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SUMMARY

All-valence-electron CNDO/2 SCF-MO calculations have been performed
on some fluoro, chloro and methoxy derivatives of benzene, pyridine and the
diazines. The computed charge distributions and the dipole moments are discussed
and compared with available experimental data. The relative basicities of the
derivatives of pyridine and the diazines have been investigated and an attempt
made to correlate the results with known pK, values. Localisation energies for
the nucleophilic substitution of halogen by methoxide ion have also been calculated
and the predicted relative reactivities compared with experimental observations,
where these were available.

INTRODUCTION

The preparation and reactions of the halogen derivatives of benzene,
pyridine and the three diazines, (pyridazine, pyrimidine and pyrazine), have been
the subject of extensive experimental work in recent years!. Rationalisation of
relative reactivities and orientation of substitution in these compounds have
generally however been at a qualitative level2. For monohalo derivatives in
particular, however, attempts have been made to quantify the results in terms of
simple molecular-orbital calculations within the Hiickel formalism3. These
calculations have however usually only included the 7 electrons and have tended
to ignore the o-¢lectron framework. We describe here the results of semi-empirical
all-valence-clectron SCF-MO calculations on the electronic structures and
reactivities of perhalogeno benzene, pyridine and the diazines and some derivatives
thereof. The complexity of the systems of interest in respect of this work dictates
the use of a reliable computationally inexpensive treatment. We have therefore
carried out calculations within the CNDO/2 formalism4.
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THEORETICAL INTRODUCTION

In general, since we are only seeking to rationalise (and predict) trends
in electronic structures and reactivities, some of the simplifying approximations
which are necessary to carry out any sort of theoretical analysis are not quite
as severe as might otherwise have been the case. No attempt has been made to
specifically reparametrise the all-valence-electron CNDO/2 SCF-MO treatment
and both the one-electron and two-electron integrals were evaluated according
to the original formulation of Pople and Segal4. Standard geometries have been
used as follows. For derivatives of benzene, pyridine and the diazines, the carbon
skeleton in each case was taken to be that of the perhydro species either as deter-
mined directly from experiment or from standard tables of bond lengthsS. The
requisite bond lengths for the fluoro, chloro and protonated derivatives were taken
as 1.33 A, 1.70 A and 1.0 A for C-F, C—Cl and N-H bonds, respectively. In the
discussion of Wheland intermediates, the ring geometries were assumed to be
unchanged, with the angle at carbon subtended by the halogen and methoxy group
at the site of substitution being taken as 109.47° with the plane bisecting the
internal angle. The following sections present discussion of the results of computa-
tions of (i) charge distributions and dipole moments; (ii) basicities; and (iii) nucleo-
philic substitution by the methoxide ion.

The calculations were carried out on the Northumbrian Universities
Multiple Access Computer (NUMAC) IBM 360/67. Typical cpu times for a
convergence limit of 10-6 a.u. in energy were ca. 6 min for 2,4-dimethoxytrifluoro-
pyridine (58 orbitals) and ca. 10 min for perchloropyridine including 3d orbitals
on chlorine (69 orbitals total).

RESULTS AND DISCUSSION

Charge distributions and dipole moments

The molecules studied in this work are listed in Table 1 together with
computed dipole moments and for comparison experimental values where these
are known 6 7. For such an extensive series of compounds, the listing of individual
o and 7 charges would be prohibitive in terms of space* and we content ourselves
here with a few general comments on trends within series. Some more detailed
discussion with respect to electronic redistribution consequent upon protonation
for the nitrogen bases considered in this work will be reserved for the next section.

The most significant feature as far as electron distribution is concerned in
the pyridine, pyrazine, pyrimidine and pyrazine ring systems is the computed
overall negative charge for the nitrogen atoms. This arises largely from ¢-¢lectron
drift from atoms ortho to the nitrogen and m-electron drift from both ortho and

* These have been fully documented elsewhere; see ref. 1.
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para atoms. In going from the perhydro to the perfluoro derivatives, the o-electron
drift to nitrogen is drastically reduced ; however, in compensation, the n-electron
drift is greatly increased, so that overall the total charge at nitrogen remains fairly
constant. This has important ramifications as far as discussing the relative ease
of protonation of these species is concerned (particularly in terms of an isolated
molecule approach, see next section). The net effect of replacing a hydrogen attached
to carbon by halogen is to decrease the total electron population on carbon largely
as a result of o-clectron drift from carbon to halogen.

