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The pH profiles of the reaction rate constant logarithms were measured in water—ethanol
media of different ratios of the components. The activation parameters of the hydrolytic reaction
were determined for all the substances studied and the products of hydrolysis of anilidophos-
phoric acid diphenyl ester in 50% (w/w) ethanol were identified. The rate constants of the basic
hydrolysis of anilido- and N-methylamidophosphoric acid substituted diphenyl esters obey
the Hammett equation. All experimental results confirm unequivocally the Sy2 mechanism
of the reaction in question.

The Sy2 mechanism has been established for the base-catalyzed hydrolysis of N-alkyl-
amido- and substituted anilidophosphoric acids diphenyl esters based on the acti-
vation entropies and the plateau on the kinetic conversion curves'. For N-alkylamido-
phosphoric acids this conclusion has been confirmed by the positive ¢* constant
value of the Taft equation, for substituted anilidophosphoric acids, however, a value
of the Hammett ¢ constant approaching zero has been found, which is seldom en-
countered in the literature. For this reason we focused our attention on N-methyl-
amidophosphoric and anilidophosphoric acids substituted phenyl esters in order
to establish the effects which cause the zero value of the ¢ constant of the Hammett
equation for the reaction in question.

EXPERIMENTAL

N-Methylamido- and anilidophosphoric acids diphenyl esters were prepared by the common
aminolysis of chlorides of the phosphoric acid substituted diphenyl ester in an inert solvent?.
N-Methylamidophosphoric acid di-(p-methoxyphenyl) ester (), di-p-tolyl ester (II), di-m-tolyl
ester (III), diphenyl ester® (I¥), di-p-chlorophenyl ester (¥), and di-m-nitrophenyl ester (V1)
were prepared. Anilidophosphoric acid di-p-methoxyphenyl ester (VII), di-p-tolyl ester® (VIII),
di-m-tolyl ester* (IX), diphenyl ester® (X), di-m-methoxyphenyl ester(XI),di-p-chlorophenyl ester
(XII), and di-m-nitrophenyl *ester (X1II) were prepared as well. The results of analyses of newly
prepared substances, their melting points, and the solvents employed are given in Table I.
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A saturated solution of IV in chloroform was diluted with equal volume of chloroform or 1,4-
dioxane for.the measurements of the infrared spectra. The spectra were run on an instrument
UR 10 (Zeiss, Jena) in the region of the N—H bond stretching vibrations.

The reaction products of the base-catalyzed hydrolysis of X were identified and determined
by combining paper chromatography and photometry. After completed hydrolysis of X in 0-1M-
-NaOH in 50% (w/w) ethanol, the solution was chromatographed using the solvent isopropyl
alcohol-isobutyl alcohol-water-concentrated NH3 20 : 60 : 19 : 1 (Whatman No 4). As the testing
substances served the sodium salts of anilidophosphoric acid phenyl ester® (XIV) and of anilido-
phosphoric acid ethyl ester (X¥), obtained by basic hydrolysis of the corresponding diethyl
ester®. After elution the spots were detected’, cut out, and ashed®. The content of phosphorus
was determined according to°.

The pH was measured by using a hydrogen electrode against a silver chloride (in water—ethanol
mixtures) or calomel (in water) electrode!®.

For the kinetic measurements the technique described previously! was used. 3. 107 5M to
2. 107 *M solutions of I to XIII in glycinate buffers were prepared and their spectra measured
both immediately and after the completed hydrolysis. From the difference between the spectra,
the wavelength was chosen for the kinetic measurements. The glycinate buffer was obtained

