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Mechanism of Aromatic Nucleophilic Substitution in Aprotic Solvents
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The effect of various hydrogen-bond acceptors on the reactions of 1-chloro- and 1-fluoro-2,4-dinitro-
benzenes with morpholine in benzene at 30 °C has been investigated. The reaction of the chloro
substrate is not base-catalysed and the additives produced no acceleration in the concentrations
employed. The reaction of the fluoro substrate is base-catalysed. The addition of hydrogen-bond
acceptors frequently leads to accelerations which vary linearly with the concentration of the acceptor. An
approximately linear relationship exists between the logarithm of the slope of these correlations and
the hydrogen-bonding parameter pk, .. These effects are interpreted as electrophilic catalysis, by
the heteroconjugates of the acceptors with the conjugate acid of morpholine, of the rate-
determining decomposition of the intermediate in these reactions.

The SyAr mechanism of aromatic nucleophilic substitution
when either primary or secondary amines are the nucleophiles is
given in equation (1).
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Application of the steady-state hypothesis gives equation (2),

ks = kyky + Zki[Bi])/(kvl + ky + Zki[Bi]) 3]

where k, is the observed second-order rate constant and B is
either an added base or a second molecule of the nucleophile.

According to equation (2), one of three kinetic forms should
be observed:

(i) Whenk_, < k, + Y k[B;], ks, = k, and there is no base
catalysis. i

(i) When k_; > k, + Y k[B], ka = k,(k, + Y k[B)/k_,

and k, has a linear dependence on the concentration of base.
(iii) No simplification is possible and k, has a curvilinear
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(downward) dependence on base concentration. In aprotic sol-
vents of low dielectric constant (benzene, toluene, cyclohexane,
etc.), however, many examples are known !~ in which plots of
k4 against base concentration have upward curvatures. Several
explanations of this abnormal behaviour have been given, e.g.
solvent effects,! association of the nucleophile with the base,’

and electrophilic catalysis of the expulsion of the leaving group
by homo- and hetero-conjugates of the conjugate acid of the
nucleophile.®
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In dipolar aprotic solvents of modest to high dielectric
constant the mechanism of the base-catalysed decomposition of
the intermediate (I) [equation (1)] is believed to be that
proposed by Bunnett and Davies '! and given in equation (3).

Capon and Rees'? suggested that in aprotic solvents the
catalysed reaction proceeded via a cyclic intermediate such as is
shown as (III). Initially there was no experimental evidence for a
difference in mechanism between aprotic and dipolar aprotic
solvents, but this has now been established.® Ayediran,
Bamkole, Hirst, and Onyido '3 have proposed that in benzene,
because of its low dielectric constant and the consequent range
of electrostatic forces, aggregates are formed within which
mechanisms such as those proposed by Bunnett can operate.
We wish to emphasise at the outset that because of the range of
these forces and the importance of hydrogen bonding in these
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t Recently Banjoko and Ezeani!® have severely criticised our pro-
posals. The criticism seems to arise from a misunderstanding as it is
based on reactions of the dimer of the nucleophile. We have never
postulated such a reaction; our mechanism postulates electrophilic
catalysis of the homo- and hetero-conjugates of the conjugate acid of the
nucleophile.
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Table 1. Rate constants (1 mol~! s~! for the reactions of 1-chloro- and 1-
fluoro-2,4-dinitrobenzene with morpholine in benzene at 30 °C and in
the presence of various additives

(A) 1-Chloro-2,4-dinitrobenzene*

10® [morpholinel/v 250 50 150 300 400 500

10% k, 539 549 547 521 535 534
In the presence of 1,4-diazabicyclo[2.2.2]octane

10? [DABCO]/m 075 1.0 40 80 120
10% &k, 546 540 562 537 569 570
In the presence of dimethyl sulphoxide

10® [Me,SO1/M 10 20 30 40 50
103 &, 5.58 545 558 558 553 555
In the presence of hexamethylphosphoric triamide

10 [HMPA]/™M 10 20 30 40 50
10% &, 536 532 539 543 546 536
In the presence of pyridine

10? [pyridine]/m 10 20 40 50

10 k, 524 536 536 534 S.62

In the presence of pyridine N-oxide

10° [PNO]/m 10 20 30 40 S0
103 k, 558 543 559 555 554 545
In the presence of 4-methylpyridine