TABLE 1

DIPOLE MOMENTS (IN DEBYES) FOR SOME FLUORO, CHLORO AND METHOXY DERIVATIVES
OF BENZENE, PYRIDINE, PYRIDAZINE, PYRIMIDINE AND PYRAZINE

Experimental #q Hhyb. Htotal
values® *
Benzene
monoftuoro- 1.60 1.29 0.32 1.61
monochloro- 1.73 1.80 0.96 2.75
monomethoxy- 1.36 0.60 1.09 1.66
Perfluorobenzene — 0 0 0
monomethoxy- — 1.48 0.87 1.91
Pyridine 2.20 0.74 1.58 2.32
2-fluoro- — 1.94 1.66 3.53
3-fluoro- — 1.26 1.08 2.01
4-fluoro- — 0.95 1.38 0.43
2-chloro- 3.25,3.22 2.27 0.88 3.09
3-chloro- 2.02 1.56 2.35 2.98
4-chloro- 0.78 0.93 0.73 1.66
2K -methoxy- } 115 0.61 1.46 2.02
2A-methoxy- . 1.17 2.64 3.81
3K-methoxy- } 275 0.28 0.60 0.35
3A-methoxy- : 0.92 2.38 3.28
4K -methoxy- 3.00 0.60 1.44 1.93
Perfluoropyridine — 0.01 1.09 1.08
2K-methoxy- — 1.65 0.96 0.86
2A-methoxy- — 1.47 1.99 2.61
3K-methoxy- — 1.43 0.26 1.56
3A-methoxy- — 1.41 1.81 293
4K -methoxy- — 1.55 1.13 2.67
Perchloropyridine — 0.29 0.76 1.05
Pyridazine 4.32, 3.97 1.21 2.86 4.07
Perfluoropyridazine — 1.00 2.29 1.29
3K-methoxy- -— 233 1.54 1.05
3A-methoxy- — 1.21 3.20 2.98
4K -methoxy- ~— 1.49 1.70 2.24
4A-methoxy- — 0.73 2.58 3.27

( continued )
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TABLE 1 (continued)
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Experimental #qQ Hhyb. Htotal
values®- 7
3K, 4K-dimethoxy- — 2.67 0.80 2.75
3K,5K-dimethoxy- — 1.36 1.78 2.24
3K,6K-dimethoxy- — 1.29 2.40 1.12
4K,5K-dimethoxy- — 1.50 2.35 3.77
4K,6K-dimethoxy- — 0.34 2.69 2.82
Pyrimidine 2.0,2.42 0.67 1.66 2.33
Perfluoropyrimidine — 0.47 1.13 0.66
2K-methoxy- — 2.01 1.71 1.63
4K-methoxy- — 1.71 0.29 1.73
4A-methoxy- — 1.11 1.85 2.63
SK-methoxy- — 1.02 1.21 2.22
2K ,4K-dimethoxy- — 2.05 0.95 1.26
2K,5K-dimethoxy- —_ 0.79 1.20 0.43
4K,5K-dimethoxy- — 2.23 0.99 3.21
4K ,6K-dimethoxy- — 1.15 1.05 2.32
Pyrazine 0 0 0 0
2-fluoro- — 1.34 0.26 1.59
2K-methoxy- — 0.62 1.09 1.71
24-methoxy- -— 0.74 0.99 1.72
Perfluoropyrazine — 0 0 0
2K-methoxy- — 1.57 0.87 1.87
2A-methoxy- — 1.46 0.96 1.93
2K,3A-dimethoxy- — 1.49 1.38 0.11
2A,5A-dimethoxy- — 0.19 0.12 0.07
2A,6K-dimethoxy- — 0.24 1.87 2.02

For some of the methoxy-substituted compounds, there appears to be a
through-space interaction and hence conformational preference for the OCH;
group, and this is illustrated for the case of the monomethoxy derivative of pyrazine
and perfluoropyrazine in Table 2.

