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Kinetics of aminolysis of 2,4-dinitrophenyl acetate

A Shunmugasundaram*, T Lekshmana Thanulingam & M Ponnukalai
Department of Chemistry, V.H.N.S.N. College, Virudhunagar 626 001

Received 7 August 1989; revised and accepted 23 October 1989

The second order rate constants for the reaction of 2,4-dinitrophenyl acetate with aniline and ) e
and o-substituted anilines have been reported in 10% acetonitrile-90% water (v/v) mixture at 25°, 30°,
35° and 40°C. In the reaction of p-substituted anilines, electron-releasing groups facilitate the reaction
while electron-withdrawing groups retard it. The p-value is evaluated to be —2.33 £ 0.16. The Bronsted
plot s also linear with B, =0.792 £ 0.027 at 30°C. The AS* values are all negative as expected for bimo-
lecular nucleophilic substitution reactions. In the case of o-substituted anilines, the rate data have been

analysed in terms of electronic and steric effects.

A number of kinetic studies have been reported on
the reactions of esters! ~° particularly acetate esters
with various nucleophiles such as pyridines! =7, oxy-
anions!, imidazole®, hydrazine’ and morpholine®.
Though a report is available on the reactivity of ani-
line with acetate esters!, no comprehensive studies
are reported on the reactivity of aniline and substi-
tuted anilines with acetate esters. Title investigation
is an attempt to fill this gap.

Materials and Methods

2,4-Dinitrophenyl acetate was prepared in the la-
boratory and substituted anilines were either com-
mercial samples or prepared and purified in the la-
boratory. Purified acetonitrile was used. Triply dis-
tilled water was used throughout the study.

All the kinetic runs were carried out in 10% ace-
tonitrile-90% water (v/v) mixture. The kinetics were
followed up to 60% or more spectrophotometrically
at 360 nm and 400 nm under pseudo-first order
conditions ([aniline]=5x10"*% to 2x10~% mol
dm~3 depending upon the reactivity of aniline and
[2,4-dinitrophenyl acetate]= 5 X 10~5 mol dm~3) at
the required temperature ( +0.1°C) and at an ionic
strength of 0.2 mol dm ™3 (NaClO,). Stock solution
of 2,4-dinitrophenyl acetate was prepared in pure
acetonitrile.

In all the kinetic runs plots of log (D, —D,) versus
t was linear (corr. coeff.=0.999) and pseudo-first
order rate constants were evaluated from the slopes
of the plots. There was no solvolysis of the ester un-
der the experimental condition and therefore no
concentration correction was required.

Product analysis
One of the final products of the reaction of 2,4-
dinitrophenyl acetate with aniline was identified as

2,4-dinitrophenolate ion by comparison of the UV
spectrum of the reaction sample at infinity time with
that of the authentic sample. The reaction mixture
was extracted with ether, the organic layer separat-
ed and dried. TLC analysis of the product over silica
gel using acetone-pet. ether (5:95, %) as solvent sys-
tem showed two spots, one corresponding to un-
reacted aniline and other corresponding to authen-
tic acetanilide.

Results and Discussion

The rates of nucleophilic substitution reaction of
2,4-dinitrophenyl acetate (DNPA ) with various ani-
lines were measured at various initial [aniline] (Table
1). Change in [DNPA~] was followed at two differ-
ent wavelengths, viz. 360 and 400 nm. Rate con-
stants, calculated with the measurements at these
two wavelengths, were found to be the same indicat-
ing that these UV bands are due to a single reaction
product. The plots of log (D, — D,) versus ¢ were lin-
ear showing first order dependence on [DNPA]. The
log-log plot of k; versus [aniline] was linear, passing
through the origin indicating that the reaction fol-
lowed second order kinetics and the solvolysis of
2,4-dinitrophenyl acetate was negligible. The reac-
tion of aniline with DNPA can be represented by
Eq.(1).
XC¢H,NH, + CH;COOCH,(NO,), =
OC,H,(NO,), + XC;HNHCOCH, +H* ... (1)

where X is the substituent present in the para- or or-
tho-position of aniline. The product analysis shows
that except acetanilide and 2,4-dinitrophenolate
ion, no other product is formed. The observed dec-
rease in the rate of the reaction with decreasing sol-
vent polarity {Table 1) is due to lesser solvation of
the polar transition state as compared to that of the
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Table 1—Effect of varying [Aniline], [NaClO,] and solvent composition on second order rate constants at 30°C

