been
investigated using a) a pure mesomeric, and b) an induc-
tive-mesomeric model. Tn addition, toluene has been stu-
died using a pure inductive model.

Usins a), the frequency shifts and intensity changes
of the 2600, 2050 and 1850K bands of bhenzene, on methyl-
substitution, showed azreement with experimental data on
a par with the results obtained usingz b). However, the
czalculated changes in lonisation potential, on methyl-
substitution, usins the mesomeric model, were considerably

lower than the experimantal data. Much better agreement



tion is =~iven, and the ratio A fy/

-1"1-
wss obtained usin~ the inductivz-mescmeric model.
Usin~ the pure inductive model for toluene, all the
above properties wers considerably underestimated.
A1l of these results demonstrate that the best model,
for both -round and excited statcs, is one combiningz induc-

tive and mesomeric effzcts.

Results

1) Freqguency Shifts and Intensity Chanves of Electronic

Transitions of Aromatic Compounds on Methyl Substitution.

Table 1 =zives the calculated and observed frequency

i

shif'ts of the benzene sinzlet-sin

o

n;let transitions, on meth-

v1 subst:

B
C
o
=
QO
=
-]
5]
3
Q
()
[0]
]
0
)
]
(0]
n
[¢]
[w R

for the caleculations:
a) pure mesomeric
b) inductive-mesomeric,

. L)

In addition, a pure inductive model{c) was used

-5

ol-

ct

or
uene. The e=xperimental data were taken from ref.2i

It can be s=zen that a pure inductive model is inade-
quatz, while the mesomeric and inductive-mesomeric models
ive similar asreement.

In table 2, calculatad and observed oscillator stren-
ths(f) are listed. Oscill-tor stren~ths teni to be overest-
imated by MO theory, nossibly duz to ths zero-coverlan apn-
roximation. In ordar to ‘'ive a clcarer nicture of the eff-

22t of substituents, the change in f on methyl-substitu-

Toluene’
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n3s of
Moo NS

o 3}
Freocuency Shifts of tha 26004, 20508 and 18504 Bar

Benzene on Methyl Substibution.

=1

Position : Preqguency Shifts(em™ ')
of ! TR T T T A —
- 26008 ! 20504 o
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Table 2

Chan~es in Oscillator Strencths of the 2600. 2050 and 8502
Bands on Methyl Substitution.
! 1 | | 1
Position | % fy~TRenzene(cdlce ) (obs.)i fXAAf luens |
Mezﬁyl !Model % C o ! o ! - %
Groups | { 26004; 20504 . 1850A | 2600A | calc. obs. |
% % il z U
; %10 i x10 %
1 L c 29 0 | -0.001 1
' a 66 . 0.059 . -0.006 1 !
b 186 | 0.070 ; -0.017 | 10 1 1
| 1,2 i a &7 | 0.052 §+o.029 i 1.31 1.1 i
% b 218 % 0.065 " ~0.005 | 11 ! 1.33 |
1,3 | a 52 | 0.034 | +0.053 | 0.93 2
b 179 1 0.031 § +0.033 12 0.95
1,4 a 233 | 0.156 | -0.025 3.52 3.4
b i €11 | 0.16k | ~0.031 1} 3.28
1,3,5 a 0 0 | +0.026 i 0 0
b O 0 +0.016 i 0 0 !
| |
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ted azainst calculated frequency shifts for the benzene

(24
2600, 2050 and 1850A bands, on methyl-substitution, usin-~
an inductive-mesomeric model. (The numbering system is as

Q J_

in T 8). In each case there

—
)

1 s a 3z0od lincar correlation.

A
()
e

isura(iv

g

S

shows obsesrvad z:fxﬁof values nlotted ag-

Toluene
ainst the calculated values, usinz the mesomeric and the
inductive-mesomeric models. A similar linear correspon-
dence 1is obtain=d in each case.

Table 3 showis the calculated wavelengths and oscill-
ator strensths of the first thres singlet-singlet trans-
itions of the benzenium cation, on methyl-substitution,
usin: an inductive-mesomeric model.

From the electronic spectra of henzene, toluene and

e . 168,, ,
mesitylene in HE/BF3 solutions, the wavelenpths of the
first band for the benzenium, toluene-4 and mesitylene

o
cations are obtained as 200, 4070 and 3850A, respective-

(S B Rl Sl e S

are respectively -130 and —3503, in contrast to the calc-
ulated values of -175 and +247K, respectively. The shift

of the toluene cation is successfully predicted while the
calculated shift for the mesitylene cation is at variance

with the observed value. From the results of Dallinga et
~

169
al. the wavelengths of the first two absorption bands of
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spectra calculated for a number of methyl-subs

tuted benzenium ions; wavelengths in A; oscillator strenzths
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hetween brackets.
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masitylans in HF/BFB arz 3550 ans 2560A. These absolute
valuz2s show rsascnable asrecement with the calculated val-
uzs, but usin: their nuotzd valuas for the benzenium cat-
ion of 3700 and ZGOOZ for the first two bands, a hypso-
chromic zshift is asain observed as opposed to the calcul-
ated bathochromic shift.

There is a considerabhls difference betiwesn the wave-

o . 168 ,
ntths obtained from Rsid’s paper and those obtained
169 . .
“There is no other data av-

O}

1
from that of Dzllinza et al.
allable at present, so that it is not possible to reach

any real conclusions as to the validity of these calculated

2. Changes in Charre Distributions as Evidenced by Chanzes

in 13C and 1

H Chemical Shifts.

13C

. _ 1
There 1s a close corresnondence between and H

resonances observed at the para position of monosubstitu-

bt

ted benzenes, where the primary contribution to the rela-
tive shifts arises from the inductive and mesomeric eff-
ects of the substituent. In the para position therefore,
vhere maznetic anisotropy effects are at a minimum, a corr-

elation is exmected between the pi-electron density and

171 Sug

chemical shifts. a correlation cannot bhe expected

in pclysubstituted bhenzenes, becauses all positions will be

)

affected by maznetic anisotropy and other interfering eff-
ects which do not depend on the pi-electron distribution

[
However, the results of Clark and Emsley) show that in
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monosubstituied benzenes, wcod a~rzemant can be obtzined

1 1
betvicen 3C and H chemicol shifts at the pera pos

tio

A
o

S

(relative to the shift in benzene) and the corresponding
glectron density chuanze, calculated using an inductive-
mesomeric model
‘‘he char:s density distributions for methyl-substi-
tuted benzenes and navhthalenes, and their cations, are
Civen in Tables 5, 6 and 7.

3. Chan—es in Tonisation Potential of Aromatic Compouncs

on Methyl-Substitution.

Table 4 shows the calculated and observed ionisation
potentials of a serilies of aromatic compounds, with the
chanze in ionisation potential calculated relative to ben-
zene. The observed lonisation notentials are taken from
ref. 170.

It can be seen that a pure inductive or mesomeric mod-
el considerably over-estimates the ionisation potential
winile the iInductive-mesomeric model brings the calculated
values much nearer to the experimental data. Azain, the
theoretical models ive overestimated values, so that a
better compariscn can be made using chanzes in ionisation
potential relntive to benzen=. Ths correlation between the-

ory and experiment is very ~o0od, considerin- the apnrox-

3]
<t

imations involved, althoush the ionisation potential of

mesitylene is considerably cverestimated.
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Table 4

Chan~es in Tonization Potontial of Arcmatic Cormcounds on

Methvl Substitution

!

I,.~I.
. Y “Benzenec
Comwound { lModel -

Tonisation Potentials

calc.(eV) obs. (eV) calc. cbs.