TABLE 2

CHARGE DISTRIBUTIONS FOR VARIOUS CONFORMERS OF MONOMETHOXYPYRAZINE AND MONO-
METHOXYTRIFLUOROPYRAZINE

Monomethoxypyrazine

Monomethoxytriffuoropyrazine

2K 2A 2K 2A
O —0.221 -—0.217 —0.199 —0.199
C 0.131 0.127 0.130 0.096
H, —0.007 —0.006 0.000 0.001
H: —0.007 —0.004 0.001 —0.003
H; —0.005 —0.007 —0.001 0.041
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The calculations for the methoxy group were carried out for two principal
orientations of the methoxy group, K and A, illustrated below:

2Kk-methoxypyrazine
[Nj\
) i

H3” | WH2
H)

2A-methoxypyrozine

o8

N O H2

Fig. 1. Position of atoms in 2-methoxypyrazine for the two principal positions of the methoxy
group. All the atoms, including those not show, are assumed to be in one plane except for Hy,
H: and Hs.

The methyl hydrogen, H, in the 2A-methoxytrifluoropyrazine bears a noticeable
positive charge (0.041) and this feature is also evident for other methoxy-substituted
perfluoro compounds with similar orientations. The effect on H3 can be explained
in terms of a through-space interaction with the fluorine atom attached to the
adjacent ring carbon. The partitioned bond-overlap populations (XPuiSui),
(roughly the electron density in the orbital overlap region between nuclei, hence
proportional to bond order) 3.9 were also found to be greater for the A orientation.
This accords with the lower calculated electronic energy for the A orientation
compared to the K orientation. However the nuclear repulsion energy is larger
for the 2A-methoxypyrazine making the total energy larger for the 2K-methoxy
compounds. (See Table 3).

TABLE 3

INTERATOMIC DISTANCES, PARTITIONED BOND-OVERLAP POPULATIONS
AND ENERGY DIFFERENCES FOR THE MONOMETHOXYPYRAZINES

0s Perhydro Perfluoro
2K | Interatomic distance® N, 2.123030 N, 2.123030
2A j from methyl Hj to: Hs 1.502045 Fs 1.441931
2K 0.0050 0.0047
24 } ZPuiSus { 0.0122 { 0.0240
Energy differences?, 2A-methoxy -— 2K-methoxy:

A(Nuclear repulsion) 942 11 807

A(Electronic) —907 —11 734

A(Total) 35 73

a O is the position and orientation of the methoxy group.
b Distances in A, energies in kJ mol-.

The dipole moments are calculated as the sum of two components, uq and
inyb., from the values obtained from the charge-density matrix, as follows. The
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term pq arises from the charge distribution within the molecule and may be
calculated from the expression

HQ = 2.5416; APja R, debyes H

where AP, , is the net atomic charge on atom A and R, is the position vector.

The term unyp, is an atomic polarisation moment due to the hybridisation
of s and p and p and d orbitals on a given atom and may be calculated from the
off-diagonal elements of the charge-density matrix.

The results of the calculations are given in Table 1 and, although not many
experimental results were available, it is evident that there is good overall agree-
ment, in the case of the perhydro and perfluoro derivatives, between piorar and
the experimental results. When the components ug and pnyo. are considered, it is
seen that for pyridine, the diazines and their fluoro derivatives unyp, is of greater
importance than ug. In these compounds the values of unyb. is largely dependent
on the contribution of the “lone pair” of the nitrogen, and in the case of perfluoro-
pyridine it would appear that the total dipole arises almost entirely from this
contribution. Since pnyp. is greater in the perhydro series than in the perfluoro
series, it may be argued that the centre of charge in the hybrid orbital of the
“lone pair” must be displaced further from the nitrogen in the perhydro series
(Fig. 2). These effects are also apparent to a lesser extent in the chloro derivatives
of pyridine.

Pyridine Pertluoropyridine
@ @
N, N
49, &

Fig. 2. Representation of sp? orbital (exaggerated) occupied by the “‘lone pair” in pyridine and
perfluoropyridine.