TABLE 1
Survey of the Newly Prepared Compounds

Calculated/Found, %

Gl t' M.p., °C Formula
ubstance .
solvent m.wt. C H N P

1 101 C;5H gNOP 5573 561 433 958
ethanol 3233 56-11 571 4-18 9-68
1 102—104 C,sH,gNO;P 61-85 623 481 1063
ethanol 2913 61-97 635 4-75 10-92
117 45—47 C,sH{gNO;P 61-85 6-23 4-81 10-63
ether/pentane 291-3 62:99 6°36 4-44 10-02

v 90—91 C,3H ,Cl,NO,P 4700  3-64 422

ethanol 332:1 47-47 3:53 3-91

VI 121 C,3H,,N;0,P 4421 342 11-90

' ethanol 3532 44-20 3-45 11-67
vil 127—129 C,oH,oNOsP 6234 523 363 804
ethanol 3853 62-14 5:36 3:43 8:33
X1 114=115 C,oH,oNOsP 62:34 523 363 8-04
ethanol 3853 62:09 5-37 352 817
X1 163 C,gH;,CI,NO;P 5485  3:58° 355 7-86
) acetone 394-2 55-02 3-64 2-83 7-54
X 154—156 C,sH 4 N;0,P 52:06  3-40 10-12 7-46
ethanol 4153 51-24 3-:29 9-61 7-41
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by mixing 0-1M glycine and 0-1M-NaOH solutions (both p.a., Lachema) in the same solvent —
50, 30, or 10% (w/w) ethanol and water. The thermostat, spectrophotometer, and calculation
method used have been described previously!. The rate constant errors are less than 5%. The
activation parameters were calculated from five rate constant values measured at 30, 35, 40, 45,
and 50°C. The temperature dependences of the rate constants of all the compounds were of the
Arrhenius form. For the investigation of the dependence of the rate constant on the ionic strength,
the latter was adjusted with sodium perchlorate (p.a., Lachema).

The dissociation constants of the substituted anilidophosphoric acids phenyl esters were
determined photometrically®.

RESULTS AND DISCUSSION

The IR spectra of chloroform solutions of IV exhibit a sharp absorption band of the
N—H stretching vibration at 3440 cm ™. In the chloroform-dioxane mixed solvent
this band is shifted to 3300 cm™! and becomes less sharp. Similarly as with other
amides*?, this shift and broadening of the NH absorption band of N-methylamido-
phosphoric acid phenyl ester indicates the formation of a hydrogen bond between the
N—H group and the dioxane oxygen atom as the electron donor; thus the spectra
confirm the assumed® solute-solvent bridges.

During the identification of the solvolytic products of X, a measurable amount
of XV was found in the products in addition to XIV; its production is less than 39,
of the total of the amidophosphate. This experiment rules out the E,cB mechanism
of the hydrolytic reaction, which would afford a mixture of XIV and XV approxi-
mately 1: 1, owing to the high reactivity of the possible intermediate product with
trivalent phosphorus'?. In the base-catalyzed solvolysis of carboxylic acid phenyl
esters in a water—ethanol mixed solvent, the hydrolysis predominates over the alco-
holysis. This reaction proceeds undoubtedly through the Sy2 mechanism in the reaction
rate-determining step’?. If the same relation of the reactivities of water and alcohol
is assumed to the two groups of substances, the formation of the acid confirms ‘the
Sx2 mechanism also for the solvolysis of the amidophosphoric acids diesters.

The plateau at the beginning of the conversion curves of N-alkylamidophosphoric
acids, found previously and interpreted in terms of the formation of a relatively
stable intermediate product involving pentavalent phosphorus’, was observed with
all substances eéxamined in this work as well. It was the more pronounced, the lower
was the pH of the solution. This effect leads again to the concept of a relatively stable
intermediate product with pentavalent phosphorus and prefers the Sy2 reaction
mechanism for the whole series of the compounds. This conclusion is in accordance
with the results of analyses of the reaction products.

The photometrically determined pK values of the phenyl anilidophosphates exa-
mined, measured in 50% (w/w) ethanol at room temperature (A,,, 250 nm), are as
follows: VII 13-9, VIII 13-6, IX 14-0, X 13-5, XI 13-15, XII 12-4, and XIII 11-15.
Except for IX these values obey the Hammett equation with ¢ = +2-81. This ¢ con-
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TaBLE II

Rate Constants of N-Methylamido- and Anilidophosphoric Acids Substituted Diphenyl Esters