Benzens Q. 783 g. 245 0 O
Toluene c 3. 648 . | 0.135
i
2 9. 554 0.229

o-Xylene a 9,414 ; 0.369

b 9. 167 £.555  : 0.616 | 0.080
m-Xylene a 9. 430 é 0.353

D 9.209 8.56 % 0.574 | 0.5685
p-Xylene a Q. 345 é 0.438

b 9.063 8. 445 % 0.720 | 0.800
mesitylene a 9.320 | 0.463

b 9.14 8.27 0.642 | 0.975
naphthalene b 8.914 8.12 0.86g9 | 1.125
1~Methyl-~
naphthalene b &.700 7.96 1.083 1.285
2-Methyl-
naphthalene D 8.775 7.95 1. 008 1.295
2, 6dimethyl
naphthalene b 8.619 1.1564
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Table 5

Ground State pi-Electron Density Distributions.

N

luctive-Mesomeric Model)

p

(In:
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h)

@y

(@]
p)
=
(0]
—
=
o)

Me

O
C

0
o)
Co
Co

1.9712 1.9712
1.9689 1.96E9
1.9704  1.9704

1.9690 1.96S0 1.9690

L0000 1.0000
L0284 0.9048 1.9672

.993L4 1.0132

o)
o
o
(o}

0065 1.0065 1.9692 1.9692




-155-

L0390

€6e2L-0

62LL0
L3LL0
0gEL 0
2896 "0
1.2l 0
1296 °0
G000

27960

7QLL 0
tele 0
66630
23490
LLOL*O

L16L°0

WA

LLGL O 6663

G660l 1699

L9€6 0 E2lo

€LOLO nwiné-

K666 0 GORQ

209L°0 1206

90040

uoLaeo sUeTAITSOR
UcT420-g-susTAy-~-d
UOTARO-G-aUSTTAY ~ill
UOTJeo-y-2uaTly-w
UOT380~g-aUuaTAY -l

UOT3BO-j~2US T ~0C

uot1eo-C-suUsTLAY -0

UOLABO-{;-2UanToy,
UCT 4eo-§-auantoy,

UOTABO-g-8Uusnioy],

[(}]

UOT QRO SUuazusg

[}

S

mn\

punodion

susZUCg psand

SR

28QNS-TAULS JO SUOTANOTINST(] AQLSUS( UOJI309TH-T

99e1g-pUNCJIn euyj,







Q

e

=

Q2
Q
@]
5

18]
~—

..
—
ey
[

Co

O
Wm
Ul

D
jo)
C

\

oo
(o
Mn -

0
\n
\n
-3

C

O

o
oD

C

(@]
ON

(O]

CcC C

C

0.9670 ©.9457 1.0427 1.9108

C
o

c Cc C
C C

c C C cC
C

c C

C

L9855 0.8594 1.0038 1.9297
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.6893  1.0279 0.9353 1.9578

L9879 0.8651 1.0129 1.9361
6667 1.001% 0.8719 1.9550

0.9147  1.cke2 19407
951 0.9618 1.0371 1.9118 1.9587
9827 0.8670 0.99% 1.9306 1.9568
8919 1.0393 0.9157 1.9565 1.9415
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L. A Comparison betiezn Calculated Chaniies in Localisation

Tner~iess and Relative Reactivities of Substituted

Aromatic Hydrocarbons.

The above results show that for -jround or excited

state nronerties, the best zzreement betueen observed and
calculated results is obtained using an inductive-mesomeric
modol. This was therefore used U alculate catlon local-

isation enerzies. In chawnter 3, ec.5, it was shown that
the lozarithm of the relative reaction rate is pronorticnal
to the difference of the pi-enesrgy chanzes betueen the
reactants and the transition states. With the assumption
that the transition state can be represented as a %Wheland

intermediats, this difference 1n ni-enerzy chanses is nprop-

crtional to the difference of the cation logcalisation ener-

I_J.

~ies. In Table @, the cation localisation energies(l)Evb),

and the difference of the calion localisation enserzies of
)

o

various hydrocarbons and of henzene( AEﬁb - DE ), are
Tiven.

Usin~ the partial rate factors for these hydrocarbons,
measured 25 described in chapter 5, ~raphs were drawn of
carithms of the partial rate factors versus L\AE.,,.b.

(Fizures 1-7: the hydrocarbons and cations are labellead

Fimure 1 shows the nlot for methyl-substituted ben-
zenes. Thers is a very reasonable correlation, with the

m-xylene-2-nosition showing the greatest deviation. This



D]
[0
~

>f th2 Caticns of Methy

1

and Tlaphthalene Compounds.
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I mi-Bondin ni-BEondinw g
Comsound ' ener;v{eV)  Cationi enerzy(eV) &3 FL'-H"D" “mh
h i ) i ' H
I : i '
| : e :
i t i i
. ] ! ! ; i
2-Mathyl i B 1 |
naphthalene(7) | -156.823 : 1(o) | -135.777 :21.047 ] -1.465
i 3(p) ! -135.150 |21.673; -0.839
! :
| 4(q) | -135.141 |21.682 | -0.830
! L 5(r) | -135.19 ;21.633 | -0.879
| i .
6(s) | -135.167 :21.656 ! -0.855
7 -13L, 860 1 21.960 | -0.552
{
8(¢) | -135.445 | 21.378 | -1.134
2, 6-Dimethyl B
naphthalene(9) -192. 887 i(u) | -171.969 [20.918 1 -1.594
3(v) [ -171.351 |21.536 | -0.975
Giw) { -171.588 [21.299| -1.213
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i3 2xnectad o shovu Jdo2viation because of steric hindrance.
If the methylbenzenss and methylnaphthalenes are pnlotted

ct

on one _rarh with partial rate factors and.AAE"b values
relative to henzene, there is no linear correlation for

the results as a whole. It appears more reasonable to con-
sider th2 reactivities of substituted naphthalenes rela-
tive to naphthalena. Fijures 2 and 3 show the raphs for
substitution at o and/3 pogsitions respectively. In each
case there 1is a considerable swnread of results, but there
is some linear correlation. Firures U7 show the nlots for
nositions adjacent and non-adjacent to methyl sroups on
separate zramhs. In 2ach case the deviations from linearity

o+ £
racve 1ac-

=

arz considarable, but the crrors in the partial :

tors are of a similar order. Thus it is reasonable to con-

ct

clude from thsse results that 3SCF

..‘5

thecry can be success-

fully applisd to the

(0

calculation of reactivities of sub-

stituted hydrocarboens.
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Tha Prenaration of 6H-Substituted 2-Methylnanhthalenes.
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Discussion of Experimental Work

The following reaction scheme was used to-prenare &

series of H6-substituted 2-methylnaphthalenas:

4 PCCl,

room | AcCl ‘2i\<s ) C1y
v

temp | A1C)

-COCH

3 via Me =alt
, VCE, 300°

r/\\/\/ iie

Bucherer

Ve J Reaction
AC,‘,V —— l

NHﬁc

N e

-

oﬁ}Q§>//L\\44J | 459\\7//Q§ﬂ/,ue
TMezSOA P N | P

X is ¥,C1,br,I,iC

-~
o
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2-Methylnaphthalene was converted, in more than QOZ
yield, to 2-methylnaphthalene-6-sodium sulphonate by the
157

method of Dziewonski et al.; thourh yields were improved
by reducing the reaction time from 6 to 3 hr. At 95—100,
the 6-isomer is formed almost guantitatively, but at 4o°
the 8-sulphonic acid and at 160°the T-sulphonic acid are
the major products.158

2-Methylnaphthalene-6-sodium sulphonate was converted
in high yield to 2-hydroxy-b6-methylnaphthalene, by fusion
with KOH at 280-300" '2/This was converted in near quanti-
tative yields to 2-methoxy and 2-acetoxy 6-methylnaphthal-
enes, by shaking alkaline solutions with dimethyl sulphagg7
and acetic anhydride, respectively.