The total dipole, uiota1, is the vector sum of HQ and ppyp. and it is clear from
Table 1 that these two components are not necessarily in the same direction.
In the case of the chloro derivatives, the agreement between the calculated and
experimental dipole moments is less good and this almost certainly arises from

the less satisfactory approximations and parametrisations for second-row atoms
within the CNDO formalism.

Basicities

Protonation of the heterocyclic bases may be written as

B + H;0* = BH* + H,0 (2)
and the acidity constant, Kj, for the base is given by

dg Ay,0"
K, — -8B HO

+
dgy
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where ag, ay ot and agy™ are the activities of the respective molecules and
ions and the activity of water is taken as unity.

The equilibrium constant, Keq, may be expressed as

Keq = f xe-AEIRT @
where f'is the ratio of the partition functions of BH*, B and H;O", and AEg is
the difference in internal energy of 1 mol of the products and 1 mol of the reactants
in their standard states at 0 K. Now AEg represents the difference in energy
calculated from the zero-point energies of the products and the reactants. Since
the zero-point energies for the reactants and the products will be similar in
magnitude and also small compared to AEg, then to a good degree of approxima-
tion AE, the energy difference corresponding to energy minima on the relevant
potential-energy surface, may be used instead of AEg.

The equilibrium constant, Keq, may therefore be written as

Keq = f X e~AEIRT (5)
It will also be seen that
Ka = 1/Keq (6)
and that
pKa = —pKeq 0

The term AE in the equilibrium constant may be split into two terms AEg
and AEglv.(r), where the latter term is temperature-dependent 10. The equilibrium
constant may then be expressed as

Keq =f>< €xXp “'(AEg + AEsolv,(T))/RT (8)
The term AEgo1v.(y may be expressed as
AEsolv.(T) = AEca,v. -+ AEoriem. + AEdisp. “{" AElso. + AEaniso. (9)

For molecules or ions of similar shape and size, it may be shown that all these
terms are essentially constant, and therefore since for similar molecules f will
also essentially be constant 1

In Keqoc —AEg (10)
and

pKa o< —AEg (11)

AE, represents the energy difference between the isolated base and conjugate
acid, and values computed within the CNDO/2 formalism are given in Table 4.
It may be noted that the value of AE, calculated here in the case of pyridine is
in good agreement with the value of the proton affinity (—941 + 9 kJ mol1)
obtained by ion-cyclotron resonance studies 2.

In Figure 3 the pKj, values, for monoprotonation, given in Table 4 have been
plotted against the corresponding AE, values obtained from the calculations. It is
apparent that although there is no exact correlation, there is a general ““trend”
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observable indicated by the broken line. The lower end of this trend line was
decided to accord with the observation that perfluoropyridazine (AE; = —1200 kJ
mol~1) is more basic than perfluoropyridine (AE; = —1214 kJ mol-1).

7

pX_ agalnst AEg tor

¢ /
7 1
+ + /® 4-methoxy-
B+ HTEBH pyridine
pyridine /
7 3-methoxy -
3-tiuoro- / pyridine
ridine
3 Py [0} /o 2-methoxy=-
pyridazine 9 pyridine
14 pyrimidine ¥
/ Ypyrazine
/ (]
R 2=fluoropyridine
/
rke /
-3 1 /
/
-5 /
/
-7 | /
/
/
-9 /
/
/
= / O pertivoropyridine
/
=13 { / @ pertivoropyrazine
-‘s v M v Ll Al
-1150 -1200 -1250 -1300 -1350 ~-1400

AE in Kk mot™!

Fig. 3. Plot of pK, and energy release on protonation in the gaseous phase (AEg).

The slope of the “trend” line in Figure 3 may be compared with the value
expected from a consideration of equations (5) and (7).

The value obtained from Figure 3 is ApK, of 1 for AAE; of 10 kJ mol—1
whilst equations (5) and (7) give a ApKj value of 1 for a AAE value of ca. 6 kJ mol~!
at 300 K. In view of the approximations that have been made in obtaining the
values of AEyand AF, the agreement is quite reasonable. Furthermore, it suggests
that though the absolute values of AEy may not correspond to the absolute values
of AE, the differences in energy for the different compounds considered are of the
correct magnitude. In order to obtain a better correlation there is a need to consider
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AEsov.(ry, since for small differences in AEg differences in AEgo1v.(ry may be of the
same order of magnitude and are not necessarily of the same sign. This is probably
more important when considering different series of compounds.

