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This paper is concerned with a Mm“gwp
the effect of such positive poles as the e ol
on the rate and orientation of mu-au]on. London, the
been carried out at University Col B o and the
initial experiments by Miss Sheena ohnson_ S
bulk of the material by Dr. Madeline Br'u: Eniiibe
Dr. J. H. P. Utley. It is convenient to consider
—NH, + group as in the anilinium ion. "

The nitration of aniline under preparative wndmo:l;
in concentrated sulphuric acid has long been known o
give a mixture of meta-nitroai iline aqd para-mtroam_
line in almost equal amounts [4]. ’Fhls product com
position could be considered to arise 'ﬁ'om _th'e cgl;!-
current nitration of the protonated amine (giving the
meta-compound) and the free amine (giving the para-
compound). However, if this were so, ﬂ‘le‘ meta-para
ratio should be a marked function of acidity, 'for the
extent of the protonation equilibrium is determnped by
the h, function [5] and this varies greatly with the
composition of the medium. -

Dr. Brickman estimated this product composition
spectrophotometrically and found it to be surprisingly
insensitive to the acidity of the medium (Table 1); the

Table 1

The nitration of aniline in concentrated sulphuric acid
at 25°.

% H,80, 89.4 924 948 968 980 100

ortho % 3 —_ —_ P — S
meta % 45 53 57 58 62 64
para % 52 47 43 42 38 36

of ortho is not given, it is considered

Where the
o be below 2%.

meta/ para ratio changes by less than a factor of 2 over
the range 92.4-100%. Her results were obtained by
using very low reactant concentrations (102M) so that
these concentrations do not themselves modify the acid-
ity. Since the h, function changes by more than a factor
of 100 over the above range of acidity [5, 6], it is clear
that the meta/ para ratio is not simply proportional to
the ratio of protonated amine to free amine.

The results on the product analysis can be under-
stood if either the protonated amine gives rise to a
significant amount of para-substitution or the free amine
gives rise to a significant amount of meta-substitution,
The relevant interpretation can be determined by kinetic
studies.

At a given acidity, the nitration of aniline obeys
ucpnd order kinetics: first order with respect to the
stoichiometric concentration of the amine and first-
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ith respect to that of the nitric acid. Almqg,
:vrl?:l‘;.v:ﬁ the apnei‘;'ine is protonated at th_e aciditieg ]t'
in Table 1 and hence, if the reaction is limited to
protonated amine, the variation of thm‘ second-ordey
rate coefficients v.v;th acidity shopld be similar to that
for a corresponding quaternary ion, e.g., the trimeg,
Jlanilinjum ion. The rate coefficients for such Nitra.
{ions have a maximum value in about 90% sulphys;
acid and then decrease by a factt?r of about foyr over
the range 90-100% sulphuric acid [7]. In Fig, 1, the
rate profiles for meta- a13d para-mtratlfm of the anilin.
jum ion are compared with those obtained by Gillesp;,
and Norton [7] for mefa-substitution in the trimegp,
ylanilinjum ion.? The reactions differ considerably i,
and so the logarithmic scales are displaced by
the medium effects for the two mefa-substitutions g,
very similar. The substitution at the para-position in the
anilinium ion has a slightly greater medium effect thay
that at the meta-position: this may reflect the incursiop
of some reaction through the free amine in 90% gy
phuric acid or may arise from the different charge djs.
tribution in the transition state for substitution at the
para-position. Medium effects on the rate of nitration
over the range 90-100% sulphuric acid are sometimes
about twice that for the trimethylanilinium ion [7, 8§),
Both rate profiles therefore are consistent with a reac.
tion of the conjugate acid and both differ greatly from
those expected for the reaction of the neutral aniline
molecule. Even if the neutral molecule contributes in
part to the observed reaction rate in 90% sulphuric
acid, this contribution would become negligible in 98%
sulphuric acid. The isomer proportions observed in
98% sulphuric acid therefore can be attributed to a
reaction of the anilinium ion and the results in Table 1
show that the para-position is then slightly more reac-
tive than one mera-position.