The Bucherer reaction was used to convert 2-hydroxy-
6-methylnaphthalene in 80{ yield to 2-amino-6-methylnaph-
thalene. The method used wag cssentially that of Dziewonski

et al., but a Carius tube was used in preference to an

autoclave.

L)

] r 159 .
In 1967, Seeboth proposed that the Bucherer reac-
ftion proceeds via the intermediate formation of tetralone

and tetralonimine sulphonic acids according to the follovi-

ing simplified scheme:

|_/ P NaHS )/j/ ‘I—_I“i”
—NaHSD H.O
3 2

X NF

SD Na

Me’
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NH
-NaHoD3 I
NﬂH503

A similar mechanism will apply, using ammonium sulphite

Me

SD3Na

and aguecus ammonia.

2-Amino-6-methylnaphthalene was converted to 2-acet-
amido-6-methylnaphthalene by shaking with a mixture of
olacial acetic acid and acetic anhydr'ide.157

When a diazonium salt solution is run into a solution
of a cuprous halide dissolved in the corresponding halogen
acid, the diazonium sroup is replaced by a halogen atom.
This, the Sandmeyer reaction, was used to prepare 2-chloro
and ?-bromo 6-methylnaphthalenes. The mechanism of the P
Sandmeyer reacticn has been investigated by Hodgson et al.o
and by Cowdrey and Davies,161who sugzested a slow coordin-
ation between Ar'N2+ and CuClE_ to form the complex ArN,.

CU.Cl2 from which an aryl radical is generatced:

Ar-N N...Cl1-Cu-Cl —— Ar’ + N  + CuCl2
slow =
followed by displacement of a chlorine atom from CuCl2:

Ar® + Cl-Cu-Cl —> Ar-Ci + CuCl
fast

2-Iodo-b-methylnaphthalene was prepared by a nucleo-
philic displacement of N, by I”.

2-Fluoro-6-methylnaphthalene was obtained in high
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162 )
yield by a Balz~-Schilemann reactiocn involving decomposi-
tlion of the diazonium tetrafluoroborate by gentle heating
in an inert atmosphere. There is little experimental evi-
dence to shed 1lizht on the mechanism of the decomposition,
thoush Hodgson et al.lGosuggested an intramolecular dis-
placement reaction.

The preparation of 2-methyl-G-nitronaphthalenc was
rather unsuccessful. The decompositions of the diazonium
cobaltinitrite and tetrafluorcborate were attempted accor-
ding to the methods of Hndgson and Mars n163ana Star ey}
respectively, but the hizhest yield obtained was ca. 57.

Diazonium nitrites decompose in nitrous acid solution
to form nitro-compounds, the mechanism appearing to be at-
tack of the carbon atom, to which the diazonium group is
attached, by anionoid nitrogen of the nitrous acid molecuie

The mechanism of the decomposition of diazonium cobalti-

nitrites and tetraflucroborates wiould be expected to b=a

C‘\
[OY;

similar, w1+h nucleophilic attack by the nitrite ion.

2=Methylnaphthalene-6-sulphonyl chloride was prepared

1
by the method of Marrian and Evans,65 by heating 2-methyl-

naphthalene-6-socdium sulphonate with vhosphorus oxychlor-
ide at 1007

2Ar50,0Na + PDCl3 > 2Ar80201 + NaPO, + NaCl

3

2-Methylnaphthalene was acylated by the method of Kon

P

166 .
and Weller to give l-acetyl-7-methylnaphthalene and 2-
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acetyl-6-methylnaphthalenc in about egual amounts.The is-
omers were separated via thelr semi-carbazones, the der-
ivative of 2-acetyl-6-methylnaphthalene being much less
soluble in aqueous ethanol than that of 1-acetyl-7-methyl-

naphthalene.

Experimental

2-Methylnaphthalene-6-Sulphonic Acid

Sulphuric acid (45 ml, S.G.1.84) was added dropwise to
molten 2-methylnaphthalene, (60 =) stirring at 100 The mix-
ture was stirred at TOOafor 3 hr. and then poured into cold
water (200 ml). Potassium carbonate (20 z) was added, and
the sclution saturated at its boiling polint with sodium
chloride. On cooling the solution, the 6-sulphonic acid
crystallised as its sodium salt, leaving the unwanted is-
omers in solution. One crystallisation of the crude sod-
fum salt (89 z, 86%) from sodium chloride solution (10%

w/v) save 2-methylnaphthalene-6-sodium sulphonate as white

o

)
'_J

alkkes; m.p.> 360.

"3

2-Hydroxy-6-Methylnaphthalene

2-Methylnaphthalene-6-sodium sulphonate, (82 ) prep-
ared as above and dried at 130? was mixed to a paste with
water (16 g) and added in portions to molten potassium hy-
droxide, (200 =) stirrinz at 280? The temperature of the
melt was raised to 280-306,f0r 15 min. After cooling, the

reaction mixture was dissolved in water (400 ml) and the
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crude 2-hydroxy-6-methylnaphthalene precipitated with con-
centrated hydrochloric acid. After filtration, the residue
was steam-distilled, filtered, washed with water, and drie
to give fairly pure 2-hydroxy-6-methylnaphthalene. (42 =,
807%) Recrystallisation from petroleum ether (b.p. 80-100)

157

~ (4]
mave colourless prisms, m.p. 128-12§:(1it. 128-129)

2-Methoxy-6-Methylnaphthalene

2-Hydroxy-6-methylnaphthalene (4.3 g) was dissolved
in a minimum of sodium hydroxide solution (102 w/v) and
diluted with water (10 ml). Dimethyl sulphate (3.5 ml)
was run into the solution, and the flask shaken for 10
min. The white precipitate was flltered, washed with water
and dried. A further amount of dimethyl sulphate (2 ml)
was added to the filtrate, vhich was again shaken for 10
min. The precipltate was filtered, washed and dried, and
combined with the first batch. Sublimation (0.01 mm, 2§$

white selid, m.n. 71-73" (4.6 ~ 982&. Crystal-

B

affordied a
lisation from petroleum ether (b.p. 60-80) zave 2-msthoxy-

0 15
6-methylnaphthalene as colourless flakes, m.p. 77-78.(1lit.

78-79)

2-Amino-6-Methylnaphthalene

Sulphur dioxide was passed through ammonia solution
(10 m1, d4.0.880), cooled in ice, until the zain in weight
was 2.5 z. The ammonium sulphite solution was sealed in a

100 ml Carius tube with 2-hydroxy-6-methylnaphthalene (10

o

&)

Oy
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aqueous ammonia solution (10 ml, d.0.880), and water(3oml).
After shakinz at 150 for 12 hr., the tube was opened and
the contents extracted with ether. The lisht-brown solid
obtained after removal of the ether was extracted with dil-
ute hydrochloric acid(2N, 500 ml) for 24 hr. in a Soxhlet
apparatus. The amine was liberated by pouring the hot sol-
ution, after filtration, into cxcoss cold sodium hydroxide
solution(504 w/v). After cooling, the solution was filtered
and the pale pink solid dried under vacuum. Sublimation
(705 0.001 mm) afforded a white solid, m.p. 127-129.(7.8 =,
78%) Crystallisation from aqueous ethanol zave 2-amino-6-
methylnaphthalene as white needles, m.p. 129-130?(1it.157
129-130).