10% [4-Mepyl/m 1.0 20 30 40 50
10 k, 558 567 560 548 547 556
In the presence of cyclohexanone

10[cyclohexanone]/m 1.0 20 30 40 50
10% k, 558 541 544 546 548 560
In the presence of nitrobenzene

103 [nitrobenzene}/M 10 20 50 100 200
103 k, 5.58 545 555 553 552 565

(B) 1-Fluoro-24-dinitrobenzene?®
10° [morpholine]/M 1.0 20 25 50 100 200

10% k, 1.08 1.81 208 295 528 101

10? [morpholine]/M 300 40.0

10% k, 133 184

In the presence of 1,4-diazabicyclo[2.2.2]Joctane

102 [DABCO]/M 05 10 40 60 80 120
10% k, 199 370 598 141 233 276 415
In the presence of pyridine

102 [pyridine]/M 10 40 80 100 150 200
10% k, 195 220 284 359 391 477 661

300 350 400 500
880 11.5 147 216

In the presence of dimethyl sulphoxide
10® [Me,SO]/M 10 20 30 40 50

10? [pyridine]/m
102 &,

102 k, 195 217 264 305 345 382

In the presence of nitrobenzene

10* [nitrobenzene]}/M 1.0 20 50 100 200

10% k, 195 196 201 203 209 218

In the presence of 4-methylpyridine

103 [4-Mepy]/™M 50 100 200 300 400 500
10% k, 195 229 253 339 438 577 696
In the presence of acetonitrile

10 [acetonitrile]/mM 10 20 30 40 50

10% k, 195 233 263 300 319 3.52

In the presence of tetrahydrofuran

10? [THF]/M 20 40 60 100

10% &, 199 204 208 215 227

In the presence of cyclohexanone

10? [cyclohexanone]/M 20 40 60 100

102 ky 1.99 219 230 243 272

In the presence of pyridine N-oxide
10* [PNO}/™M 50 100 150 200 250
10% k, 195 24t 252 295 345 367
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Table 1 (continued)
In the presence of hexamethylphosphoric triamide

10* [HMPA]/M 250 50 750 100 125

10% k, 195 248 298 3.66 431 511

In the presence of anisole

10? [anisole]/M 25 50 200 400 500 60.0
10% k, 195 203 209 220 205 210 227
In the presence of N,N-dimethylaniline

10 [DMA]}/M 10 20 30 40 50

10% k, 195 193 201 204 204 202

@ Substrate concentration 247—2.93 x 10-*M. The effect of additives
was studied at a constant morpholine concentration of 2.50 x 1073M.

()

solvents, we believe that several mechanisms and solvent effects
can operate, the relative importance of which depends not only
on the entities employed, but on their concentrations as well.
The following results and discussion are concerned principally
with concentrations in the range 10-3—1072m.

The effects of the addition of various substances on the
second-order rate constants for the reactions of morpholine
with 1-chloro- and 1-fluoro-2.4-dinitrobenzenes in benzene are
given in Table 1.

The reaction of the chloro substrate is not catalysed by either
morpholine or 1,4-diazabicyclo[2.2.2]octane (DABCO), ie.
k. = k, and the first stage of the reaction is rate-determining.
The various additives have no effect on the rate constant.
Bernasconi et al.'* have observed that the rate of reaction of 1-
chloro-2,4-dinitrobenzene with piperidine in benzene increases
with increase of dimethyl sulphoxide in the medium, but the
concentrations of Me,SO employed were much greater than in
the present case. The main conclusion to be drawn from the
study of the effect of these additives on the rate of reaction of the
chloro substrate is that under the conditions employed, i.e. low
concentrations, no significant pre-equilibria are established
which result in the formation of entities participating in the
transition state for the formation of the intermediate in equation
0.

The value of k, for the fluoro substrate has a linear
dependence on the concentrations of both morpholine and
DABCO {equation (4), ie. the kinetic form predicted by

A=k + k'[B] Q]

equation (1) for the conditionk_, > k, + k;[B]}. The addition
of anisole and N,N-dimethylaniline has no effect on k,; the
effects of added nitrobenzene, acetonitrile, tetrahydrofuran,
cyclohexanone, DABCO, dimethyl sulphoxide, pyridine N-
oxide, or hexamethylphosphotriamide are in accord with
equation (4), as is that of pyridine at low concentrations. Values
of k” and other relevant data are given in Table 2. At higher
concentrations of pyridine and for 4-methylpyridine throughout
the range of concentrations investigated there is a curvilinear
upwards dependence of k, on the concentration of the additive.