[DNPA] x 10° [Aniline] x 10° [NaClO,]
(mol dm™3) (mol dm~3) (mol dm™3)
50 4.0 0.2
5.0 5.0 0.2
5.0 6.0 0.2
5.0 8.0 0.2
5.0 5.0 0.2
5.0 5.0 0.2
5.0 5.0 0.2
5.0 5.0 0.2
5.0 5.0 0.0
5.0 5.0 0.1
5.0 5.0 0.3
5.0 50 04

4k, = k,/[aniline]

% Acetonitrile k3 x 10?
in H,O (dm?®mol~!s"1)
360 nm 400 nm
10 10.69 £0.09 11.02+0.09
10 11.51 £0.62 12.2910.18
10 11.86 £0.14 13.24 £0.17
10 11.81 £0.08 12.88£0.11
20 6.931+0.14 6.9410.16
30 4.61£0.03 4,74 £0.03
40 2.4710.04 2.531£0.02
50 1.62£0.09 1.6010.04
10 16.64 £0.34 19.11 £0.53
10 13.27+£0.16 14.04 £0.07
10 10.71 £0.05 11.28£0.04
10 9.8910.03 10.33 £0.05

Table 2—Second order rate constants and activation parameters for the reaction of 2,4-dinitrophenyl acetate with para- and
ortho-substituted anilines at 400 nm in 10% acetonitrile-90% water (v/v) mixture

[DNPA]=5 x 10~ % mol dm ~3; [Anilines]=2 x 10-2~ 5 x 10~* mol dm ~3; [NaClO,] = 0.2 mol dm 3

Substituent k, x 10 (dm® mol~! s~ !) at temp. (°C) AH* -AS*
(k¥mol~!) (JK~!mol~1)
25 30 35 40 (at 20°C) (at 30°C)
p-OMe 60614 7296 8536 1107 £ 4 237114 169.01+4.9
p-Me 286t 1 3671 477+ 11 547%5 31.5+28 149.7+9.7
p-Ph 56.8+0.7 709%1.0 80.0t0.6 90.8+2.0 21115 1974+52
H 1051 12312 162+1 186 +1 287109 167.9+£3.0
pPF 131t1 16714 2163 255+7 325%1.9 152.916.5
pCl 338162 48.9+£0.2 62.81+0.2 842104 438133 1256+11.3
p-Br 28610.1 36.910.2 48.5+0.3 60‘.0i0.2 36.210.3 153.2+1.2
p-COOH 2.78+0.10 3.141+0.01 3.3610.01 4.4310.01 219136 2200+£12.2
p-COOMe 1.64 £0.05 2.57£0.05 3.29+£0.09 3.82+0.10 407126 160.5+9.1
0-OMe 439108 48.01+ 1.0 624104 79.0+0.8 289+%1.5 175.0£5.2
o-Me 224104 294102 354102 460118 324131 167.5+10.8
o-Et 125+0.1 16.2+0.1 22.010.2 27.1.0.8 375%15 158.3+£5.3
o0-Ph 10.2+0.6 13.9%+0.6 176+ 1.0 20.810.8 392136 157.9+123
o-F 4.55+0.17 6.3010.14 7.801£0.25 9.90£0.10 3351£25 170.0t8.2
o-Cl 0.7521+0.050 1.08+0.02 1.401£0.01 1.80+£0.03 43.443.0 158.5+10.2
o0-COOH 2.27%0.03 2.90£0.02 4.16 £0.08 5.34£0.13 42,0136 15481125
0-COOMe 2.7910.03 3.3410.02 4.06 £0.25 481 10.28 259+34 2069t 11.5

reactants. The effect of ionic strength on the rate of
the reaction (Table 1) shows that the transition state
is polar in nature.

