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Kinetic Evidence for a Methanolysis Intermediate in Aromatic Nucleo-

philic Substitution

By Norma Sbarbati Nudelman * and Dionisio Garrido, Dep. de Quimica Orgénica, Facultad de Cs. Exactas
y Naturales, Univ. de Buenos Aires, Ciudad Universitaria, Buenos Aires, Argentina

The reactions of 2,4- and 2.8-dinitrochlorobenzene and 2,4-dinitroanisole with cyclohexylamine in benzene and
in methanol have been examined. Computer analysis of the kinetic data shows the formation and fate of a solvolysis

product in the reaction of 2,4-dinitrochlorobenzene in methanol.

The results prove that an experimental failure

to detect a solvolysis product is not evidence for a negligible solvolysis rate.

BunNETT and ZAHLER? in their review on nucleophilic
aromatic substitution reactions drew attention to a
complication arising when studying nucleophilic displace-
ment by amines in alcoholic solvents. An alcoholic
solution of an amine contains an appreciable concen-
tration of alkoxide ion [equilibrium (1)] so that substi-
tution may be effected by either amine or alkoxide.

RINH, | R20H == RINH, +- R20- (1)

Working with 2,4-dinitrochlorobenzene Brady and
Cropper 2 suggested that the amount of alkoxide ion
cannot be sufficiently high for interference except in the
cases of very slow acting, strongly basic amines, and
Chapman and his co-workers  demonstrated that even
with strongly basic amines the rate of ethanolysis is
negligible when compared with the main reaction after
a few percent of reaction. A similar pre-equilibrium
was found for the reaction of the same substrate with
phenoxide ion in methanol.4

For the case of nucleophilic displacement of fluorine
Suhr made a quantitative estimation of the extent of
ether formation in the reaction of p-fluoronitrobenzene
and found sizable amounts for weakly nucleophilic

1 J. F. Bunnett and R. E. Zahler, Chem. Rev., 1951, 49, 271.

2 0. L. Bra.dy and F. R. Cropper, J. Chem. Soc., 1950, 507.

3 (a) E. A. S. Cavell and N. B. Chapman, J. Chem. Soc., 1953,
3392; (b) N B Chapman, R. E. Parker and P. W. Soanes ibid.,

1954, 2109.
4 A. G. Catchpole and R. H. Lynch, Ckem. and Ind., 1966, 49
2058.

amines.5 For heterocyclic compounds no solvolysis
product was found in the reaction of 2-chloro-5-nitro-
pyridine with anilines but for the fluoro-compound there
was a slow competitive solvolysis.®

Therefore, we thought it of interest to investigate in
more detail the incidence of proton transfer equilibria on
the rate of nucleophilic displacement of chlorine using
more sensitive methods than quantitative determination
of the secondary products. We have measured the rate
of the reactions of 2,4- and 2,6-dinitrochlorobenzenes and
2,4-dinitroanisole with cyclohexylamine in benzene and
in methanol.

EXPERIMENTAL

Reagents and Solvents—2,4- and 2,6-dinitrochlorobenzene
(Fluka) were crystallised from ethanol until constant m.p.
51.0 and 87.5°, respectively. Cyclohexylamine (Fluka) was
kept over sodium and then fractionated through a 20
(Fenske) theoretical plates column, fraction of b.p. 134.5°
(lit.,? 134.75°) being used. N-(2,4)- and 2,6-dinitrophenyl-
cyclohexylamine were prepared by dissolving the corres-
ponding dinitrochlorobenzenes in the minimum amount of
ethanol and adding 10 mol. equiv. of cyclohexylamine.
The reaction mixture was refluxed for 3 h. The products
were crystallized from ethanol and were identical with
authentic samples.® M.p.s were 153 and 78.5°, respectively.

5 H. Suhr, Teivakedvon Letters, 1966, 47, 5871.
6 D. M. Brewis, N. B. Chapman, J. S. Paine, J. Shortcr, and
D. ] Wright, J.C.S. Perkin 11,1974, 1787.
7 J. Tlmmermans and H. Rola.nd J. chim. Phys., 1959, 56,
984.



