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B.K. Tiwar*, RucHI SINGH, DiLIP THAKUR, GARIMA SHARMA,
SHWETA CHAND and AMIRTA SAXENA
Department of Chemistry, Agra College, Agra-282 002, India

Kinetic investigation of the hydrolysis of 2-ethyl-6-methylaniline
phosphate tri-ester has been carried out in 0.1 to 6.0 mol dm™®HCI and
pH 1.24 t0 7.46 at 97 + 0.5 °C in 30 % (v/v) aqueous dioxane mixture.
Concentration of tri-ester in all kinetic runs was 5.0 x 10* mol dm,
Therate of hydrolysiswasdetermined by measuring therate of appearance
of inorganic phosphate by Allen’smodified col orimetric method. Pseudo
first order rate coefficient have been calculated. Conjugate acid, neutral
and mononegative species have been found to be reactive and contribute
inover al rate. Therate coefficients estimated fairly in good agreement
with the observed rates. Bond fission, molecularity and order of reaction
have been suported by Arrhenius parameters, Zucker-Hammett hypothesis,
concentration, solvent effect, etc. Comparative isokinetic rate data of
similarly substituted other amino phosphate tri-ester, supported P-N
bond fission.

Key Words: Kinetics, 2-Ethyl-6-methylaniline Phosphate tri-ester,
Acidic medium.

INTRODUCTION

The effect of substituents on the rate of hydrolysis of aryl phosphate
tri-esters having C-N—P linkages have been studied exhaustatively*® and
established that substituents of graded polarity®*® not only effect the reac-
tion rate, but also the course of their reaction paths. It showed that the
order of electron attracting power of the substituents in the aryl part. The
rate of hydrolysisof 2-ethyl-6-methylaniline phosphate tri-ester was shown
to be the least in the series of other tri-esters studied. A systematic ionic
strength data shows the presence of acid catalysis and the order of rate
values correlated well with theleaving abilities of organic substituentswith
P-N bond fission™.

EXPERIMENTAL

2-Ethyl-6-methylaniline phosphate tri-ester has been prepared by the
genera methods™. The parent compound 13.5 mL was dissolved in 200 mL
of dry benzenein round bottom flask and 10 mL of POCI; was added drop
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by drop with constant stirring to the ice cooled amine with the help of separ-
ating funnel for about 0.5 h. After the addition of POCls, it wasrefluxed for
50 h on Soxhlet heater at constant temperature in order to ensure complete
reaction and distilled at reduced pressure. Thefirst fraction of benzene and
unreacted POCI; was removed by didtillation at 50-55 °C. The second fraction
was dichloridate, it was dissolved in 100 mL of ice cooled water and kept
at low temperature overnight and extracted with solvent ether. After removing
the solvent ether, a light brown coloured crystalline solid was obtained,
which on recrystallization with absolute ethyl acohol gave awhite crystaline
solid, it was identified to be phosphate mono-ester.

The residue |eft after removing phosphate mono-ester washed several
times with distilled water and add 0.1 N NaOH solution to remove mono-
ester, unreacted POCI; and the parent amine, finally digested in 0.5 N NaOH
solution (to separate di-ester from tri-esters) and filtrate was acidified with
dilute HCI using phenopthalein indicator. A white precipitate so obtained
was separated by filtration and washed many times with boiling distilled
water to render it free from hydroxyl ions. It was then dried off and recrys-
tallized with absolute ethyl alcohol to give awhite crystalline solid which
was identified to be tri-2-ethyl-6-methylaniline phosphate tri-ester by the
following characteristics: m.p. 310 °C, theoretical (observed) (%) p = 7.01
(7.54). IR (KB, Vima, cm™): 3395-3320 (N-H), 2910-2650 (C-H), 1710-
1615 (aromatic ester), 1590-1520 (—C=C-), 1265-1180 (—P=0), 700-610
(substituted aromatic ring).