When diprotonation of the three diazines is considered, reference to Table 4
shows that the values of AEy are, in general, approximately half the values for
monoprotonation. Using then the trend shown in Figure 3, it would appear that
diprotonation would be extremely difficult and that the pK, values would be large
and negative (<< —20). This does not agree with data in the literature which
suggest a pK,, value for pyrazine and pyrimidine of —5.8 and —6.3 respectively 14 15,

TABLE 4

ENERGY DIFFERENCES AND pKa VALUES FOR SOME OF THE FLUQRO, CHLORO AND METHOXY
DERIVATIVES OF PYRIDINE, PYRIDAZINE, PYRIMIDINE AND PYRAZINE ON PROTONATION
() H* + B HB*

Base pKa? AFEy/kY mol!
Pyridine 5.22 —1361
2-Fluoropyridine -—0.22 —1334
3-Fluoropyridine 297 —1322
4-Fluoropyridine — —1345
2K-methoxypyridine 3.28 —1354
3K-methoxypyridine 4.88 -—1360
4K-methoxypyridine 6.62 —1388
Perfluoropyridine (—11)® —1214
Perchloropyridine — —1254
Pyridazine 2.3 1325
Perfluoropyridazine — —1200
Pyrimidine 1.3 —1324
Perfluoropyrimidine — —1198
Pyrazine 0.6 —1333
2-Fluoropyrazine (4) — —1290
) — —1305
Perfluoropyrazine (—13)» —1189

(i) HB* + H* = H.B**

Base pKa, AEg/kJ mol?
1-H-Pyridazine — —609.5
1-H-Perfluoropyridazine — —527.3
1-H-Pyrimidine (—6.3)° —689.0
1-H-Perfluoropyrimidine — —592.4
1-H-Pyrazine (—5.78)¢ —696.0
4-H-2-Fluoropyrazine —_ —679.7
1-H-2-Fluoropyrazine — —664.8
1-H-Perfluoropyrazine — —589.4

2 pK, values for HB* 4+ H.O == B + H;0%, taken from ref. 13.
© Taken from ref. 16.
¢ Taken from refs. 14, 15.
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However, since solvation energy terms for singly- and doubly-charged ions would
be expected to be somewhat different, the same correlation would not necessarily
apply for both mono- and di-protonation. It is not entirely clear, though, that the
results reported for pyrazine and pyrimidine refer to the protonation of the mono-
protonated species, since for perfluoropyrazine it has been suggested that the
addition of further acid to the monoprotonated species may lead to the formation
of a radical dication rather than to diprotonation16.
Electronic charge distribution and basicities

There is no apparent correlation between the basicity of the compounds
considered and the calculated electronic charge on the nitrogen before protonation,
as is clearly evident from Figures 4-6. A correlation would imply an ‘*‘early”
transition state, that is a transition state that “looked like” a proton approaching
the base. Since however the bases considered are all known to be weak, it is more
likely that the transition state ““looks” more like the protonated species. A correla-
tion between the basicity and the electronic charge on the nitrogen would therefore
not be expected.

On protonation the positive charge is considerably delocalised. The calcula-
tions suggest that for the ring atoms the charge is mainly distributed as positive 7
charge on the atoms ortho and para to the protonated nitrogen. Diprotonation
results in differences between the three diazines in terms of charge distribution
becoming more marked. Thus the ¢ and © charges on the nitrogens are increased
in magnitude, compared to monoprotonation, in the case of pyridazine. In the
case of pyrimidine, there is very little change when comparing the charges of the
protonated nitrogens, and for pyrazine the charges are less on the nitrogens in the
diprotonated species. Also in pyrimidine the carbon atom in the meta position
shows little effect on the ¢ and & charges either on mono- or di-protonation.