1976

2,4-Dinitroanisole was prepared by treating 2,4-dinitro-
chlorobenzene with sodium methoxide in excess. Crystal-
lisation from methanol gave material, m.p. 95—96° (lit.,
88,% 94.8—96.5° 19). Attempts to prepare 2,6-dinitroanisole
by the same procedure failed because 2,6-dinitroanisole
reacts with the excess of sodium methoxide to give sodium
2,6-dinitrophenoxide, m.p. >300°, which by acidification
gave 2,6-dinitrophenol, m.p. 58° (lit.,** 60°). 2,6-Dinitro-
anisole was prepared by mixing stoicheiometric amounts of
2,6-dinitrochlorobenzene with sodium methoxide. Crystal-
lisation from methanol gave material, m.p. 118° (lit.12
117—119°). Cyclohexylammonium chloride was prepared
by flushing hydrogen chloride into an ethereal solution of
cyclohexylamine; it was crystallised twice from ethanol and
had m.p. 206—207° (lit.,*? 206). Methanol was dried by
the Lund and Bjerrum method,’* and was stored in a
special vessel which allowed delivery without air contamin-
ation. Benzene was kept over sodium wire for several
days, then distilled over sodium, and stored in the kind of
vessel used for methanol.

Kinetic Procedure.—All reactions were studied spectro-
photometrically.’® A Beckman DU 2 spectrophotometer
was used, with 1.00 cm silica cells. Standard solutions of
the halogeno-compound (ca. 1—5 X 10™m) and the aro-
matic amine (in large excess, not less than 100-fold) in
methanol or in benzene were prepared, mixed at 0° C, and
aliquot portions were put in separate reaction tubes (at
35 °C) or in sealed bulbs (at 45 and 60°) and immersed in a
thermostat. Samples were taken at intervals, cooled, and
quenched by the addition of methanolic sulphuric acid.
The optical density of the reaction mixtures 0fs2,4-dinitro-
chlorobenzene with cyclohexylamine in methanol were
measured at 290 and 350 nm; the optical density of the
other reaction mixtures were measured at the wavelength of
the maximum absorption of the N-cyclohexylaminophenyl
derivative.

Except for the reactions of 2,4-dinitrochlorobenzene with
cyclohexylamine in methanol, pseudo-first-order rate co-
efficients, k,, were obtained by the least-squares method as
the slope of In(d, — d;) against ¢; where d, is the optical
density of the reaction mixture after more than 10 half-
lives and which was coincident with the optical density of
a solution of the N-(2,6-dinitrophenyl)cyclohexylamine
derivative in the same solvent. The second-order rate
coefficients, Ap, were obtained by dividing %4 by the cyclo-
hexylamine concentration. Rate coefficients were repro-
ducible to 4-29%. Values of AH*} are accurate to ca. +0.3
kcal mol™ and values of ASt to 4-1 cal K™ mol™.

For the reactions of 2,4-dinitrochlorobenzene in benzene
a correction is applied since the substrate absorbs at the
wavelength at which the optical density is measured (350
nm). The measured optical density, d;, is corrected by
expression (2) where ¢, and ¢, are the molar extinction co-

d = (diey, — dewea)/(er — €a) (2)

efficients of the substrate and the product, respectively.
This correction was introduced into the computer program

8 N. S. Nudelman and J. A. Brieux, Aunales Asoc. quim.
Avgentina, 1970, 58, 207.

? H. P. Crocker and R. H. Hall, J. Chem. Soc., 1955, 4489.

10 J. F. Bunnett and R. H. Garst, J. Org. Chem., 1968, 33,
2320.

11 M. A. Phillips, Chem. and Ind., 1952, 714.

12 7. F. Bunnett, H. Moe, and D. Knutson, J. Amer. Chem.
Soc., 1954, 76, 3936.
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and the pseudo-first-order rate coefficient was calculated in
the way described for the 2,6-dinitrochlorobenzene reac-
tions.

The reaction of 2,4-dinitrochlorobenzene in methanoi
produces 2,4-dinitroanisole as a relatively stable intermedi-
ate and a different treatment is applied which is described
in the Discussion section.