There is a further, independent, kinetic argument
that leads to the same conclusion. From the pK, of the
anilinium jon (4.6) and the value [6] of H, in 98%
sulphuric acid (—10.4), the fraction of the stoicheio-
metric aniline present as the free amine in 98% sul-
phuric acid should be about 1/1015, The rate of reac-
tion of the aniline molecules with nitronium ions can-
not be any faster than their rate of diffusion together
and in 98% sulphuric acid the second-order rate co-
efficient for a diffusion controlled reaction [9] should
be about 2.5 x 108 mole “! sec.”? 1, When this value is

L Some of these results have already been published [1,2] and others
will become available shortly [3]; the ’;areum 51"\!“10!! m.wuver s more
detailed than that given previously.

# Numbers in brackets refer to Literature Cited.

2 The figures in ref. 7 have been corrected to allow for the small
::l:umtmmr;-ﬂhglmﬂm now known to be present. This ";1"“?; I;.:

- e ethylanilinium fon has been assum

independent of the acidity of lﬂmedlum.
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. 1. Rate profiles for
pofllv.zlon in the trimethylanilinium ion.

multiplied by the fraction of the stoicheiometric amine
present as the free molecule, the resultant second-order
rate coefficientt becomes 2.5 x 107 mole "! sec. ™ 1.
This is about a million times less than the observed rate
coefficient for the para-substitution in 98% sulphuric
acid. This supports the view that the para-substitution
involves a reaction of the anilinium ion.

Dr. Brickman then studied the N-methyl and N,N-
dimethylanilinium ions obtaining very similar rate pro-
files but with lower percentages of para-substitution in
98% sulphuric acid (—NH;Me+— 30% para;
NHMe,+— 22% para). Extrapolation from these
figures suggested that the trimethylanilinium ion should
give about 14% of substitution in the para-position.
The most frequently quoted result for this ion is that
of Vorlinder and Siebert [11], who claimed that only
meta substitution occurs; however, more recently, Nes-
meyanov and his co-workers [12] have isolated 4% of
para-nitrodimethylaniline after heating the iodide of the
nitrated product. In our preliminary communication on
this work [1], we reported a study of the infra-red spec-
trum of the reaction product together with an examina-
tion of the ultraviolet spectrum of the mixture of para-
and meta-nitrodimethylanilines obtained by Nesmey-
anov’s method from the nitrated product; both ap-
proaches suggested that about 11% para-substitution
occurred in the nitration. More recently, Dr. Utley has

4This treatment of the free amine_as a scparate species assumes that
the jonisation ArNHs — ArNHa + H+ is slow in comparison with the
time of a between a ion and an anilin-
ium jon, This assumption is supported by the n.m.r. spectrum, for, in
concentrations of sulphuric acid above 60%, the exchange of the N-H
protons is slow enough to contribute a separate peak to the
[10]. The possible effect of the nitronium fon on the rate of ionisation is
considered later in the form of an Sg2’ substitution.

developed the use of ion-exchange chro‘mato'graphy fo_r
the separation of the mera and para-mtrotrnpethylnm-
linium ions. His results are illustrated in Fig. 2 and
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Fig. 2 lon
trimethylanilinium ion.

show that the percentage of para-substitution is 11.1
+0.6. This result, and those obtained by Dr. Brickman
for the protonated ions are collected in Table 2, to-
gether with the corresponding rate coefficients.

These rate coefficients show that the replacement of
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N-H by N-Me leads to a steady decrease in the reac-
tivity at both the meta-position and the para-position.
To see this decrease in perspective it is useful to relate
these reaction rates to that of the nitration of benzene.
These substrates are too deactivated to be compared

Table 2
Rate coefficients (mole ™! sec.”! 1.) and the pero.entlge
of para-substitution for nitration in 98% sulphuric acid
at 25°.