I—XIII in 50%, (w/w) Ethanol

PH ke - 10%, 571

pH. kg, . 10°%871 PH ke . 10%, 577
I, 309-5 nm 11, 239:0 nm 111, 240-5 nm
11-41 1-83 11-78 6-83 11-91 7-88
11-78 4-05 11-91 771 12-05 8-11
11-91 548 12-05 10-67 12-11 9-36
12-11 5-70 12:34 19-48 12:34 16-98
12-34 15-02 12-70 46:04 12-45 29-79
12-85 73-48 12-85 64-69
IV, 236'5 nm vV, 246:0 nm Vi, 227-4 nm
11-42 6-30 9-98 1-81 9-98 16'73
11-54 7-09 10-49 398 10-49 46-67
11-61 9-44 11-00 13-14 10-62 77-20
11-77 10:09 11-38 20-80 10-79  103-50
11-91 14:25 11-59 29-00 10-89  120-10
11-98 15:76 11-89 49-50 10-96  162:40
12:13 20-89 11-99 59-20
12-:30 2245
12:52 38-72
VII, 309:5 nm VIII, 297'5nm 1X, 287-5 nm
11-62 0-481 11-49 1-05 10-96 0-447
11-98 0-982 11-62 1-19 11-49 0-949
12-23 1-78 11-98 213 11-62 1-31
12-50 2:34 12-23 2-88 11-98 2:43
12:70 3-46 12:50 3-30 12:23 3:23
12-99 4-51 12:70 5-96 12-50 4-06
12-99 9-17 12:70 6-81
12-99 11-80
X, 289'5 nm X1, 2875 nm XII, 302:0 nm
10-96 0-932 10-96 0-965 10-96 532
11-49 1-80 11-49 241 11-49 876
11-62 2:28 11-62 3-12 11-62 10-00
11-98 4-31 11-98 514 12-23 22:40
12-23 4-78 12:23 777 12-:50 25-00
12-50 717 12-50 9:26 12:70 30-80
12-70 10-80 12-70 13-20
12:99 17:30 X1, 230:2nm
9-98 725
10-62 22:20
10-79 29-50
10-96 4310
11-49 84-60
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stant indicates a very good transmission of the inductive effects via the phosphorus
atom'*, N-Methylamidophosphoric acids esters possess pK values greater than 14,
their acid-base properties were therefore not further studied.

Regarding the solubilities of the substances under study, the pH profiles of the
rate constant logarithms were measured in 509 (w/w) ethanol; the results are given
in Table II. The rate constants were calculated from Eq. (2) of the paper'. The
agreement between this equation and the experiment justifies the conclusion that the
reaction is in all instances kinetically 1st order with respect to the concentration of
the N-substituted amidophosphoric acid diester.

In the paper? the hydrolysis of the substance studied was formulated as the reaction
of a nondissociated molecule of the amidophosphoric acid diester with an OH™ ion.
This concept is supported by the dependence of the rate constant on the ionic strength
of the solution (8. 107 M solution of IVin 5. 1073*M-NaOH in 50% (w/w) ethanol
at 45°C): for the ionic strengths 0-005, 0-1, 0-25, 0-50, 0-75, 1-00, and 2-00, the rate
constants are 2:27, 2-:04, 1-90, 1-90, 2-:04, 1-89, and 1-79 . 10™* s™*, respectively.