6-Methylnaphthalene-2~Diazonium Tetrafluoroborate

A thin paste of 2-amino-6-methylnaphthalene(7.8 =z,
0.05 mole) in a mixture of concentrated hydrochloric acid
(8 ml) and water(20 ml) was cooled to 5°and diazotised
with a solution of sodium nitrite(3.5 7, 0.05 mole) in wa-
ter(5 ml)._After a half hour at O—BT a solution of sodium
tetrafluoroborate(7.6 g, 0.07 mole) in water(20 ml) was
~radually stirred into the diazonium mixture. Thls was
stirred at O-BOfor a further 2 hr., bvefore filterinz off
the yellow precipitate and washing with water(10 ml), meth-
anol(10 ml) and ether. (3 portions of 20 ml) The diazonium
tetrafluoroborate(10.6 g, 8220 was dried in vacuum over

concentrated sulphuric acid for 24 hr.
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2-Fluoro-6-Methylnaphthalene

The dry 6-methylnaphthalene-2-tetrafluoroborate(10.6

- ) was decompcsad under nitrozen, by careful application
of a small luminous flame to the outside of the flask. Af-
ter decomposition, the 2-fluoro-6-methylnaphthalene(6 =,
(]
95%) was sublimed(0.001 mm, 25) direct from the flask.
Crystallisation from petroleum ether(b.p. 69-80) mave
> 162 _ =«
white flakes, m.p. 77.(1it. 77)

2-Chloro-6-Methylnaphthalene

A slurry of 2-amino-6-methylnaphthalene(3.9 3, 25
mmole) in a solution of concentrated hydrochloric acid
(5 ml) and water(10 ml) was diazotised at 0 with a solu-
tion of sodium nitrite(1.8 3, 25 mmole) in water(3 ml).
Copper sulphate(16 ~) and sodium chloride(6 g) were
dissolved in boilin- water(50 ml), and a solution of sod-

ium bisulphite(5 ) in water(20 ml) added with shakin~,

0,

urin~ 5 min. Th2 solution #as ccoled to ro-m temparatur?

rin
nd filtercd at the pump. After washing with a few ml. of

[&Y]

distilled water, the white cuprous chloride was dissolved
in concentrated hydrochloric acid(20 ml).

The dizzonium mixture was poured slowly, with const-
ant shakingz, into the cuprous chloride solution, maintain-
inz the temperature at 60i After 1 hr., the mixture was
heated for 10 min. at TOovto ensure complete decomposition
of the deep-brown complex. The solution was cooled, fil-

tered, and the dried residue extracted with ether. Evap-
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oration of the ether afforded impure 2-chloro-6-methyl-
nanhthalene(2.0 -, 46%) which was purified by column chro-
mato-raphy usings activated alumine as staticnary phase and
benzene as eluent. Two recrystallisations from petroleum
ether(b.p. 60-863 ~ave white flakes, m.p. 122—123?(Found:

C, 7h.63H, 5.0; C11H Cl requires C, 7T4.8;H, 5.12).

9

2-Bromo-6-Methylnaphthalene

Copper sulphate(19.2 =), copper turninzs(6 ), scdium
bromide (46.2 1), concentrated sulphuric acid(6 ml, S.G.
1.84) and water(300 ml) were refluxed for 4 hr. A little
sodium bisulphite was added to ensure complete reduction.

Hydrobromic acid(70 z, 482) was added to a slurry of
2-amino-6-methylnaphthalene (6.3 <, 40 mmole) in water(100
ml). The mixture was cooled to SOand well-stirred while a
solution of sodium nitrite(4.5 g, 76 mmole) in water(7.5
ml) was added over a period of 3-4 hr. The resulting diaz-
onium mixture was nourad durins 10 min. into the cuprous
prepared as above) abt T70-90. After leav-
in~ overnight at room temperature, the mixture was steam-
distilled to r~ive 2-bromoc-6-methylnaphthalene(3.0 =, 354) .

Crystallisation from petroleum ether(b.p. 60-80) zave

- al -:‘ . 162 o
white flakes, m.p. 142.(1it. 142)

2-Todo-6-Methylnaphthalene

2-Amino-6-methylnaphthalene(1.9 g) was diazotised as

described above(Prep. of 2-chloro-6-methylnaphthalene).
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Potassium iodide(2.2 ;) in water(2.2 =) was added to the
well-stirred diazonium mixture, over 30 min. The solution
vas allowed to warm up to room temp. and left stirring for
3-4 hr. After this time, the solution was heated for 10
min. at 106: cooled, extracted with ether(3 times), and

&

dried(MgSD“). Evaporation of the ether afforded impure 2-
iodo-6-methylnaphthalene, (1.5 -, 464)

which was purified

by 2lutinz with n-hexane down a 30x2 cm. alumina column.

(Camag 100-240 mesh, alkaline, Brockmann activity 1). Cry-

stallisation from n-hexane -ave white flakes, m.p. 1431001,
n

165
(1it. J146-1u7)

2-Acetamido-5-Methylnaphthalene

A mixture of glacial acetic acid(1.5 ml) and acetic
anhydride(1.5 ml) was added to 2-amino-6-methylnaphthalene
(2.5 ;) and the mixture shaken for 10 min. After pouring
into cold water(100 ml), 2-acetamido-6-methylnaphthalene
(3.1 -, 92%0 vas filtered cff and dried under vacuum{D.291
mm). Crystallisation from petroleum ether(b.p. 75—953 and
asain from benzene gave pale pink needles, m.p. 15&-155?
(116127 155-156)

2-Accetoxy-5-Methylnaphthalene

Acetic anhydride(7 ml) was added to a mixture of 2-
hydroxy-6-methylnaphthalene(9.1 g), sodium hydroxide sol-
ution{100 ml, 104 w/v) and crushed ice(100 =). The mixture
was shaken for 15 min., filtered, and the residue washed

Q
with cold sodium hydroxide solution(50 ml, 104 w/v) and
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vater. The dried residue(10.6 g, 882) vas shown by lc
(10% NGA/90-100 mesh celite, 1500) to be about 96%,pure
2-acetoxy-6-methylnaphthalene. Recrystallisation(twice)
from n-hexane save white flakes, m.po. 108-109?(Found: C,

L)
77.73H, 5.6; C13H1202 requires C,78.03H, 6.04).

Attempted Preparation of 2-Methyl-56-Nitronaphthalene

a) From the Diazonium Tetrafluoroborate

6-Methylnaphthalene-2-diaszonium tetrafluorcborate
(1.¢ ;) was added as a thin aqueous paste, in small por-
tions, to a well-stirred suspension of copper bronze (1 )
in a solution of sodium nitrite(4 g) in water(8 ml) at
room temp. The reaction mixture was left stirrinz at room
temp. until evolution of nitrogen ceased, extracted with
ether, dried(MgSDu), and the ether removed. Purification by

colum chromatography yielded but 30 mg.(E.SZ) of 2-methyl

-b-nitronaphthalene. Crystallisation from petroleum ether
167

o

(b.p. 75-95) =ave yellow needles, m.p. 118-120?(lit.