Nucleophilic substitution by methoxide ion

The reaction considered here, the substitution of fluoride (and in some cases
chloride ion) by methoxide ion is known, in general, to be irreversible under the
experimental conditions employed. The products of the reaction are therefore
kinetically-controlled. The rate constant for the reaction is given by

kr = (KT/h)f < e-AEo/RT (12)
where k; is the rate constant, k is Boltzmann’s constant, 4 is Planck’s constant,
AE, is the energy of activation and fis the ratio of the partition functions of the
transition state and the reactants. AE, differs from the potential energy of activa-
tion, AE™, in the zero-point energy difference between the reactants and the
transition-state complex. Writing AE, for this zero-point energy difference,
equation (12) may be written

kr = (kTjh)f x e~ (AF* + AEDIRT (13)

where AE™ is the potential energy of activation.
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For the reaction of two molecules, or of two sites within the same molecule,
relative rates for the reactions may be written

ke, fhr, = fify x e MAF" = AEDIRT (14)

Now for two similar reacting molecules AE, may be presumed to be very
similar for both and AAE’ may therefore be taken as being very small. Therefore
equation (14) may be written as

ke [kr, = filfy xe=AaF KT (15)

Since for a reaction in solution

AH] = AE, + nRT (16)
and

AH] = Ey— RT (17
where E, is the Arrenhius activation energy in

ky = Ae 5IRT (18)
it follows that at the same temperature

AE, ~ AAE] ~ AAE* (19)

Therefore differences in the potential energy of activation may be equated with
differences in the Arrenhius energy of activation (see below).

AAE™ may be expressed as

AAE* — AAE, + AAEsor. (20)
and AAFgov. written as

AAEsory. = AAEcay, + AAEorient. + AAEqisp, - AAEigo. -+ A Eanivo.  (21)

As before, the various terms making up AAEsqy. may be shown to be essentially
constant within a similar series, and therefore AAEqov. may be taken as approxi-
mately zero. Equation (15) may then be put as

kr [kx, = f1lf2 x e 2aFe/RT (22)

It is clear from the kinetic studies of Burdon and co-workers!” and of
Liveris and Miller !8 that relative rate constants for nucleophilic displacements of
fluorine and chlorine in molecules of similar electronic structure is determined
predominantly by the exponential term, the ratio of partition functions varying to
only a relatively small extent. It should therefore be possible to use AAE; as a
means of comparing the reactivities of similar series, or of different sites within the
same molecule.

The calculation of AE, for the isolated species requires a knowledge of the
geometries of the reactants and an appropriate model for the transition state. In
this work we have considered a dynamic model in discussing reactivities and the
transition states have therefore been approximated as the relevant Wheland
(o complex) intermediates.
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The results of these calculations expressed as energy differences are shown
in Figure 7. Where appropriate, Arrhenius activation-energy differences have also
been included (values in brackets)7-19. In general, considering the approximations
involved, the agreement between theory and experiment is quite satisfactory. Also
shown in Figure 7 are calculated charge distributions for the ring atoms in the
Wheland intermediates. Calculations referring to the methoxy-substituted com-
pounds are given in Table 5.

TABLE 5

ENERGY DIFFERENCES BETWEEN REACTANTS AND WHELAND INTERMEDIATES
FOR REACTION WITH METHOXIDE ION

Reactant pa AFEg/kY mol—!

—753.7
—673.7

—723.3
—1723.5
—704.8

b —735.2
—754.0
—545.6

—779.6
—554.8

—765.2
—554.2
—778.2

—768.4
—835.1

—739.3
—738.0
7377

4K-methoxyperfluoropyridine

3K-methoxyperfluoropyridazine

4 A-methoxyperfluoropyridazine

2K-methoxyperfluoropyrimidine

4K-methoxyperfluoropyrimidine

5K-methoxyperfluoropyrimidine

2K-methoxyperfluoropyrazine

AWV W AN NN PR W OV B W

a P = Position of substitution.
b Orientation of methoxy group is 4K in intermediate as this is the position of lowest energy.

One effect of ignoring solvation energies (see above) is that the energy of
the reactants is calculated to be higher than that of the intermediate. Therefore
when comparing reactivities the intermediate with the largest negative value of
AEg will correspond to the greatest reactivity.