The second order rate constants calculated for
the reaction of 2,4-dinitrophenyl acetate with ani-
line and various substituted anilines at 25°, 30°, 35°
and 40°C are given in Table 2. The rate data in
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Table 2 show that electron-releasing substituents in-
crease the rate while electron-withdrawing substitu-
ents retard it. The order of reactivities of aniline with
different para-substituents is the same as that ob-
served in the reaction of anilines with phenacyl bro-
mide, ethyl bromoacetate and allyl bromide!® and
also in the reaction of anilines with ethyl 4-bromoc-
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rotonate!. A comparison of the rate data of differ-
ent substrates!®!! with anilines gives the order 2,4-
dinitrophenyl acetate > phenacyl bromide > ethyl
4-bromocrotonate > allyl bromide > ethyl bromoa-
cetate.

A good Hammett correlation is found to exist in
the reaction series when log k, values are plotted
against the 0/0~ constants. The o~ values are used
for electron-withdrawing substituents because of
cross conjugation involving electron-withdrawing
para-substituents and electron-rich reaction site.
Tl)le results of the correlation are expressed by Eq.
(2).
log kypo=—2.33 0/0™ —0.854

(£0.16)
r=0.985;5=0.162; n=9; ¢ =0.196

The p-value, which is negative (—2.33), as ex-
pected for nucleophilic substitution reactions, is
comparable with those obtained for the reactions of
anilines with ethyl bromoacetate!® ( —2.33), phena-
cyl bromide!® ( —2.33), allyl bromide!® ( — 1.80) and
ethyl 4-bromocrotonate!! (— 1.95). Relatively larger
p-value (—2.33) observed in this reaction series
suggests that bond making tends to be advanced in
the transition state of the reaction'?.

An excellent Bronsted-type plot has been ob-
tained for the reaction of anilines with 2,4-din-
itrophenyl acetate. The result can be expressed by
Eq.(3).

log ks =0.792 pK, — 4.485
(£0.027)

r=0.996; s=0.08Z; n=9; ¢ =0.101
The linear Bronsted plot is in contrast to that ob-
tained in the reaction of 2,4-dinitrophenyl acetate
with substituted pyridines®. The positive value of
Bronsted coefficient and the negative p-value are in-
dicative of the increase in rate with increase in the
basicity of the nucleophile. The present value of
Bronsted coefficient (0.792) is comparable with that
obtained for the reaction!® of phenacyl bromide
(0.768) and ethyl bromoacetate (0.796) and slightly
higher than that observed for the reaction!! of ethyl
4-bromocrotonate (0.640). This shows that the ext-
ent of bond formation in the transition state is the
same as that of the reaction of anilines with phenacyl
bromide and ethyl bromoacetate.

The values of AS ” are all negative (Table 2), as is
expected for an Sy2 process. Because of the deve-
lopment of charge in the transition state, AS * va-
lues are more negative. Exner plot of log k, (at 313
K) versus log k, (at 298 K) for the reaction of 2,4-
dinitrophenyl dcetate with anilines is linear
(r=0.998) and the isokinetic temperature is found

. (2)

. (3)

to be 105 K. Existence of excellent correlation
shows that in the reaction series all the anilines fol-
low the same mechanism.

The rate constants and the activation parameters
for the reaction of a few ortho-substituted anilines
with 2,4-dinitrophenyl acetate (Table 2) show that
the rate is considerably decreased (except for substi-
tuents such as —COOH and —COOMe) as com-
pared with that of para-substituted anilines. The
rate data were analysed on Taft’s linear free energy-
polar energy and linear free energy-steric energy re-
lationships'®. The results may be expressed by Eqs
(4) and (5). The values of 0,* and E, used in the cor-
relations are those given by Taft!>,

log k,h,= —2.221 0,* — 1.800
: (£0.529) :
r=0.864; s=0.304; n=_8; ¢y =0.581

log k5, =0.131 E,~ 1.995
(£0.530)

r=0.141;5=0.740; n=5; ¢ =1.617

The results of the analysis show that the observed
rates of ortho-substituted anilines with 2,4-din-
itrophenyl acetate are not compatible with either the
Taft’s polar substituent parameters or size of the
substituents.