RESULTSAND DISCUSSION

The kinetic investigation of the hydrolysis of 2-ethyl-6-methylaniline
phosphate tri-ester has been carried out in 0.1 to 6.0 mol dm® HCI and pH
1.24107.46 a 97 + 0.5°C in 30 % (v/v) aqueous dioxane mixture. The rate of
hydrolysiswas determined by measuring the rate of appearance of inorganic
phosphate by Allen’smodified col orimetric method™. Detailed kinetic study
has been made at constant ionic strength to estimate theoritical acid-catalyzed
rates. Effect of variables, such as temperature, solvent, ionic strength and
substrate concentration, etc. on the rate of hydrolysis of ester have been
studied in detail.

Hydrolysis via conjugate acid species. Hydrolysis of tri-phosphate
ester has been investigated in the acid region from 0.1 to 6.0 mol dm® HCI
and pH 1.24 to 7.46 in 30 % (v/v) agueous dioxane mixture. Pseudo first
order rate coefficients have been summarized in Table-1. As seen that the
rate of hydrolysis of the tri-ester rises with the increase in acidity, the rate
of hydrolysis decreases with the rate maxima at 4.0 mol dm™ HCI. The
initial risein rate may be due to incursion of more reactive conjugate acid
Species.
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TABLE-1
pH-log RATE PROFILE OF TRI-2-ETHYL-6-METHYLANILINE
PHOSPHATE AT 97+ 0.5°C
3 10° - K_ (mol dm®
HCI (mol dm™) pH min’) (obs.) 5+log K,

6.0 -0.778 34.57 154

5.0 -0.699 67.05 1.83

4.0 -0.602 130.68 212

35 -0.544 120.57 2.08

30 -0.477 110.03 2.04

25 -0.397 102.31 201

20 -0.300 89.71 1.95

15 -0.176 79.14 1.90

10 -0.000 65.30 181

0.5 0.301 50.01 1.70

04 0.400 45.74 1.66

0.3 0.520 41.87 162

0.2 0.700 38.52 159

0.1 1.000 36.16 1.56

Buffers: Composition 124 3243 151
of buffers have been 2.20 24.11 1.38
given in experimental 333 17.70 1.25
section 4.17 12.77 111
5.60 11.27 1.05

6.43 10.25 101

7.46 8.97 0.95

Effect of ionic strength: Inorder to examinethe effect of ionic strength
on the rate of hydrolysis of tri-ester, systematic kinetic runs at constant
ionic strength using appropriate mixtures of KCl and HCI at three different
ionic strength (1, 2 and 3 ) were used to determined the rate of coeffi-
cients, which have been summarized in Table-2.

Asclear fromthe plot (Fig. 1) threelinear curves were obtained on the
hydrolysis of tri-ester, each curve represents the hydrolysis at different
ionic strength. The kinetic law for each curve may be represented as:

Ke = KH+ . CH+ (1)
where, K, Ky+ and Cy+, respectively are observed rate constant, specific
rate constant and acid molarities at that ionic strength, the acid catalyzed
rate are subjected to negative effect of ionic strength. Hence, specific acid
catalyzed rate (Ky+) decreases with theincreasing theionic strength. Table-3
summarizes log rate coefficients at respective ionic strength.

Two linear curves are obtained from the (Fig. 2) the slopes of these

curves represent the constant b'H+ and b, (whereb’ =b/2.303), whilethe
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TABLE-2

HYDROLY SISOF TRI-2-ETHYL-6-METHYLANILINE PHOSPHATE AT

DIFFERENT IONIC STRENGTH AT 97 £ 0.5°C

lonic strength (L) Composition 10° - K_ (mol dm®
3 - - !
(mol dm”) HCl (mol dm®) KCl (mol dm®) min’) (obs.)
10 0.2 0.8 3321
10 04 0.6 38.77
10 0.6 04 44.37
1.0 0.8 0.2 50.63
10 10 0.0 65.30
20 0.2 18 29.07
20 0.5 15 35.95
20 10 10 48.21
20 15 05 59.26
20 18 0.2 67.29
20 20 0.0 89.71
30 0.5 25 29.41
3.0 10 20 40.55
3.0 15 15 48.72
3.0 20 10 58.27
30 25 05 67.89
3.0 30 0.0 110.03
120+ 1.0p