PhNH,+ PhNMeH,+ PhNMe,H+ PhNMe;+

k, 0.26 0.064 0.0095 0.0014*
k,* 0.21 0.074 0.0163 0.0055**
% para 38 30 22 1

nessee Academy of Science
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leces of evidence suggest that the fig

pre'[tm)rf is correct, First, the successive “P'lce::\ei:t te
the N-methyl groups by hydrogen atoms jeaqs of
steady increase in the rate of substitution at both a
meta- and the para-position, .If the nitration of

systems with protonated poles involved a new Mechy,
jsm of substitution, the main increase in Peactiyy,
should be associated with the replacement of (e ﬁr:y
methyl group by hydrogen. Secondly, the Tesults St
Table 4 show that the replacement of sulphurie nc;g

Table 4

Relative rates of nitration of the anilinium ion (4
and the trimethylanilinium ion (B) in sulphuric acic)l
and deuterosulphuric acid at 25°. Each solvent con
tained 11.4 moles % of water (H,0 or D,0 o
tively). Tespec-

!
i

directly with benzene but an indirect comparison is
possible by use of compounds of intermediate
reactivity. The necessary information is available in the
literature and the results in terms of partial rate
factors are collected in Table 3. The relative values in
Table 3 are known with greater accuracy than are the

=
4

Table 3
Partial rate factors for nitration in 98% sulphuric acid.
PhNH,+ PhNMeH,+ PhbNMe,H+ PhNMe,*

10%fn.e. 179 62.9 139 4.67
10%fe. 220 544 8.07 115

P-NITROANILINE

H,S0,* D,S0,+s
ky/kg 63.8 66.0
*Taken in pert from the data in ref. 6.
*+Atom fraction of deuterium = 0.92.
by deuterosulphuric acid does not change the relative
maofnﬁraﬁmoftbemﬂimnmmmdmeum
ylanilinium ion. These were carried out on 5
smaller scale than

I b § m

with a positive pole in the meta and para positions; this
calculation has suggested that the transition states for
meta and para substitution can differ by as much as 10
keal [13). For several reasons, it is now possible to see
that this calculation could considerably overestimate the
difference involved. Thus, the charge distribution in
such ions as (II) is now considered to be more evenly
distributed, as illustrated by the n.m.r. results on the
charge distribution in protonated hydrocarbons (e.g.
TII) [14]. Also, the overall deactivation of such ions as

the trimethylanilinium ion is much less thap would be
suggested by the electrostatic calculations carrjed out
on structure (11); a result consistent with the modern
belief that only a part of the charge on the electrophile
is transferred to the benzene ring in the transition state.
It seemed of interqst to repeat the earlier calculations
using the charge distribution shown in structure (I11)
and then scaling down the result until the overal]
deactivation (as calculated from the partial rate factors
in Table 3) was correct for meta-substitution. The re.
sults are given in Table 5; the final difference between

Table §

‘The energy of interaction of the positive pole with the
charge on the benzene ring in the transition state.

obs. AAF?t cale. AAF? (k. cal. per mole)*
Structure Structure Structure III

o OI  (scaled down)
meta-NMeg+  9.94 57.0 65.3 (9.94)
para-NMe;+  10.8 665  69.0 10.5

As in previows calculations (13]. 2 dielectric constant of 2 is
between

the positive pole and the

ring.
free energies for meta and para substitution is less
than a kilocalorie. Such calculations contain too many
a useful guide to the isomer
proportions, but they are of interest in showing that
(I) does not provide an a priori reason for believing in
the strong meta-directing effect of a positive pole.

Table 6
Second-order rate coefficients (mole™ sec. ! 1.) for
the nitration of benzylammonium ion and the benzyl
frimethylammonium jon in aqueous sulphuric acid at
25"

% H,;SO, PhCH,NH;+ PhCH,NMe;*  k,/kg

78.70 1.58 0.0252 63
80.05 372 0.0600 62

!

trimethyl derivatives is maintained when a —CH, group
is introduced between the pole and the aromatic ring.
The greater reactivity of the protonated ions is there-
fore unlikely to come mainly from N-H hyperconjuga-
tion, for it does not depend on the overlap of the N-H
7 -electrons with the r-electrons of the ring.