110_12e5)
[ I i je

[V

b) From the Diazonium Cobaltinitrite

A thin paste of 2-amino-6-methylnaphthalene(1.57 g,
10 mmcle’ in o 3olution of conc. hydrochloric acid(2 ml)
and water(6 ml) was cooled to 5 and diazotised with a sol-
ution of sodium nitrite(0.7 =, 10 mmole) in water(1 ml).
The diazonium mixture was neutralised with calcium carbon-

ate and filtered. Finely powdered sodium cobaltinitrite
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(1.5 ) was stirred into the filtrate, and the crystalline

diazonium ccbhaltinitrite filtered off. After drying under

vacuum, 2.2 =z, (97%) of the diazonium salt were obtained.
The diazonium salt(1 5) was added in portions, at

2

room temp., to a well-stirred solution of sodium nitrite

(1 z) in water(6 ml) in which cuprous oxide(0.4 g5) was

suspended. The mixture was stirred at room temn. for 2

days before bheing extracted with chloroform. Evaporation
0 = ¢ -

of the latter yielded 50 me. (5.44) of 2-methyl-6-nitro-

naphthalene. The m.p. after recrystallisation from pet-

roleum ether(b.p. 75-95) was 118-120°

2-Methylnaphthalene-6-Sulphonyl Chloride

2-Methylnaphthalene-6-sodium sulphonate(30 ) was
heated for 80 min. at 100 with phosphorus oxychloride(60 7).
The reaction mixture was poured on to ice and stirred for
45 min. The solid was filtered off, washed with water, and
sround with glacial acetic acid(12 ml). After filtration,
it was washed with methanol and dried under vacuum(0.01 mm)
to zive 2-methylnaphthalene-6-sulphonyl chloride(26 3,8829.
Crystallisation from n-hexane cave white needles, m.p. 92-

165

93° (11t. ° 90-92)

2-Acetyl-6-Methylnaphthalene

2-Methylnaphthalene (46 g) was added to a cold solu-
tion of dry aluminium chloride(88 z) in dry nitrobenzene
(200 ml). The mixture was cooled in ice and stirred while

acetyl chloride(23 g) was carefully added. After stirring



at room temp. for 24 hr., ice and dilute hydrochloric ac-
id were added, the mixture extracted with ether, washed
with alkali, and dried(MgSDA). After removal of the ether
the nitrobenzene was distilled off under reduced pressure.
(630at Imm) The products from the reaction came over bet-
ween 140-145. Gas liquid chromatography(5% NGA, 200)
showed two major fractions in about equal amounts, and at
least two minor fractions. The whole distillate was trea-
ted with a solution of semi-carbazide hydrochloride(25 )
and sodium acetate(22 =) in water(150 ml). The suspension
was warmed, and enoucsh ethanol added to render a homozen-
zous solution. After heating for 5-10 min., the mixture
vas cooled and filtered. The residue(31 3) was extracted
twice with hot alcohol{250 ml) to zive the semi-carbazone
of 2-acetyl-6-methylnaphthalene, m.p. 225—227?(lit.16623f3

Without further purification, the semi-carbazone was refl-

uxed for 2 hr. uith dilute hydrochloric acid(300ml,2N), and
the liberatced ketone extracted with chloroforim. mvapora-

tion of the chloroform gave 2-acetyl-6-methylnaphthalene
(16 =, 30%4). Recrystallisation from petroleum ether(b.p.

oy &8 . . .. 166 e
l0-60) mave white needles, m.p. 65-66.(1lit. 66.5).



The Mitration of 5-Substituted 2-Methvlnaphthalenes.
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1. Introduction

In contrast to the amount of work published describ-
in the nitration of substituted benzenes, there have bheen
few quantitative investigations of the nitration of sub-
stituted naphthalenes. The most important work nublished
in this field has been the determination of the partial
rate factors for thc nitration of methyl and methoxy naph-
thalenes by Alcorn and Wells]38 There have been several
reports of a qgualitative nature over the last forty years,

and the results for 2- and 2,6- substituted nanhthalenes

are summarised in Table 1.

Nitrating Positions of

Substituent arent Temp(b) substitution Reference
2-phenyl HNO3/ACOH 25 1 175
2-acetamido ditto 0 1>58>6 176,177
2-methyl ditto 25 155854 556533 138
2~-methoxy ditto 25 I8 6 138
2-nitro HND3/H2504 -5 e>5 176
2-bromo HNO, 25-35 E>>1 179
2,5-dinitro HNG3/H2304 20 8 181
2,6-

dimethoxy HNO3/ACDH 25 1 180
2-acetamido

-6-nitro HND3 0 1 182

Table 1 The nitration of 2- and 2,6-substituted naphthalenes
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An attermt has bzen made to previie o cuantitative
xEension of thes= results, by stulyin_ ccompetitive nitr-

ations of a saries of G-substituted 2-methylnaphthalenes
and m2asuring partizl rate fzctors relative t¢ narxhtha-
lene. The 2xperimental procedure used vas identical to
that described in chapter 5, the following
studizd: 2-methoxy, 2-flucro and 2-acetamido-~6-methylnaph-
thalene.
2. Results

Competitive nitrations
and 2-acetamido-O0-methylnaphthalsne have been carried cubt a
25°C in order to measure partial rate Cactors. For 2-m=2th-

oxy-6-mathylnaphthalene, competitive nitrations were carr-

ied out with 2, 6-dimethylnaphthalens. From the results of

the competitive nitration of the latter{ ch.5), partial
rate lectors relative to n=nhthalen2 haves baen calculatad
for the formesr.

Table 2 shcecws the partizl rate factors and iscmer

diztributions that were cbtoined. Of thesc results, those

for 2-methoxy-5-nitro and 2-flucro-l-nitrc G-methylnaph-
thalene cre unczsrtain, as these isomers were not isoclated
and hznce vere not identifised. The c¢thsr isomers were char-

scterised by n.m.r. spectrcscopy at 100 Me/s as fcllows:
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a) 2-Methoxy-5-Methylnaphthalene

The twc isomers isolated from the nitration of 2-
mathoxy-H-methylnaphthalens vere characterised by compar-
ison of their 170Mc/s n.m.r. spectra with those of 1- and
l-nitro-2, 6-dimethylnaphthalene, E,G—dimethylnaphthalene
and 2-methoxy-6-methylnavhthalene. Fi-ures (i)-(vi) show
the chemical shifts obtalned from these spectra( in c/s

from TMS at 100Mc/s).

Me N\ = 715.
ThiL o 751.8

(@)

T =230c/s ,
NO
( _ 763
N e P \\\(/de
[ oo.s
Ma : Mo - N S
731.8 742.6 821
NOE

TMe=250 (vi)
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T™n spectrum(1) it is possible to pick out an AB quar-

tet(peaks 1,2,7 and 8), with coupling constant 9.3 c¢/s,

O
0
=

characteristic A 1-2 courlins constant. Hence the iso-

). It is possible to estimate the chem-

|

mer is of type (
ical shift of proton 5(peak 5) as 2.54ppm, compared with
2. 47ppm in 2-methoxy-6-methylnaphthalens, so that the nit-
ro ~roup has caused an up~field shift of 0.07ppm, compared
with 0. 15ppm in 2, 6-dimethyl-1-nitronaphthalene, if (i) is
assicned as 2-methoxy-6-methyl-1-nitronaphthalene. If the
alternative assisnment of 2-methoxy-6-methyl-5-nitronaph-
thalzne is fiven, then nroton 5 has moved 0.27ppm down-
field relative tc proton 1 in 2-methoxy-6-methylnaphthalene.
Thus it is likely that isomer(1) is 2-methoxy-6-methyl-1-
nitronaphthalene, althoush this assignment is not unambig-
uous.