Amncillary Spectrophotometric Measurements.—The spectral
properties of the substrates and of the products of their
interaction with cyclohexylamine and/or sodium methoxide
are recorded in Table 1. The solutions were found to obey

TABLE 1

Spectral properties of 2-R!-3-R2-5-R3-nitrobenzenes

¢/l mol™
Rt R? R? Solvent  A/nm cm™
Cl NO, H Methanol 425 0
Cl NO, H Benzene 425 0
Ci H NO, Methanol 350 325 ey
290 3081 &y
Cl H NO, Benzene 350 327
OCH, NO, H Methanol 307 1735
ONa NO, H Methanol 425 6 920
OCH, H NO, Methanol 290 10740 e,
350 912 &,
CeH, N NO, H Methanol 425 5612
CeH )N H NO; Methanol 350 17250 ey
290 1902 ey
CH,;,N H NO, Benzene 350 17 200

Beer’s law. Spectrophotometric determination of the
reaction mixtures at ‘ infinity ’ revealed that the N-(dinitro-
phenyl)cyclohexylamine derivative was the only product
in quantitative yield.

DISCUSSION

General Comments on the Kinetics of the Reaction of 2,4-
Dinitrohalogenobenzenes with Amines.—Examples of aro-
matic nucleophilic substitutions with amines which
proceed by an addition-elimination mechanism have
been summarized by Bernasconi.l® When the halogen
displaced is chlorine most of the decomposition of the
intermediate complex proceeds spontaneously and rapid
acceleration by bases has not been observed.!?

In the reaction of 2,4-dinitrochlorobenzene with cyclo-
hexylamine we have studied the influence of base con-
centration in benzene in which it would be more likely
to detect base acceleration. The results are gathered in
Table 2. As can be observed a small increase in the
total second-order rate coefficient is found for increasing
amounts of cyclohexylamine.

Table 3 gathers the calculated %, and %z values accord-
ing to the equation kp==+%,+ kr [B]. As can be

18 A, N. Kost, A. P. Terent’ev, and G. A. Shvekhgeimer,
Izvest. Akad. Nauk S.S.S.R., Otdel. Khim. Nauk, 1951, 150 (Chem.
Abs., 1951, 45, 10195°).

1 (g) A. I. Vogel, ‘ Practical Organic Chemistry,” Longman,
London, 1956, 3rd edn., p. 168; (b) H. Lund and J. Bjertum, Ber.,
1931, 64, 210.

15 J.F. Bunnett, T. Kato, and N. S. Nudelman, in * Fundamen-
tal Organic Chemistry Laboratory Manual,” eds. K. Thomas
Finley and J. Wilson, Prentice Hall, New Jersey, p. 112.

16 C. F. Bernasconi, M.T.P. International Rev. Sci. Org. Chem.
Ser. 1, 1973, 3, 33.

17 J. F. Bunnett and C. F. Bernasconi, J. Org. Chem., 1970, 35,
70.
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observed kp/k, <5 and the low acceleration can be
interpreted as a medium effect. The working tempera-
tures are close to the isokinetic temperature1® and a
slight increase in rate is expected with increasing polarity
of the solvent, although it is an ortho-substituted com-
pound and the inverse effect is more usual.1%.20

TABLE 2

Reaction of 2,4-dinitrochlorobenzene with cyclohexylamine
(CHA) in benzene

104 ky/ AH? e —ASt e/
[CHA]/m T|°C Imols™  kcalmol™ cal K™'mol™?
0.049 35 0.703
45 1.92 9.4 45.5
60 4.00
0.098 35 1.10
45 2.02 9.2 46.5
60 4.47
0.452 35 1.66
45 3.06 9.6 46.1
60 7.33
0.997 35 3.42
45 6.00 9.3 45.5
60 14.5
TABLE 3

Reaction of 2,4-dinitrochlorobenzene with cyclohexylamine

in benzene
10%,/ 10%3g/
T/°C 1 mol1s71 1 mol™ls™1 kulk,
35 0.5 2.6 5
45 1.6 4.2 2.6
60 3.5 8.5 2.4
AH?%/kcal mol™1 10.2 4.4
—AS#/cal K™ moi™? 44 61

The thermodynamic parameters confirm this assump-
tion. If base catalysis were important the entropy of
activation for the total reaction should be smaller (ca.