The results for morpholine, DABCO, and high concentrations
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Table 2. Effect of some additives P on the reaction of 1-fluoro-2,4-dinitrobenzene with morpholine in benzene at 30 °C. Values of k" (mol® I"? s71)
in the equation k, = k' + k”[ P] and other relevant data

Cyclo- Nitro-
P Anisole DMA MeCN THF hexanone benzene Pyridine 4-Mepy DABCO Me,SO pyNO HMPA
k” 3.09 x 1072 294 x 1072 6.69 x 102 1.07 x 107! 1.87 x 10* 561 x 10" 326  3.89 694 251
pPkus 0.02° 045° 0.90°* 1.26° 1.32° 0.73¢ 1.88¢ 2.03¢ 220% 2.53° 2.76°  3.56°
pk,25(H,0)F —6.51 5074 —10.13¢ —2.1¢ —6.8 —11.26 5.22 6.00 860 0° 0.79
E,s/ 433 37.5 7.58 18.3¢ 34.8 12.4* 46.7 30.07

9 Ref. 18. L. Jores, J. Mitsky, and R. W. Taft, J. Am. Chem. Soc., 1972, 94, 3438.  D. D. Perrin, ‘Dissociation Constants of Organic Bases in
Aqueous Solution,’ I.U.P.A.C.-Butterworths, London, 1965. ¢ M. M. Fickling, A. Fischer, B. R. Munn, J. Packer, and J. Vaughan, J. A4m. Chem.
Soc., 1959, 81, 4226. ¢ E. M. Arnett, Prog. Phys. Org. Chem., 1963, 1, 223. / Dielectric constant; see ‘Organic Solvents’, ed. J. A. Riddich and W. B.

Bunger, in ‘Techniques of Organic Chemistry,” vol. II, 3rd edn., Wiley-Interscience, New York, 1970. ¢ At 20 °C. kAt 21 °C.

of pyridine are in agreement with those of Becker et al.!® Similar
results for DABCO and Me,SO, and a linear dependence on the
concentration of pyridine, were obtained by Bernasconi and
Zollinger '® and Bernasconi, Kaufmann, and Zollinger ** when
the nucleophile was changed to piperidine. The effect of Me,SO
and the upward curvature of the pyridine plots were interpreted
as solvent effects. The effect of Me,SO on base-catalysed
aromatic nucleophilic substitution reactions in hydrocarbon
solvents has also been studied by Suhr!? and by Palleros and
Nudelman.® Suhr attributed the large acceleration observed on
the addition of 11—75% of Me,SO to the reaction of 4-
fluoronitrobenzene with piperidine in benzene to base catalysis
by Me,SO. Palleros and Nudelman investigated the reactions
of cyclohexylamine with 2,6-dinitroanisole in toluene—-Me,SO
mixtures ranging from 0 to 100% Me,SO, using high (> 0.2m)
concentrations of cyclohexylamine in solvents low in Me,SO
content. The accelerations observed in the solvent composition
range 0.4—29% were interpreted as due to nucleophilic attack by
the complex formed by hydrogen-bonding of the amine with
Me,SO.

For the present results, the accelerations produced by the
additives on the rate of reaction of the fluoro compound cannot
be due to either a solvent effect or the formation of a more
reactive species increasing the rate of the formation of the
intermediate, as similar accelerations are not observed for the
chloro substrate. Nor can they be due to a solvent effect
increasing the rate of decomposition of the intermediate as there
is no correlation between the magnitudes of the accelerations
(as measured by k” values) and the dielectric constants of the
additives. Nitrobenzene and cyclohexanone, which have widely
differing dielectric constants, cause accelerations of the same
order of magnitude, while the effect of pyridine, with a smaller
dielectric constant than either, is larger. Similarly there is no
correlation between the magnitude of the accelerations and the
basicity of the additives. Thus Me,SO, a much weaker base
than DABCO in water and 3 x 10° times weaker than pyridine
in benzene,'* is a more effective catalyst than either.