From spectrum(2) it is possible to pick out an AD

quartet with coupling constant ca. 2c¢/s, characteristic of

[}

1-3 ceugling constant. Thus the isomer is of type (ii).
By comparison with the spectrum of 2,6-dimethyl-4-nitro-
naphthalene, (spectrum(b), ch.5), the low-field peak can

be assigned to proton 5, with a shift of 1.97ppm. Now in

2, 6-dimethyl-4-nitronaphthalene, proton 5 moves 0.77ppm
1d relati to 2,5-dimethylnaphthalene. Assuming

~-fi
that X is Me and Y is OM2 in fiz(ii), proton 5 moves 0.84

o]

ppm down-field, whereas the alternativzs assi-nment would

~ive a down-~ficld shift of only O.5ppm. Thus it seems reas-









onable to assign isomer(2) as 2-methoxy-6-methyl-8-nitro-
naphthalene.
From the nitrations of 2-mathyl and 2-methoxynaphtha-

lene in acetic acid/nitric acid, the following partial

rate factors were obtained.138

1-nitro 6-nitro 8-nitro U4-nitro 5-nitro
2-mathyl Thi25 53+18 16.5+5.6 &.9+3.0 7. +2.6
.2-methoxy 10000+4000 3165043800 1660+370

From these results it would aprear certain that 2-
methoxy-6-methylnaphthalene is nitrated in the order 1>8
>5, in asreement with the above assiznments and the fact
that only 3 isomers were detected.

a

b) 2-Fluoro-6-Methylnaphthalene

The major isomer from the nitration of 2-fluorco-06-
methylnaphthalene can be assigned unambizuously as the 5-
nitro derivative from its n.m.r. snectrum(3). It is no

S -

)]

iblz to nick out an AR quartet (peaks 2,4,10 and 12) with
coupliny constant ca. 8¢/s, characteristic of a 3-4 coup-

lin-; constant. The absence of further splittinz in this

he same rin:

ct

quartet shows that the AB system is not

[

n

W

s the fluorine atom.

The second isomer can be assisned unambisuously as
2-fluoro-6-methyl-8-nitronaphthalene. From the n.m.r. spec-
trum(4), peaks 11 and 13 form a partly resolved AB system.

From the splitting of peak 13, the coupling constant can



/ / | B
[l W



LI}

g1 b5

(4)

J _

H.

|




be a2stimated as ca. 1.2¢/s, characteristic of 2 1-3 coup-

@

1in:» constant. The absence of further splitting

3
=
ol
3%
0]
0

the nresence of ths fluorinz atom in the same rin> as the

AB system. Usinz the INDOR double resonance technicue, the

. 172
ollowlnz assisnment was made. 7

Peak Proton Peak Proton

1 9

2

3 2

lri o 7 10 )

> 11

6 12

7

g

14 7 13

15 1 and 35 rrobably
16 - 5 11 (part) 13=3
17

Cation localisation enerzies have bheen calculated

for the above compounds, and these are ziven, withHAAE%h

values(relative to the apuropriate naphthalene cation),

in Table 3. The pi-2l2ctron density di

A

stributions wers
also eobtained from the calculations and these are ~iven,
for the cations and neutral molecules, in Tables 4 and 5.
From Table 3 it can be seen that the nositional reactivi-
ties of 2-methoxy-6-methylnaphthalenc ars qualitatively in
a~reement, whils 2-fluorc and 2-acetamido-6-methylnaphtha-
lene are at variance. Mow the 1-position of 2-fluoro-6-
methylnaphthalene is predicted to be the most reactive,
but this calculation cannot take the strong field effect

of the C~F bond into account. Thus it is not surprising
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Table 3 P1l-Bonding Enersies of 2,6-Disubstituted

Naphthalenes and their Cations.

pi-bondin: pi-bonding - X naph.
Compound | eneray(eV) | Cation energy(evy AE BE 11, ~BE gy,
2-methoxy- -199. 490 | 1() =179. 869 19. 621 -2.139
6-methyl-
naphthalene 3 -178.725 20. 765 -1.330
L -178.262 21.228 -0.532
5(¥) -178. 806 20. 684 -1.076
7 -178.193 21.297 -0.798
8(R) -178.919 20. 571 -1.189
2-Fluoro- -207.110 1 -187.253 19.867 -1.893
6-Methyl-
Naphthalene 3 -186.165 20. 945 -1.150
L -185. 836 21.274 -0. 486
5 -186. 308 20.702 -1.058
7 -185. 760 21.350 -0.745
8 -186.396 20.714 -1.046
2-Acetamido- -220. 620 1 -204. 852 21.768 +0. 008
G-Methyl- |
Naphthaleiie 3 -204%. 507 22.033 -0. 062
L -205. 123 21. 497 -0.263
5 ~205. 524 21.096 -0. 664
7 -204. 897 21.723 -0.372
8 -204. 830 21.790 +0.030
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Table U

The pi-Electron Density Distributions of 2,6-Disubstituted

Naphthalene Cations.




C1O

X

a 9 1 2 3
0.9643 ©0.9726 1.0413 1.9588 1.9322
0.9881 0.8633 0.9981 1.9570 1.9399
0.8943 1.0363 0.9171 1.9416 1.9581
0.7086 1.0328 0.9730 1.9119 9566
0.7177 0.9962 0.8729 1.9307 . 9558
0.9100 1.0459 1.9598 1.9472
0.9666 0.9887 1.0453 1.9592 1.8865
0.9953 0.8634 0.9965 1.9574 1.8995
0.8982 1.0334 ©.9188 1.9422 1.9352
0.7096 1.0284 0.9859 1.9125 1.9329
0.7238 0.9930 0.8796 1.9312 . 9306
0.9056 1.0519 1.9603 1.9133
0.9579 0.9359 1.0273 1.9562 .8235 0.6955 1.3727
0.9652 0.8752 0.9988 1.9560 1.8401 0.6935 1.3886
0.8793 1.0405 0.9145 1.9403 1.8675 0.6887 1.4010
0.7004 1.0422 0.9422 1.9106 1.8627 0.6895 1.4053
0.6961 1.0056 0.8567 1.9294 1.8620 0.6921 .3928
0.9206 1.0285 1.9588 1.8497 0.6894 1.4038




_Table 5

Ground State pi-Electron Density Distributions of

L.

5-Substituted 2-Methylnaphthalenes.




Co cg 013 M X X, X3
0.908L 11,0065 1.00665 9592 1.9692
0.9925  1.0176  1.0007 9697  1.9630
0.9867 1.0289 0.995 9702 1.9443
2.9971 1.0111  1.00k2 atolh 1.9€15
n.9856 1.0338 1.9939) 9705 1. 8977
9.9867 1.0289 0.9952 9702 1.9443
1.0020  0.9879 1.0139 2681 1.858) 0.702% 1.4110
1.2103 0.9731  1.0223 Q87 0.6773  1.3797
1.0007 1.0052 1.0073 0692 1.9682
1.7033  1.0015 1.0092 9691 1.9621
acetamido: Xg = C, K3 D
zcetyl X =0,




hat thz thezorsticnl wradiction iz incorrect. The discrs

ancy baivean the hi~h reactivity calculated for 2-fluoro-
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-nethylnanhthal2ne and the 12w substrate selectivity

found exnerimentally is due to the use of mixed acid as

Fal

tratin~ ament for this compound. This niftratin~ a-ent
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is dmown to show lcw substrate selectivity, bhecause of its

137

hizh resctivity

The failure to nredict the most reactive nosition of
2-acetamido-6-methylnarhthalene requires some srecial comm-
ent. In acetic acid media there is & »ossibility of an equ-

ilibrium being established, _iving a smell concentration of
the zmino compound vhich then under~oes nitration. Thig is
supnorted by the fact that nitration of 2-acetoxy-0-methyl

naphthalene under these conditions rives 2-hydroxy-&-methyl

"I"

narhthalene, which is ibility is
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-hen nitrated. Another po
that the electrophile forms an M-nitro compound, vihich then

rearranves under acid conditiocns te ive the 1-nitro deriv-

Iror 2—methoxb—o methylnaphthalsnes and 2, 5-dimethyl-
naphthalene there should bz a linsar corrslation between

The lozarithms of the nartial rate factors of nositions
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t
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n-al crdzr of 13835 which arrces vary vell wuith the
localisation zner-y calculations.

d) 2-Acetamido-6-liethylnanhthale

S
0}

> .