J.C.S. Perkin II

2,4-Dinitroantsole as an Intermediate in the Reactions
in Methanol.—Because of equilibrium (1) for a methan-
olic solution of cyclohexylamine there is a constant
amount of methoxide ion able to react with the 24-
dinitrochlorobenzene. When performing the reaction
with cyclohexylamine we found N-(2,4-dinitrophenyl)-
cyclohexylamine as the only product in quantitative
yield.

Nevertheless, this result cannot dispose of the possi-
bility of a parallel reaction of 2,4-dinitrochlorobenzene
(I) with methoxide ion to give 2,4-dinitroanisole (II)
followed by the reaction of this with cyclohexylamine (B)
to produce the same final product (III), as in the Scheme.

OCH,
(2
CH30 B
k. k.

cl ! NO, 2 NHCgH,
N0, (I .

~ k'3 e

NO, No,
(I (Im)

This is a very simplified mechanism as each of the
reactions involves several steps. Nevertheless, we have
demonstrated that the direct reaction (I} — (III) is
not subject to amine catalysis and we have found a
similar result for reaction (II) —= (III) (see Table 5).

For the experimental conditions used in the present
work [B] > [(I)]. According to the pKy value of cyclo-
hexylamine in methanol (5.89) * the amount of methox-
ide ion is not much greater than [{I)] but it remains

TABLE 4
Reaction of 2,4-dinitrochlorobenzene with cyclohexylamine in methanol @

105k", b 10587, 2/ 104MeO-]/ 104k ¢ 104k 4
T/°C s1 s71 M pKs 1 molts™ 1 mols™?
35 3.5 2.4 4.7 6.13 1.45 1.19
45 6.4 6.7 3.6 6.36 2.71 2.08
60 20.5 19.4 3.3 6.44 10.0 7.15
AH3[kcal mol? 11.4 13.4 12.2
—AS?*/cal K1 mol™? 25 33 40.0

@ [Cyclohexylamine] = 0.297M.
290 and 350 nm.
cyclohexylammonium chloride added.

—60 cal K mol?), while the experimental data re-
sembles the values for an uncatalysed reaction.

We conclude that the reaction of 2,4-dinitrochloro-
benzene with cyclohexylamine is not amine catalysed (in
this term we include catalysis by the amine B and cataly-
sis by its conjugate acid BH™).

* The pK value was determined spectrophotometrically

following the procedure of ref. 21 using Bromocresol Purple as
indicator.

18 N. S. Nudelman and J. A. Brieux, unpublished results.
1% J. F. Bunnett and R. J. Morath, J. Amer. Chem. Soc., 1955,
77, 5051.

b Calculated pseudo-first-order rate coefficients from measurements of the optical density at
¢ Calculated second-order rate coefficients from measurements at 350 nm for a direct reaction.

2 Idem, 1072m-

constant because of equilibrium (1). Therefore, assum-
ing that each step behaves as a pseudo-first-order reac-
tion, the differential equations (3)—(5) are obtained.

—d[(D)]/dt = (k" + &) [(T)] (3)
d[(ID)]/d¢ = &,'[(1)] — &'T(ID)] (4)
d[(IID)}/df = k5'[(T)] + A,'[(11)] (5)

20 S D. Ross and M. Finkelstein, J. Amer. Chem. Soc., 1963, 85,
2603.

21 (g) I. M. Kolthoff and L. S. Guss, J. Awmer. Chem. Soc., 1938,
60, 2516; (b) J. R. Schaefgen, M. S. Newman, and F. H. Verhoek,
ibid., 1944, 66, 1847.
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Equation (3) is easily integrated to yield (6) where [(I)],
is the initial concentration of (I). Since at the begin-