N
[+ [=]
T 2

10° K, (obsd.) mol dm™ min™
3
1

Slope (K,+) = 30.00 x 10™° mol dm™ min™

Slope (K,+) = 23.91 x 10”° mol dm™ min™
Slope (K,+) = 18.75 x 10”° mol dm™ min™

Ky = 28.00 x 10° mol dm™ min™'
Ky = 24.00 x 10° mol dm™ min™'
Ky =21.00 x 10”° mol dm” min™

T T T T
1 2 3 4

lonic strength (u) mol dm™

Fig. 1. Hydrolysis of tri-2-ethyl-6-methylaniline phosphate at different ionic
strength at 97 + 0.5°C

intercept on thelog rate axis represents the specific acid catalyzed rate (log
KHg) and specific neutral rate (logKy ) at zero ionic strength, which
have been summarized in Table-4.
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TABLE-3
SPECIFIC ACID CATALYZED AND SPECIFIC NEUTRAL RATESFOR
THE HYDROLY SISOF TRI-2-ETHYL-6-METHY LANILINE
PHOSPHATE AT DIFFERENT IONIC STRENGTH AT 97 + 0.5°C

lonic strength 10° - Kw' . 10° - KH,
W (mol dm® min?) 2 T1OOKH o dm® miny) 2109 KN,
1.0 30.00 148 28.00 145
20 23.01 138 24,00 1.38
3.0 18.75 127 21.00 132
2.0 5 +log Ku,» = 1.60

5 +log Ky, = 1.53

5+ log K,

Slope (b',) = -0.0299

Slope (b',+) =-0.0449

0 T T T
0 1 2 3

lonic strength (u) mol dm™

Fig. 2. Hydrolysis of tri-2-ethyl-6-methylaniline phosphate at 97 + 0.5°C

TABLE-4
SPECIFHIC ACID CATALYZED (KH+ ) AND SPECIFIC NEUTRAL (KN )
0 0

RATESFOR THEHYDROLY S S OF TRI-2-ETHYL-6-METHYLANILINE
PHOSPHATE AT ZERO IONIC STRENGTH AT 97+ 0.5°C

10°- Ky, 5+log : 10-Ky  5+log ,
(mol dm® Ky b,,. (mol dm’® K N by
min?) min?)
39.81 1.60 -0.0449 33.88 153 -0.0299

Thus, the values can be used in the following equationsto cal culate the
acid-catalyzed rate:

Ky =K H eXpb,. ()
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or, K 'CH+ =K HE 'CH* exp.bH+ H 3
or, 5+logK,,. C,. =5+l0gK,.-C . +b,. 1 (4)

where, K ;. and C,. arespecific rate constant from acid molarity log KHg

isthelog form of specific acid catalyzed rates and b'H+ =glopeof thecurve
of (Fig. 3), obtained by dividing the slope value 2.303.

2.0 5+ log K, = 1.53

Slope (b',) = -0.0299

0 I I |
0 1 2 3

lonic strength (u) mol dm™

S

Fig. 3. Hydrolysis of tri-2-ethyl-6-methylaniline phosphate at 97 + 0.5 °C

The neutral rates may be represented as follows:

Ky =Ky, exp.by-u )
or, logK  =logK +by -u (6)
or, 5+logK y =5+logK_+by - (7)

where, Ky = neutral rate, IOQKNO = log form of specific neutral rate and

b, = slope of the curve of obtained by dividing it by 2.303.