The results of some of these calculations are shown in Figure 7, together
with the charges calculated for the ring atoms. The calculations of A E, for methoxy-
substituted compounds are given in Table 5.

The results show that for benzene and monochloropyridine the calculated
results agree reasonably well with the known differences in the activation ener-
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AEg AAEg AAEg
F OMe | OMe F ,OMe
-714.3 0.307 45.7 0.369 135.3 0.448
{63.5) -0.241
-0.082 -0.17e .
0.202 0.081 0.077
-0.082 -0.180 -0.200
E OMe
~650.9 0.455 63 0,074 96.3 -0.243 F
-0.241 -0.226 -0.238 0.049 o?z":'
O.148 0.158 F -0.l114 -0.142
N N
-0.404 -o.h:'u OMe ~o.110
-737.1 c 2:1: 7.3 0.06s 85.7 -0.174  Cl
~0.a11 (1e) -0.201 -0.176 (32) 0.033 OMe
w G\ G/ 0.346
0.438
0.149 0.1s1 (o] -0.08¢6 -0.074
-0';‘3. —o§40 OMe -oﬂn
F. OMe
-784.5 0.40% 9 o.215 128.2 -0.054 F
-0.064 -0.060 -0.05% o.m2 " m¢
Q) G 0.487 ( F , '
0.297 0.323 F 0.0852 0.091
N N
-0.432 -0.446 OMe -0.184
Ct OMe
-921.4 359 15.8 o.188 66.7 -0035 ClI
-0.08%2 -0.055 ~0.047 0.160 OMe
@ ( al oare @ 0.334
0.240 0.252 Cl 0.027 0.044
N
-0.318 -o§:a OMe 'oﬂon
-743.) R OMe 17.4 o010 F
-0.073 0.095 ©.174 OMe
Q:) (F |oses
- . -0.38
0.275 N/N 0.107 0.088 /N 0.357
~0.341
F OMe
-802.7 0.8502 13 0.342 224.7
-0.088 N-0.443 -0.103 N-C.424
Q:)/' ( F l ©.802
o.n2 O.444 0.342 F
—o!‘an —o.'!u OMe
~663.9 —o.'lqos
~-Q.141 -0.143
H
G139 C OF‘"
-0.408 OMe
-760.5 ~0.163
0.033, 0.093
F
0.209 C\ °’:‘°'
—o.an OMe

Fig. 7. Charges on ring atoms in the Wheland intermediates and energy differences between
reactants and intermediate. Values in brackets refer to experimentally-determined differences
in Arrhenius activation energies. AAEg values refer to energy differences between the intermediate
to the right and the one on the extreme left (AEy). AFEg and AAE, are both in kJ mol-t,
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gies 1719, That the agreement is not better is due partly to the approximations made
in the calculations and to the fact that the calculations are for the Wheland
intermediate while the activation energies are for the transition state. Considering
all the results in Figure 7, it is seen that a fluorine (or chlorine) that is attached
to a carbon that is para to a nitrogen is more readily replaced than an ortho
fluorine (or chlorine) with AAEy ~ 10 kJ mol-1. A meta fluorine is seen to be very
difficult to replace by methoxide ion compared to a para fluorine with AAE,
~ 100 kJ mol~1. In the case of pyrimidine, a fluorine atom at position 5 is in a
position meta to two nitrogen atoms and not surprisingly AAE; == 200 kJ mol-1,
This order of reactivity is in full agreement with experimental observations?! 20:21,
The calculations are not, however, capable of predicting the proportions of ortho
and para products formed during monosubstitution (virtually no meta product
is formed). Thus from the calculated energy differences it would be expected that
the ortho/para ratio would be greater for perfluoropyridine (AAE; = 9 kJ mol~1)
than for perchloropyridine (AAE; = 15.8 kJ mol-1). The experimental data,
however, show that perfluoropyridine gives exclusively the para product?? while
perchloropyridine gives 2-methoxy- as well as 4-methoxy-perchloropyridine 23.