[(D)] = [(I)]p e~ +kD (6)

ning [II], = 0, equation (4) may be integrated by the
usual integrating factor methods to give (7). [(III)] may

(D] = [(Dle* Er‘;%q? (e7F — e~G'+k) (7)

be found most conveniently from the stoicheiometric
relation obtained by integrating the sum of equations
TaBLE 5

Reaction of 2,4-dinitrochlorobenzene with cyclohexylamine
in methanol @

tls 105[(I)]/m 105[(ID)]/m 105[(I1I)]/m
180 7.83 0.508 0.591
360 6.78 0.976 1.17
780 5.19 1.46 2.28
1200 3.99 1.89 3.04
1620 3.34 1.87 3.34
2 040 2.57 2.12 4.24
2 880 1.98 2.22 4.62
3780 1.24 2.40 5.10
4 980 0.91 2.45 5.32
7080 0.01 2.34 6.58
8100 0.002 1.87 7.03
e T 60°, [Dinitrochlorobenzene], = 8.9 X 10™M; [cyclo-

hexylamine] = 0.297M.

(3)—(5), i.e. [(I)]o = [(D)] + [(IT)] 4- [(IIT)], thus yield-

ing equation (8). To determine the amount of each

(Ml — (D] [k =B\ i
D ”‘(kl'+k3'—k2')e(k S

X "y
(kll + k3, - k2,) ¢ t (8)

compound at different intervals the optical densities 4,
and A4, of the reaction mixtures were measured at two
wavelengths, 2, 350 and 2, 290 nm, respectively. The
three compounds show measurable optical density at
these two wavelengths and equations (9)—(11) are valid

A1 == 511[(1)] + 512[(11)] + 513[(111)] (9)
A2 = 821[(1)] -+ 322[(11)] + &g (I11)] (10)
Ap = €13[(1)] + 513[(11)] + 513[(111)] (11)

where the ¢ values are the molar extinction coefficients
of Table 1 and A, is the ‘ infinity ’ optical density.

Using equations (3)—(5) and (9)—(11) a computer
program written in Fortran IV * allowed the calculation
of the pseudo-first-order rate constants, £, and %,’, pro-
viding the value of the pseudo-first-order rate constant,
ky’, is known.

The rate of the reaction of (II} with cyclohexylamine

* The program is available by writing to N.S.N.

22 A. L. Beckwith, J. Miller, and G. D. Leahy, J. Chem. Soc.,
1952, 3552.
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was measured (see below) and the calculated values of
k" and &, are recorded in Table 4.

From the same program it is possible to obtain the
amount of each of the three compounds at each interval
(Table 5). As can be observed the amount of compound
(IT) increases at the beginning and then decreases as it
is transformed in (III). A plot of [(III})] against time
shows the sigmoidal curve expected for composite
(parallel and consecutive) reactions. The time, ¢, , at
which the concentration of (II) is a maximum can be
calculated from equation (12). For reaction at 60°,

In(%,” + %5') —In &)’

12 = 7 7 7
R Ry

max.

(12)

bpoe 15 4890 s which compares fairly well with the
experimental value, ¢,,. 4 980 s, obtained from the plot
of [(II)] against time. The experiment was repeated and
ca. 80 min after the start, a spectrum of the reaction
mixture was recorded in the region 250—400 nm. This
showed a maximum at 290 nm, which is not present in
the ‘ infinity * mixture.

If the assumptions involved are correct it would be
possible to obtain the amount of methoxide ion present
in the methanolic cyclohexylamine solution by equation
(13) where kr is the second-order rate coefficient for

[MeO~] = &y'[kx (13)

reaction (I) — (II) which has been determined by
Miller et al.,22 the extrapolated 10kp 1 mol™? s values
are 0.767 (35°), 1.76 (45°), and 6.31 (60°). The calcu-
lated methoxide ion concentrations are shown in Table 4.
These values agree well with that calculated from the pK
value determined at room temperature, [MeO~™] = 6.0 X
10%mM, and therefore confirm the above assumptions.
The method is thus useful for kinetic determinations of
pK, similar to that described previously.?® Using the
calculated methoxide ion concentrations it is possible
from equation (14) to obtain the pKy values at the three

Kx = [McO~]/[B] (14)

experimental temperatures. As shown in Table 4, dis-
sociation of the amine diminishes as the temperature
increases. These pKp values, and the one determined
at ca. 25° by an independent method fall on a parabola
in the plot of —log K against T'; 60° seems to be close
to the 6 value 7.e. the temperature at which the maximum
of the parabola is found.