As with the localisation cenzrzy calculations, the 5-

nosition is nredicted to be ths most reactive, so that

a) 2-Methoxy-0-Methvlnaphthalene

2-Mathoxy-6-methylnaphthalene (0. 26~, Smmole) and 2, 6-
dimethylnaphthalene (0. 787, 5Smmole) vere dissolved in ~lac-

o
ial acetic acid(20ml) and allowed to ecuilibrate at 25,

chin~ and extractin~ as describesd in ch.5. The cxiractad
»roduct was sho'm by ~lc analysis to contaln 3 nitro iso-

2-methory-56-methylnarhthals in approzimetz proon-

1 - . o
r-G-mathylnavhthalene(5;) was nitrated at 100
for 5hr. with nitric/acetic acid, in order to cbitain a sep-
arable amount of the nitro derivatives, using the sane

procacure as for the cnalytical runs. The reaction prod-

—_
o

uct was eluted dom =z 12x

mann activity 1), usin,: carbon tetrachloride as eluent.

! .
o
=y
2]
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ct
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llected; one of these was shown by

in. alumina column (Csme-;, Brock-



. , ¢ . . .
=1lc anzlysis to contain ca. 904 of the major isomer (1),

>

while the second fraction contained ca. 804 of isomer (2)

and 104 of each of isomers (1) and (3). Fraction (1) was
eluted on a thick-layer plate (Kieselzel) using a 1:10 v/v
mixture of chloroform and carbon testrachloride as eluent.

One fraction was obtained which sublimed at 7D”(0.0o1mm)

ot
o]
('S
<
[§V]

o]
rellow solid, m.p. 106-107. (Found: C,66,.24; H,

4.86; calc. for C.,H, MO_: C,66.3; H,5.14). The 100 Mc/s

n.m.r. spgectrum obtained usingz a Varian HA-100 spectrometer
(spectrum({1), swesep width 250 c¢/s) was in agreement with
the isomer being 2-methoxy-06-methyl-1-nitronaphthalene.

—'I

Tlution of fraction (2) enabled a separation of isomers (2)
and (3) from (1), but nones of the many =luents used would
completely szparate (2) and (3). Glc analysis showed the

ratlo of the isomers in the final fraction obtained to be

h
ct
l_l-

6:1. Spectrum(?) is the 100Mc/s n.m.r. spectrum of th

s
mixture (sweep width 250 c¢/s), from which isomer(2) was

P

aduced to ba 2-methoxy- u-methvl-f-nlufonoﬁnthalene. As

(e
(]

already discussed, it aprpeared reasonable Lo assign isomer

(3) as the 5-nitro desrivative.

b) 2-Acetamido-6-Methylnaphthale

A competitive nitration was carrisd out bhetwesn 2-
acetamido~-f-methylnaphthalene and navphthalene at 25 in
acetic acid, using ths previously described oprocedure. (lc
2nalysis of the product showed only one nitro isomer of

2-acetamnido-6-methylnanhthalene. The product obtained from




a rranmarative scale nitraticn (0.53), usinz the coniit

-

ions of the analytical runs, was hydrolysed by refluxing
for 2hr. in 502 v/v agueous sulphuric acid(1oml) and eth-
anol(10ml). Excess of ammonium hydroxide weas added, and
the nprecicitated aminz filtered, washed, and dried in vac-

.
uurt. (50, 0.001mm) Crystallisation from benzens

{ 2

G\

)
6-methyl-~1-nitronaphthalene, m.p.165-1670(1it 07166-167 ).

¢ ) 2~Fluoro-6-Methylnaphthalenc

2-Fluoro-6-methylnarhthalene 7ave a complex mixture
of isomers on nitration with nitric/acetic acid at 25. It

was not possible to separate the mixture and a compatitive

i

o

run under these ceonditions could not have been successfully

analysed. The followin: procedure Lave a much simpler reac-
tion product, which could be separated and analysed.
2-Fliuoro~6-methylnanhthalenes (0. 8=, 5Smmole) and naph-

thalene(0. 64, Smmole) were dissolved in acetic acid(20ml)

>

znd o3 1lowed £t =quilibrate 2t 25. The solubtion was tresated

ALy
2

while stirrinz ca. 1200 rnm, with a %OZ w/vi solution of

3
=
ct
=
S
;_1.

d(0.3%, 5mmole) and sulphuric acid(0.5s, Smmocle)
in acetic acid. After 12hr., the reaction mixture was ex-
tract=d as described in ch.5. Glc analysis showed the pres-
encz of 3 isomers of 2-fluorc-6-methylnaphthalens in appr-
cximata proportions 6:3:1. A preparative scale nitration
vzs carried out using 36% mized acid in acetic acid, nitr-
atin; at 60°fcr 12hr. Thick-layer chromatography of the ex-

tracted product, using 1:2 v/v cyclohexane:carbon tetra-
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chlorii: ~z 2luent, 2ve ~nly %12 fractions vhich ccul.l

i

O
not b2 further samaratad. Fraction(1) zublimed at 110 (15mm)

as nale yellow needles, Foundi: C,64.75 H,4.16:
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cale. for C, HaNO,F: c, 64,
the comnetitilve
nitration, and the 190Mk/« n.m.r. snectrum(3) showed unsm-
bi uously that the isomer was 2-fluoro-G-methyl-5-nitro-
nanhthaolenc. Fraction (2) sublimed at 110° (12mm) 25 lon:
yellcw nesdles, m.p.118.5-110.5. (Found: C, 64,03 H, 4. 24).
Thz ~1lc retention time corresnonded to the second largest
peak of the competitive nitration, and ths 100Mc/s n.m.r.
snectrum(’t) shovw2d unombisuously that the iscmer was 2-
fluoru=-6-mathyl-3-nitronaphthalene. The third isom2r would
probaebly be the l1-nitro derivative, but it was impossible

to obtain a sample for confirmation.

All of the compztitive nitrations dascribel above

“2r: antlys2d by as-licuid chromntosrorhy as d2ser i

D

[ —
‘
Ly

in ch.%, ths lc¢ traces bein~ calibratad usint standard

{

solutions of the cpproprizte nitro compounds. Three runs
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cr zach mixturs, the =2rrors bein~ estin-
2ted from the mean cof 2 minimum of two chromatoraphic

anclysa3s of each run.
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Muclear Mo -netic Resonance. A Discussion of the

Correlation between Chemical Shifts and Calculated »ni

mlectron Densities.




1. Introduction

In rrincirle, cherical shifts nrovide direct measures
of local eslzctronic and maznetic environments of indivi-
duel atoms in molecules. The shielding of a nucleus is
very sensitive to changes in the electronic snvironment

lecule as a whole and, in many cases, can hot be

o)
e
et
I}
=
O

related to ths electron density about that molecule alone
If the comparison of thz shielding parameters is confined
to a series of closely related compounds in which thz con-
tributions to the shieldinz from factors othsr than the
variation in electron density may be reasonably constant,

this difficulty may bes overcome.