It is possible to make predictions concerning the relative reactivities between
benzene, pyridine and the diazines. However when this is done inconsistencies
arise when the predictions are compared to the known order of reactivities. These
inconsistencies are probably due to the neglect of the solvation-energy terms since
for different series it cannot be assumed that the various terms involved in the
solvation-energy expression [equation (21)] are the same for the different series.
Thus calculations give the ordering of energy differences in Figure 8, but experi-
mental observation24 shows that perfluoropyridazine is more reactive than
perfluoropyridine. A similar result is found for the chloro- and fluoro-pyridines.
The calculations suggest that a chloropyridine should be more reactive than the
corresponding fluoropyridine but experimental observations indicate the converse
to be true.

@>O>@j>@>

AsE, -ss -70 (0) kJ mot™!

Fig. 8. Relative reactivities as suggested by AAE; values.

When the results in Table 5 are considered together with the energies in
Figure 7, the effect of introducing a methoxy group on the further reactivity of
the compounds considered can then be seen. If the methoxy group is in an ortho
position with respect to any nitrogen, then the value of AE; is approximately
20 kJ mol-1 more positive for substitution at any site compared to the same site
in the parent compound. Thus the effect is to make the compound less reactive
towards nucleophilic substitution of fluorine by methoxide ion. When the methoxy
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group is situated meta to a nitrogen, then the positions ortho to the methoxy are
more reactive, with AE; values 10 and 30 kJ mol-! respectively more negative
than the corresponding positions in the parent compounds. A position para to
the methoxy will however be less reactive, with AE; approximately 20 kJ mol-1
more positive than in the parent compound. Position 6 in 4-methoxyperfluoro-
pyridazine is interesting since AEy is 180 kJ mol~! more positive than position 6
in perfluoropyridazine. This position is meta with respect to the methoxy and
meta and para with respect to the nitrogens, and the value of AE; suggests that
substitution at position 6 will be extremely unlikely to occur. The value of AE,
is in fact very similar to that for position 5 in the perfluoropyrimidines which is
known to be very difficult to replace. When the results for 4-methoxyperfluoro-
pyridine are considered, it is seen that a position that is ortho with respect to the
methoxy and meta to the nitrogen is more reactive than the same position in the
parent compound, while a position ortho to the nitrogen is less reactive.

The above may be summarised briefly as follows:

The introduction of a methoxy group into perfluoropyridine or into a
perfluorodiazine makes a position ortho to the methoxy group more reactive
(AAEg =~ 10-30 kJ mol—1) with respect to nucleophilic substitution of fluorine by
methoxide ion than the same position in the parent molecule provided that the
position is not also ortho to a nitrogen atom. In all other cases the position will
be less active than in the parent compound, usually with AAE, approximately
20 kJ mol-1.

Charge distribution in Wheland intermediates

In Figure 7itis seen that when a nitrogen atom lies ortho or para to the position
at which substitution is taking place it bears a larger negative charge than a mera
nitrogen. This suggests that the charge on the nitrogen is connected with the
energy difference since ortho- and para-fluorine atoms are more readily replaced
than meta-fluorine atoms. The connection is not, however, simple since an ortho
nitrogen generally bears a larger negative charge than a para nitrogen yet the
relative ease of replacement of the fluorines is the converse. The charge distributions
do not agree therefore with the suggestion that the para-“quinoid” structure for
the Wheland intermediate is of lower energy than the ortho structure because the
para nitrogen bears a larger portion of the negative charge introduced.

CONCLUSIONS

All-valence-electron SCF-MO CNDQO/2 calculations give energies for
molecules and intermediates formed from them that enable relative reactivities of
a series of compounds or of sites within a molecule to be calculated that are in
reasonable agreement with experimental data. Furthermore, the energy differences
calculated correspond reasonably closely to the known energy differences (see the



CALCULATIONS ON HALOGENATED BENZENES AND AZABENZENES 199

sections on basicities and nucleophilic substitution) for the reactions. When the
compounds are not from the same series, for example perfluoro- and perchloro-
pyridine, then solvation energies must also be considered since the calculated
reactivities are not entirely consistent with the experimental observations. The
electronic-charge distributions agree in general with what might be expected from
the electronegativities of the atoms. The computed dipole moments in the case
of the perhydro and perfluoro derivatives are in good agreement with the experi-
mental results.
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