When the reaction was performed in the presence of
102m-cyclohexylammonium chloride no formation of 2,4-
dinitroanisole was detected by t.l.c. nor by computer
calculation. The rate constants calculated in the usual
way obey the Arrhenius equation (kr in Table 4), while
the rate constants measured in the absence of the salt
(kzc), do not, giving a concave upward Arrhenius plot,

23 J. F. Bunnett and N. S. Nudelman, J. Org. Chem., 1969, 84,
2043.

24 R. W. Gurney, ‘ Ionic Processes in Solution,” Dover, New
York, 1953, p. 122.
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as expected for a complex reaction.?® Cyclohexyl-
ammonium chloride was used, as earlier,? to force equili-
brium (1) to the left.

Reaction of 2,4-Dinitroanisole with Cyclohexylamine.—
The results are gathered in Table 6. Despite expectation
for this poor leaving group, a very mild acceleration
(k/ky = 0.6} is observed for increasing amounts of
amine. For this reason amine catalysis was neglected
in the above treatment.

The absence of base catalysis in this reaction may be
due to the fact that as cyclohexylamine is an aliphatic,
primary, and sterically hindered amine, the formation
(k) of the intermediate complex is the rate-controlling
step. Comparison with the second-order rate coefficient
of the reaction with piperidine 1° reveals that this is 10°
times faster than the reaction with cyclohexylamine.
But, contrary to the results found with piperidine, the
reaction with cyclohexylamine goes to completion with
only one product; neither an equilibrium nor side reac-
tions are detected. For the three concentrations of

TABLE 6

Reaction of 2,4-dinitroanisole with cyclohexylamine in

methanol
[Cyclohexylamine]/ 10%k+x/
M T/°C Imol1s™?

0.101 35 0.161
45 0.366

60 1.08
0.306 35 0.177
45 0.421

60 1.39
0.592 35 0.205
45 0.497

60 1.54

amine studied the rate coefficients obey the Arrhenius
equation as would be expected for a simple reaction.
The average thermodynamic parameters are AH? 13.5
kcal moll, ASt —36 cal K mol.

25 J. F. Bunnett, ‘ Techniques of Chemistry,” ed. E. S. Lewis,
Wiley, New York, 1974, vol. VI, part I, ch. VIII, p. 406.
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Reaction of 2,6-Dinitrochlovobenzene with Cyclohexyl-
amine.—Contrary to the behaviour of the 2,4-dinitro-
chlorobenzene the 2,6-isomer undergoes a simple reac-
tion with cyclohexylamine in methanol. The presence
of 2,6-dinitroanisole was not detected and the absorbance
at 307 nm (A, of 26-dinitroanisole) showed the
expected slight increase due to the formation of N-(2,6-
dinitrophenyl)cyclohexylamine, 2, 425 nm. The
‘infinity * spectrum corresponds to the N-substituted
product in quantitative yield.

As can be observed in Table 7 the reaction is not

TABLE 7

Reaction of 2,6-dinitrochlorobenzene with cyclohexylamine
in methanol

[Cyclohexylamine]/ 10%y/
M T/|°C 1 mols™

0.174 35 2.88
45 5.97

60 17.8
0.432 35 3.28
45 7.68

60 20.5
0.591 35 3.40
45 7.22

0.586 60 20.5

subject to amine catalysis and for the three amine
concentrations studied the second-order rate coefficients
for the three experimental temperatures give a linear
Arrhenius plot. The thermodynamic parameters are
AH?* 11.5 kcal mol?, ASt —38.4 cal K1 mol™.
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26 J. F. Bunnett, T. Kato, and N. S. Nudelman, J. Org. Chem.,
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