The correct expldnation almost certainly involves the
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difference in the solvation of the protonated and meth-
Ylated poles, The weaker electron withdrawing effect of
the —~NH,+ pole compared to the NMe,+ pole bas
been commented on before by Ingold and his co-work-
ers [15] and ascribed to this cause. The most recent
evidence comes from Willi's [16] demonstration that
the effect of an ~NH,+ pole on the free energy of
ionisation of an anilinium ion is about 10% less than
that of an —NMe,+ pole. The relative effects in nitra-
tion differ by somewhat more than this but not by
enough to justify a different interpretation. Presumably
lI!e close association of the —~NH;+ pole with the me-
dium is effective in spreading the charge or, on the Kirk-
M—Wutheimer model [17], in increasing the effective
dielectric constant between the pole and the ring.

Tl::e above argument accounts qualitatively for the

Table 7
Comparison of the overall rate of nitration with the
percentage of para-substitution.
PhNMe,* PhNH,+ PhCH,NMe,+
Relative rate 1 55 2,400
% para 11 38 15*

of the triphenyloxonium ion gives almost complete
para-substitution: this surprising result appears to re-
quire conjugative electron donation from a positive
oxygen atom in the transition state. If this can occur,
then hyperconjugation electron donation from the
—NH;+ group has to be considered as a possibility.
Dr. Utley has extended the study of positive substitu~
ents to the phenyltrimethyl 'onium ions of other Group
V elements. This part of the work is still incomplete
and is somewhat more difficult because the ease of
separating the corresponding meta and para-nitro de-
rivatives appears to decrease with an increase in the
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Table 8 f g
: tage of para-substitutiop_
f the overall rates of nitration with the percentag
Comparison of the
_ P + —ASMe3+ \SbMe +
—'PMe3 38 5 3
—NMe; + 4.8 . St
Relative Rate 1 , ; :
% para 1
N CH,PMe, ¥ —CH,AsMe, + ~CHyShy, ,
- CHiI:xl\d ! >70x >64 -
© para

see text.
*Not yet studied by jon exchange chromatography. For references,

atomic weight of the positive atom. The kinetic resultg
and the percentages of para-substitution are collgcte
in Table 8, together with some results from the litera-
ture [19] concerning the related benzyl ’onium 10'ns-

The kinetic results show that the rate of nitratlop
increases steadily with the atomic weight of the posi-
tive atom. The direction of this effect is as expected
[20], for although each positive pole carries the same
formal charge, the heavier atoms should be the more
polarisable and hence the more able to provide an
electronic screen between the charges in the transition
state. The fact that the —SbMe;, + group has little more
than half the deactivating effect of the —NMe,+ group
illustrates the importance of this screening effect.

The orientational results are more surprising, for the
percentage of para-substitution appears to pass through
a minimum in the series N, P, As, Sb; the earlier
orientational studies [19] on the phosphorus and arsenic
substituents are therefore more nearly correct. Since
the stronger meta-directing effect of phosphorus over
nitrogen is not observed in the corresponding benzyl
series (Table 8), we have suggested that it stems from
electron acceptance by the vacant d-orbitals of phos-
phorus [20]. Such interaction would give the —PMe, +
group some —M character, analogous to that of the
nitro-group. The percentage of para substitution in the
nitration of nitrobenzene [21] is below 1% and so only
slight ~electron acceptance by the —PMe,+ group
would be sufficient to produce the observed orientation,

Our main conclusion is therefore that the inductive
and field effects of a positive pole lead to rather simi-
lar deactivation at the meta and para positions in elec-
trophilic substitution. This conclusion appears theoreti-
cally reasonable and is supported by the limited data
available on other substitution reactions.> However

5 Thus the results of Pearson and his co-workers [22] suggest that the
bromination of the dimethylanilinium ion gives about 309 of substitution
in the para position; those of Brand and Rutherford [23] show that the
sulphonation of the trimethylanilinium ion gives about 14% of para-syb-
stitution. Eaborn and Pande have shown that meta and para —NMegz+

great deal remains to be done concerning the de
tahese substituent effects. We are, therefore, extey _ut:f
our nitration studies to include other positive Poles mﬁ
also investigating the SO]VCI:It .e.tfect on the Ditratio, o
protonated poles at lower acidities.
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