The ratio of the rate constants for similar ortho-
and para-substituted benzene systems has also been
taken as a measure of steric effect of the ortho-
substituents!4, A poor correlation is obtained when
10g K,,4o/ Kpara is plotted against E, (Eq. 6).

- (4)

... (5)

Koo _ _ (g8 E,—1.143

para

log ... (6)

(£0.230)

r=0.586; s=0.321; n=5; ¢y =1.046

These analyses are indicative of the minor role of
primary steric effect. Since the single parameter
equations did not yield satisfactory correlations, the
rate data were analysed using the Charton’s meth-
od?. The rate constants were correlated using Eqs
(7)and (8).

lOg kortho = a0, + BOR +h

A7)
. (8)

In Egs (7) and (8), o}, o and v are inductive, reson-
ance and steric substituent constants respectively,
and the values used were those compiled by Aslam
et al'. The result of regression Eq. (7) may be ex-
pressed by the correlations given in Egs (9) and (10)
for planar and orthogonal conformations at 30°C
respectively.

log k4, = @0; + Pog + @v+h
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Planar

log kypo= —2.852 0,— 1.341 0, ~1.505 ... (9)
+0.761  +0.627

R=0.840;SE=0.408;n=9; F=7.20; CL<95%

Orthogonal

log kye= ~3.029 0,~ 1.649 0~ 1.564 ... (10)
+0.776 10.732

R=0.848;SE=0.399;n=9;F=7.69; CL<95%

In the multiple regression analysis using Eq. (7),
correlation coefficient is poor, and the standard er-
ror of estimate and the error of regression coeffi-
cient are high. The absence of significant correla-
tion with Eq. (7) leads to the conclusion that the
electrical effects alone are not sufficient to account
for the ortho-substituent effect in this reaction.

The result of regression Eq. (8), for both planar
and orthogonal conformations at 30°C are given by
Eqgs (11) and (12), respectively.

Planar

log k= —2.828 0, 1.289 65— 0.023 v — 1.485
+0.889 +0974 +0308 ... (11)

R=0.840; SE=0.447;n=9; F=4.01; CL=95%

Orthogonal

log kyp= —2.789 0, — 1.336 05 — 1.639 v —0.864
+0415 10395 +0405 ... (12)

R=0.967,SE=0.211;n=9; F=23.8; CL> 99.5%

The significance of the correlations was tested by
means of F-test. In the regression analysis, good
correlation is obtained when the parameters calcu-
lated for the orthogonal conformation are used rath-
er than those calculated from the coplanar confor-
mation. The confidence levels of g, 0 and v terms,
based on ‘Student t’ test, are above 99.5% showing
that localised, delocalised and steric effects are sign-
ificant. The regression coefficients of o, and oy are
negative indicating that electron-releasing substitu-
ents accelerate the reaction and electron-withdraw-
ing substituents retard it as in the case of para-
substituents. The regression coefficient of v is also
negative indicating the steric retardation of rate by
ortho-substituents in this reaction series. The com-
position of the electrical effect!’, Py, was calculated
using Eq. (13).

_ Bl 100

* lal+IBl

The value of P, = 32.4 at 30°C, shows that the loca-
lised effect is more dominant than the delocalised

... (13)
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one. The magnitude (per cent) of the steric effect's,
Pg, was calculated using Eq. (14).

_ 161100
RPESTI

The value of Py = 28.4 at 30°C, shows that the steric
effect is considerable.

When the logarithm of the rate constants and the
DK, values of the corresponding conjugate acid of
the ortho-substituted anilines are plotted, a fairly
linear plot is obtained. The result of correlation is
given by Eq. (15).
log ky-=0.559 pK,—3.914

(£0.104)
r=0.897; s=0.308; n=9; ¢y =0.501

The value of Bronsted coefficient (0.559 £0.104) is
lower than that observed for the para-substituted
anilines which may be due to the operation of steric
effect. Exner plot of log k, (at 313 K) versus log k,
(at 298 K) for ortho-substituted anilines is linear
(r=0.996), indicating the operation of an identical
mechanism in all the ortho-substituted anilines.

... (14)

... (15)
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