The above values have been used to estimate the theoretical rate by
following equation:

Ke=K,.-C . +Ky (8)

These values have been summarized in Table-5. It is clear from the
results that there is a fairly good agreement between observed and esti-
mated rates upto 4.0 mol dm™. The observed deviation in acid solution (5.0

and 6.0 mol dm® HCI) can be removed by introducing water activity para-
meter and the above equations, can be showsin Table-5.
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TABLE-5
CALCULATED AND OBSERVED RATES FOR THE HYDROLY SIS OF TRI-2-
ETHYL-6-METHYLANILINE PHOSPHATE AT 97+ 05°C

& S z  (Fo Fe IFERE-EN 2 kR
—E S ¥ Qe 9e . Ex EE),.'EA' X iE),E”
[Sh=! T zE ® +. Oc+ O TE mE-S 88 mEg
Is 2 Yo T XYOEXYTOE Xo Xo 8 T8 Xo §

£ o, £ L ETRET SE BES T2 BET

- = iae] n 9 Q 9% 97O o — O
01 1000 3365 1530 39 - - 3759 158 36.16
0.2 0.700 3342 1524 778 - - 4120 161 3852
05 0301 3274 1515 1890 - - 5164 171 5001
10 0000 31.63 1500 3590 - - 6753 183 6530
15 -0176 305 1490 5113 - - 8169 191 7914
20 -0300 2953 1470 6460 - - 9413 197 8971
25 -0397 2843 1450 7669 - - 10512 202 10231
30 -0477 2754 1440 8756 - - 11510 206 110.03
35 -054 2663 1430 97.02 - - 12365 209 12057

40 -0.602 2573 1410 10529 - - 131.02 212 130.68
50 -0699 2402 1380 11871 58.14* 176+ 6990 184 67.05
60 -0778 2242 1350 12841 2990 522 3H12 155 3457
n=ofor 0.1to 4.0 mol dm®HCl.
n* = 2, 3 respectively for 5.0 and 6.0 mol dm® HCI.

Acid rates:

5+logK . -C,. =5+logK . +10gC,,. +b,.-u+nlog (a, )  (9)
Neutral rates:

5+logK  =5+logK y_+by-p+nlog (ay o) (10)

where, (a,,0) iswater activity and nisan integer.

Therates cal culated by these equations are compared with the observed
rates. Now thereisafairly good agreement in the entire acid region (0.1 to
6.0 mol dm™®). Thus acid hydrolysis as well as neutral hydrolysis is gov-
erned by both ionic strength and water activity.

Molecularity: Thevariouscorrelation plot like Hammett plot™ (0.26),
Zucker Hammett plot™ (0.78), Bunnett plots'® (w = 9.17 and w* = 5.42)
and Bunnett Olset plot" (¢ = 1.55); postulates a bimolecular rate of hy-
drolysis, i.e., theinvolvement of water molecule as second reaction partner
inthe slow reaction step, the slopes and Tables 6-8 show the bimolecularity
of the reaction.

The Arrhenius parameters™ at 3.0 and 5.0 mol dm® HCI, AE = 21.51
and 22.42 K cal mol™ frequency factor A = 9.25 x 10" and 19.57 x 10’ s*
and entropy AS" = 24.51 and -23.03 e.u. (Table-9).

The above parametersat 3.0 and 5.0 mol dm® HCI, showsthe bimolecular
mode of hydrolysis with P-N bond fission*! and by isokinetic relationship
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TABLE-6
HAMMETT PLOT DATA FOR THE RATE OF HYDROLY SIS OF
TRI-2-ETHYL-6-METHYLANILINE PHOSPHATE AT 97+ 0.5°C

HCl 10°- K_(mol dm® _

(mol dm?®) mind) (Obs) 2 T10gK. -+, l0g(ay,0)
10 65.30 181 020 0017
15 79.14 1.90 047 0.027
20 89.71 195 0.69 0.039
25 102.31 201 0.87 0.053
30 110.03 204 105 0.070
35 120,57 2,08 123 0.087
4.0 130.68 212 1.40 0.107
50 67.05 183 176 0.155
6.0 3457 154 212 0.211