Taft '® has introduced the parameter pkyy as a measure of the
strength of a hydrogen bond acceptor;* pkyy is defined as
pkyp = log K; where K; is the equilibrium constant for reaction
(5) in carbon tetrachloride at 25 °C, and Taft has shown that in

F@OH + B === F@OH --- B (5)

other solvents linear free energy relationships of the form log
K’y = mpkyy + care valid. Values of pkyy are given in Table 2.

* Subsequently Taft has adopted the parameter B as a measure of
hydrogen-bond acceptor ability and has shown !° that towards donor
Bu;NH"* log K; = 9.798 — 3.14.

By visual inspection there is at least a rough correlation
between the catalytic powers of the additives and their pkyg
values. Those with low pkyy values either do not catalyse the
reaction or else the magnitude of £ is small; those with high
values are much more effective catalysts.

If, for the mechanism given in equation (3), for additives P
which are much less basic than the nucleophile ¥, electrophilic
catalysis also occurs both with the heteroconjugate N*HP
formed between the conjugate acid of N and P and with the

homoconjugate NﬁN then for the condition (6), equation (7)

k_y > ky + kyKy[N] + kp"KpNKy[N]? +
kyKyKy[N][P] (6)

ky = {kl(kZ + kyKy[N] + kDNKDNKN[N]2 +
kuKuKN[NILPD} /K., (T)
where Ky =
[ADINH']  , _ [NH'N] _ [NH'P]
[OIV] ° 7" [NHTJNT Y [NH*][P]

applies and (I) and (II) are defined in equation (3); ky, k", and
k,, are the rate constants for electrophilic catalysis by NH ™,
NH*N, and NH*P.

Hence at constant concentrations of the nucleophile a plot of
k, against [ P] should be linear as is observed, and of slope
kikyKyKy[N]/k_,. Assuming that the relationship log Ky =
mpkyg + c holds, then we have equation (8). If the value of log

log (slope) = log (k,Kn/k_;) + log kyy + mpkyg + ¢ (8)

k) is not very sensitive to the nature of the component P of the
heteroconjugate then an approximately linear relationship
should exist between the log of the slope and pkyg.t A plot of
log k” against pkyy (Figure) obeys this relationship; hence we
conclude that the accelerations observed are due to electrophilic
catalysis of the decomposition of the intermediate (II) by the
heteroconjugate formed between the additive and the conjugate
acid of the nucleophile.

Equation (7) was obtained for additives which were much less
basic than the nucleophile. For more basic additives,
electrophilic catalysis is possible by the species PH* and its
homoconjugate PHP*. Under these conditions equation (7)
becomes (9), where kp and k,F are the rate constants for
catalysis by PH* and PHP*. When the concentration of the
nucleophile is kept constant, equation (9) is of the form (10),
which gives (11).

+ A referee has pointed out that the same kind of correlation would be
obtained if ky, and K\ were linearly related.
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Figure. Plot of 2 + log k” against pkyyg for the effect of additives on
the reaction of 1-fluoro-2,4-dinitrobenzene with morpholine in benzene
at 30 °C

ka = {ky(k, + kyKy[N] + kp"KpNKN[NT? + kpKp[P] +
kK Ky[NI[P] + kDPKDPKP[P]Z)}/k—l ®

_[PHTIIAD] o 5 _
Froremy TP

[PH"P] Ky, K2, K, bef
m ( N> KN, Ky S DE Ore)
ki = a + K'TP] + K"[P} (10)
(ka —a)/[P] = K" + K"'[P] an

The rate constants for high concentrations of pyridine (i.e. the
portion of the k, vs. (pyridine] plot which is curvilinear) obey
equation (11) and so do the values for 4-methylpyridine over the
whole range of concentrations investigated.

Equation (9) yields (12). It is easily shown that K,,Ky > Kp;

k" = {kl(kap + kMKMKN[N])}/k—l (12)
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hence if kp ~ k), then as before a plot of log k” vs. pkyy should
be roughly linear.

Experimental
Pyridine N-oxide was prepared by oxidising pyridine with 1.7
equiv. of 30 vol. % hydrogen peroxide in glacial acetic acid. The
amine oxide was distilled under reduced pressure and on
solidification gave crystals, m.p. 63—65 °C (lit.,2° 62—65 °C).
All other materials were commercial samples purified by
standard procedures.

The reaction was followed by the spectrophotometric
determination of the products using the pipette technique
already described.?!
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