2. N.M.R. Spectra of Substituted Benzenes.

There are strony srounds for believing that chemical
1

[0}

. . o . 1 X
shifts, relative tc benzene, of both H and 3C nuclei

to the substituent are directly propcrticnal to the

"0

Dare

M

chanze in pi electron density at the para carbon atom,

1363

thus:

e
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D
ae]

(1)

§ =k

13, AP
W

. r\_)~

wherce the two constants can be found empirically by com-

13

. " . 1 - .
rarin: the shifts of H and C nuclei in cyclopentadienyl

anion, benzene, tropylium cation, and cyclo-cctatetrasns
o 183, 184 _
diznion. 3, The value of k., depends cn the model chosen

H



me=omaric

ricsomeric

[

ants In thzss mol=zculaes,
s} E - -

en .0 and 10.6 ».oaom.

hos h2aa2 aAat +al Ao 4

hos b223n 223timats] =5 1Y

rm/electron

B.070 o

zhif%ts havz b2en calculatad
the Tollowing models:
“nly

+

s-inductiva

I v~inductive

e
31mast

TCY-

133-19%
/22 -

Chamical shifts in p.p.m.
Ccrmpcunt | Methed ralative to benzenc Referzance
1 13
1 C
Cale. obs. Cale.| obs.
CLHLF a 0.09 1.7L 5
02 b -5.08 -1.42 5
o 0. 31 3,22 fo1o | 4Ll 5,171
C.c a 0.10 1.98 =
R a 0.23 | n.22 ool o2 5,198
CGH:?THo < 0. 0B 1.50 5
< - .5 .62 10. 56 2.5 5, 171
CWHGOH 2 0,12 2.30 5
S c 9,06 | 0. L8 Q.17 | &.1 187,188
CHCH, 1 D.02 1.62 This work
-~ b - - .
- o 0. 11 1.7¢ This wcrk
o 2,20 | 0.18 3.45 | 3.05 136

1 Calculated an?

1

chserved H

shifts indicate »reater screenin




Tt crn be szon that th2 caleculaticns(a) which dc notb
include « or w-inductive aff2cts, underastimate chemical

shifts. Similarly srith th=2 model includin- th2 w-injuctive

1. .
tiva 2ffact for fluorobenzen= (b) -—ives ' ani ~C chemi-
cal shifts ormoszite in sisn tc thosc chocrved. Heouwever th

correct ma nitude and sizn is zxiven for all compounds when
methed (c¢) iz usad. Thus the best modsl fcr calculatin:

and e and M-

I_ll
W
1
T=de
V)]
Q
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O
H
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-
1,
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=3
D
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Q
=
[0}
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3. Proton N.M.R, Spectra of &-Substituted 2-Methvl-

S-l—;
3
oy
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Initially it was hop=t that In a system such o 2, 0-

was retained as methyl whils the othar was varied, the

me.jor chan—e in contribution to the nroton shieldin- con-

atants woul”’ wrise from chon =23
in ni electron density at the al-

jacent carbon ctoms, (which are

tire

©13

calculable), and that the effscts such as the

(@]
~t

£

dilama snetic anisotropy of the X roun would be minimised.

Also, sinc2 th2 n.m.r. snectra of thesz cormounds should

consish o w0 overlarnins ABC systems, 1t was hened that
. 1

the analysis of the 1T spectra for 2 series of comnounds

voulZd not rrovs toc difficult. In fact thi

i
zase, and for most of the commounds 220Mc/s spectra were



r2cuired tc cbbein an initinl =0t of spaectral rorameters.
Swectra (1)-(5) zhow the low-field =zromatic re~ions of

the 17°0Mc/s n.m.

snectra »f scme of thes

0]

ccmmoun-is.

'_-;

(Run on an HA-100 spechiromesszr with = sween width of 1007
a/s.)

The naransiers 2btoine? from the 220Me/s stectrn wore
us2! te eansratc o trial 100Me/s trum by computer. TN
DOF exrzrimants shovzsd unonmbi ucusly the rélative si-ns cf

with =2ach ABC systsam. " "he experimental resks wera then

assimad to the calculated enerzy level differences ..d

an iterative computzsr prozrammed process was us2d te give
172

the Tinal sct ¢f zhamical 3hifts and ccuplin. constants.

The compcun<s studied were O-substituted 2-methyl-

naphthalene corpounds vwhers the substituent wos mathyl,

mni VHCCH2., Tooslly cne weyld lilzz tho smectral carzmsioor:
for the molscul=e in 2 sclvant in which strons zsolvent in-

hy stuwivin. diluts soluticns ~f Th2 comounds in carbon
2. Unfertunataly, the hydro:xy, methoxy, flucr.
and ncetamidice compounds were insufiicient]

this <olvant, 30 “hat thz soz2ctra vwers reccrdsd with acet-

Table 2 shows the chemical shifts (in ¢/s downfield
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from THS) and counlin~ constants osbtained from the analy-

sis of the 100Mc/s snectra.

It 1s somzvwhat unfortunats that some of thz compounds

p)
=

J
)
<l
C.‘
rJ
Q
2y

in =ac=2tons so2lution, 3ince this malses dire

[¢]
ot

ot

he chenmizal shifts o these compounds with
the shifts of the compnounds studied in carbon tetrachlor-
ide solutions rather 4ifficult.

Considerin- first the results for the compcunds in

carben tetrachloride sclutions, thesz are ziven in Table 3.

Table 3
] Chzamical Shifts mlectron Densities
H H H C C C

e Thi o 715.6  751.8] 1.0552 1.0344 6.9994
C1 TU6. 6 720.6 756,00 1.0547 1.0343 1.0013
Br 7hQ, 1 721.3  756.2) 1.0554 1.0348 0.998690
I TUG. & 722.5 TE2.6| 1.0559 .0352  9.9077
r 757 2 7356.¢ 792.4) 1.0532 1.0335 1.9038

"o

falled to conver 2 after 29 iterations, so that no rasults
could ba obtained. For X = 50.,C1, no inductive parametzrs

were avcilable, sc thnt A calzulation could nct be attemp-
ted.

The chanz2s in elactron density at each nosition, on

renlacement of lle by halojen, are very smell, and this is




3 )

in —oc’ 2 rzament vulth th2 small ran-e spanned bt thz che=n-
p— . &

cal shiftz. If the fluorine compound is includad (althouzh

| S

the ma-nitude cf the solvant effect is uncertain), the

shif'ts at the 1 and 3 »nositions are cualitatively in the

4 = ] ~ 2 — 4 ~ o~
ectyron donsitiocs ot Shaz2 nosi
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utions are ~iven in Tabls 4,

Table U
Chemical Shifts Llectron Dznsities
v
H H H C C C
1 3 & 1 3 L
0il 755.8  728.0 782.2 | 1.0327 1.0331 1.00£6

1.0086

V)
3
n
(W]
\O
-3
N
=
C
Ul W
o
-
G
(9Y]
OV

Dle 753. 2
COMe 7929.0 751. 1 803.8 [ 1.0571 1.0321 0. 9828
P 757.2  736.9  792.4 [1.0532  1.0335  1.0038

NHCOMe 761, 3L 773, 5R7 1.0337 0.98s8h

(G)
—
C

Th2 use of acetonz? as solvent, in which specific asson-

iztions mi~ht lezadé to substantial solvent shifts, makes it

2

difficult to interprst these results in any simple fashion.


http://increti.se

5y the compounds zcontainin © carbonyl roucs, the shifts

are cunldltotlvely in coresoment with the chanze in »1 elee-

s
K
O
S
(%)
o]
(7]
l.Jn
t

e
s
ot
[

-

three rositions. However thet disasree

wwith tha2 results for the hydroxy, methoxy cnd fluoro subst-

iftuted compounds. At rositions 1 and 3, the chemical shifts
cre very similar fer these three compounds and this in cree-

ment with the i 2lsctron densitizsz. At nosition 4 the
fluorc compound has a dovmfield shift relative to the cther
o compounds and fthis is consistent with the decrease in

2lectron density ~t carbon 4,on rerlacement of DOF or Olle

Tn a2ll thzss compounds, the chznizs in »i el2ctron

Adonsity are in the third and fourth rlacss of decinmnls,

This Z2enre= of a rez2ment rith exXperiment, =o that the corr-

tha in‘dustiva-mssoneric modzl thet has besn used thrcushout
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