TABLE-7

ZUCKER-HAMMETT PLOT DATA FOR THE RATE OF HYDROLY SIS OF
TRI-2-ETHYL-6-METHYLANILINE PHOSPHATE AT 97+ 0.5°C

10° - K_ (mol dm®

-3
HCI (mol dm™) log Cn min‘f) (Obs) 5+log K,
1.0 0.000 65.30 181
15 0.176 79.14 1.90
20 0.300 89.71 1.95
25 0.397 102.31 2.01
3.0 0.477 110.03 2.04
35 0.544 120.57 2.08
4.0 0.602 130.68 212
5.0 0.699 67.05 1.83
6.0 0.778 34.57 154
TABLE-8

OLD BUNNETT AND BUNNETT-OLSEN PLOT DATA FOR THE
HYDROLY SISOF TRI-2-ETHYL-6-METHYLANILINE

PHOSPHATE AT 97 + 0.5°C

10° - Ke v -(-
HCl (mol dm® @ 5+logK,— 5+logK (109 jog
(mol logCp. = ni’ & Hy ¢ H S @)
dm®) min’) 0g G- 0 a0

(obs) +H)

@ b (o (b-a) (b0 (c-a)
10 0000 6530 18l 020 181 161 020 0017
15 0176 7914 190 047 172 143 029 0027
20 0300 8971 195 069 165 126 039 0039
25 0397 12031 201 087 161 114 047 0053
30 0477 11003 204 105 156 099 057 0.070
35 0544 12057 208 123 154 085 068 0.087
40 0602 13068 212 140 152 072 080 0.07
50 0699 67.05 183 176 113 007 106 0.55

60 0778 3457 154 212 0.76 -0.58 132 0211
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(Table-9 and Fig. 4) represents the conjugate acid species hydrolysis with
P-N bond fission. Solvent effect and concentration effect also show the
reaction to be bimolecular hydrolysis.

TABLE-9
ARRHENIUS PARAMETERS FOR THE RATE OF HYDROLY SIS OF
TRI-2-ETHYL-6-METHYLANILINE PHOSPHATE via
CONJUGATE ACID SPECIES

Paramet
HC — aneers Entropy -AS”
(mol dm?) Energy of activation Frequency factor (eu)
(E) (k cad mol™) (A) (sH) "
30 2151 9.25 x 10’ 2451
50 22.42 19.57 x 10’ 23.02
209 Slope = -0.047 3.0 mol dm”
3. 5.0 mol dm™
g
v
o 1.0
o
+
0 Slope = -0.049
0 I I I I
270 275 280 285 290

1T x 10°

Fig. 4. Arrhenius plot for the rate of hydrolysis of tri-2-ethyl-6-methylaniline
phosphate at different temperature

Mechanism: On the basis of experimental investigation, the
mecahnism of the acid catalyzed hydrolysis of present tri-ester may be
suggested as follows:

Formation of conjugate acid species by fast pre-equilibrium proton
transfer:

CoHs C,H;5 CoHs C,Hs
H O H H O H
L1 1|
N—P—N N—P—N
| H* fast |
NH —_— NH
CH; CHj; CH3 CH3
H3C CoHs H3C C2Hs

(Neutral species) (Conjugate acid species)
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Bimolecular nucleophilic attack of water molecule on phosphorus

S (P):

©CONOUAWNE

12.
13.
14.

15.
16.
17.
18.

C2Hs CoHs 2Hs / 2Hs

H O/H H o /'/H
,!“_L_,!‘ Slow O .,.8+ !/' .I. O Fast
" L
CH3 { CHs CHs CHs
H3C C2Hs H3C C2Hs

(Conjugate acid species) (Transition state)

GaHs CHs C2Hs

C2Hs
HYY,

CH CH
H3C C2Hs ®  (Di-ester) s

2Hs C2Hs 2Hs

+H,0 +Hy0
e NH, + HO—P—N e NH2 + H3;PO,
Fast Fast

OH H

CHj 5 CH;

CH
(Mono-ester)
(Parent compound)
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