Since the hydrolysis of the anilidophosphoric acids diesters proceeds in a region
close to their pK (Table II), the experimetal rate constants k,,, were recalculated to
the k' values according to Eq. (14) of ref.’. The slopes of the plots of log k' versus pH
approached unity. In the case of N-methylamidophosphoric acid diesters, the kine-
tically examined region was sufficiently far from the pK, for these compounds the
key, values were therefore not recalculated and the plot of their logarithms versus
pH displayed a slope near 0-75. This shows that the hydrolytic reaction is kinetically
of the first order with respect to the OH™ ion concentration for the whole series stu-
died. For anilidophosphoric acid diesters the dependence of the logarithm of the rate
constant k’ on the substitution was examined in solutions pH 11-62. The values obeyed
the Hammett equation with ¢ = 3-01. The analogous dependence of log k,,, for
N-methylamidophosphoric acid diesters at pH 11:91 led to the ¢ value of 2:47. The
rate constants of the m-nitro derivatives were obtained by extrapolation in both cases.
The positive ¢ value in the two series again favours the concept of the Sy2 mechanism
of the reaction studied. For the base-catalyzed hydrolysis of substituted benzoic acid
phenyl esters, the ¢ constant was found'? to be 1-7. From a comparison of these
values it follows that the substituent inductive effects manifest themselves very mar-
kedly during a nucleophilic addition on the phosphorus atom. It is interesting to com-
pare this fact with the previously established! virtually zero ¢ constant value of the
hydrolytic reaction of substituted N-arylamidophosphoric acids diphenyl esters.
Comparing the two effects we can conclude that the very low g constant value for
the dependence of log k' of basic hydrolysis of substituted anilidophosphoric acids
diphenyl esters on the substituent o constant is due to the low transmission of the
inductive effects via the nitrogen atom. This is in accordance with the recent works
where the low transmission of the inductive and mesomeric effects through the nitro-
gen atom has been observed during studies of equilibria’®~*7 as well as kinetics'®.
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In conformity with the positive value of the ¢ constant of the Hammett equation
for the dependence of the rate constant logarithm on the substitution and with the
concept of an intermediate product containing pentavalent phosphorus were also
the reaction activation entropies, shown along with the activation enthalpies in
Table III. Their negative values lie in a range, which is regarded as characteristic

TasBLE 111

Activation Enthalpies (kJ mol ™) and Activation Entropies (/ mol~! K~ 1) of Basic Hydrolysis

of N-Methylamido- and Anilidophosphoric Acids Substituted Diphenyl Esters in 50% (w/w)
Ethanol at 298-14 K and pH 12-11 or 12-70

Substance AH* AS* Substance AH®¥ AS*
I 612 —134-4 viI 64-2 —129-4
I 61-4 —129-1 vIII 71-8 —100:9
I 48:5 —170'6 IX 70-7 —102:6
v 525 —151-0 X 756 —831
14 433 —168:3 XI 655 —113-7
XII 59-3 —125-8

TABLE IV
Rate Constants of Hydrolysis of N-Methylamidophosphoric Acid Diphenyl Ester at 45°C
PH ke - 10°, 571 PH  kyp . 10%,571 PH kg . 10°,s71
50% (w/w) ethanol 30% (w/w) ethanol 10% (w/w) ethanol
11-42 6-30 11-25 661 10-68 719
11-54 7-09 11-53 10-92 10-87 9-67
11-61 9-44 | 11-90 15:70 11-27 21-80
1177 1009 12-:00 21-21 11-54 38-65
11-91 14-25 12:24  43-61 11-88 95-12
11-98 1576 12-37  52-61 12-03 119-9
12:13  20-89
12:30  22:45 0% (w/w) ethanol
12-52 3872 10-68 10-84
10-96 22-28
11-20 28-44
11-32 43-51
11-42 49-27
11-68 75-98
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of bimolecular reactions in the reaction rate-determining step'®. The activation entro-
pies given in Table III are calculated from the experimental first order rate constants,
whereas the AS¥ values reported in the paper!® have been calculated for second order
reactions. With regard to the high pH value used for the measurement and to the
region of values where the reaction can be considered as bimolecular the difference
between the two kinds of values is insignificant.

The dependence of the rate constant on the solvent composition has been studied
previously®. This dependence was now studied in detail for IV owing to its solubility,
and the results are given in Table IV. In all solvents the dependence of log k., on pH
was linear with a slope near 0-75. The results of the previous work® obtained in 10%
(w/w) ethanol seem to involve experimental error. The rate constants found in various
solvents at pH ~ 11-5 show that the rate of the hydrolytic reaction rises with in-
creasing concentration of water, analogously as for carboxylic acid esters3-2%-21,

The found activation entropies, the ¢ constant of the Hammett equation for the
dependence of log k' of the hydrolytic reaction on the substitution, the plateaus on
the conversion curves as well as the reaction products identified which are analogous
to the products of base-catalyzed hydrolysis of carboxylic acid phenyl esters, confirm
the previously suggested concept of the Sy2 mechanism of the reaction under study
in the reaction rate-determining step. Neither in the present nor in the previous!
work was found any indication that contradicts this conclusion; we take therefore the
problem of the molecularity of the reaction for uniquely solved.
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