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Kinetics of hydrochloric acid-catalyzed solvolysis of substituted phenyl and methyl N-phenyl
benzimidoesters have been studied in methanol, 50 vol. % aqueous methanol, and 50 vol. % 
aqueous tetrahydrofurane, and the composition of the reaction products has been deter
mined. The rate-limiting step consists in addition of water or methanol to the protonated sub
strate. The reaction of methyl N-phenylbenzimidoester with both water and methanol and that 
of substituted phenyl N-phenylbenzimidoesters with methanol produce aniline, the ester (or 
orthoester) and the corresponding phenol. The reaction of substituted phenyl N-phenylbenzimido
esters with water gives both the neutral tetrahedral intermediate (which is decomposed into 
phenol and anilide) and the protonated intermediate (which produces aniline and the ester). 
At the same proton concentration the phenol content increases with increasing value of the q 

constant of the substituent. 

The hydrolysis of R1-N=C(R}-oR2 imidoesters has been paid considerable 
attention, because it involves the same tetrahedral intermediates as those in the 
aminolysis of the corresponding esters or hydrolysis of ami des. Thus, studies of the 
hydrolysis of imidates contribute to a more detailed estimation of the reaction 
mechanisms of these reactions and to the differentiation between the rate- and the 
product-determining stepsl - 16. Depending on structure and reaction conditions, 
the rate-limiting step can consist in either formation or decomposition of one of the 
intermediates or in the proton transfer. In most cases Rl and R2 are alkyl groups, 
only exceptionally used was an aromatic amine (R 1) (ref.17) or a phenol derivative 
(R2) (refs3 •7 ,11). 

The present communication deals with a study of solvolysis of substituted phenyl 
N-phenylbenzimidoesters (both Rl and R2 are aryl groups) in mixtures water
-tetrahydrofurane and water-methanol and in neat methanol. 

EXPERIMENTAL 

Reagents 

Phenyl N-phenylbenzimidate (I), 4-nitrophenyl N-phenylbenzimidate (II), 3-nitrophenyl N-phenyl
benzimidate (111), and 4-chlorophenyl N-phenylbenzimidate were prepared from N-phenyl-
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benzimidoyl chloride18 and phenol (chloro-, and nitrophenols, respectively) according to the 
known procedurel9 . The melting points 104- 106°C (I), 73'5-75' 5°C (II), 80- 81' 5°C (III), 
and 91-92°C (IV) agree with literature data 19 - 21. Methyl N-phenylbenzimidate (V): A solu
tion of 8·6 g (40 mmol) N-phenylbenzimidoyl chloride in 100 ml dry benzene was stirred and 
treated with 50 ml 1 mol 1-1 sodium methoxide. The separated sodium chloride was filtered 
off and washed with benzene. The filtrate was distilIcd, and the fraction boiling at 127-128°C 
at 650 Pa was taken; yield 5'5 g (65%). 1 H NMR spec.trum: o(OCH3 ) = 3'96. For C 14H 13 NO 
(211) cakulated: 79'62% C, 6·16% H; found 79'50% C, 6'20% H. 

Estimation of Aniline in the Methanolysis and Hydrolysis Products 

A methanolic solution of compounds 1-IV (0'5 mIl. 10- 2 moll-I) and methanolic solution 
of hydrogen chloride (to make its final concentration of 4 . 10 - 3 to 2. 10 -1 moll-I) was 
injected into 40 ml methanol or mixtures (1 : 1 by vol.) methanol-water or tetrahydrofurane
-water. After the solvolysis was complete (which was proved photometricalIy at 240- 350 nm) 
aniline was determined by azo coupling reaction: Four 4'5 ml samples were taken from the 
reaction solution and placed in 10 ml calibrated flasks, whereupon 1 ml 1 moll- l potassium 
bromide in 0'2 moll- l hydrochloric acid was added (in the case of the most acidic reaction 
media aqueous I moll- l potassium bromide was only added) folIowed by two drops of 1 moll- 1 

sodium nitrite. The reaction mixtures were left to stand 0'5, 1,2, and 4 min. After these intervals, 
2 ml 0'01 moll- 1 3-hydroxynaphthalene-2,7-disulphonic acid and 2 ml 0'5 moll- l sodium 
hydrogen phosphate were added to eac.h sample. The reaction mixtures thus prepared were 
diluted with methanol (to 10 ml final volume) and, after 5 min, the absorbance was measured 
in a I cm celI at 500 nm. Along with these experiments, similar measurements were carried out 
in which, instead of the imidoester 1- V solutions, aniline of the same concentration was used. 

Kinetic Measurements 

A 1 cm quartz cell was charged with 2 ml solution (25°C) of hydrogen chloride in the given 
medium (methanol, methanol-water, tetrahydrofurane-water), and 20 III fresh methanolic solu
tion of compounds T- V (0'01-0'03 moll-I) was added. The cdl was c.losed, placed into the 
thermostated compartment of spec.trophotometer, and the absorbance-time course was folIowed. 
The rate constants kexp (s-l) were calculated from the relation kexpt = -2'3 log fl.A + const., 
where fl.A means the absorbance differences (Aoo - At) or (At - Aoo) depending on the ab
sorbance course (increase or decrease, resp.) at the analytical wavelength chosen (see Tables)., 
The kexp differences between three independent experiments were less than 5%. 

RESULTS AND DISCUSSION 

Methanolysis 

The solvolyses of the imidoesters I - V were carried out in three media: methanol, 
50 vol. % aqueous methanol, and 50 vol. % aqueous tetrahydrofurane. As the 
compounds I - V are almost insoluble in water, the kinetic experiments could 
not be performed in pure water. The methanolysis of compounds I -IV is subject 
to acid catalysis, the reaction product comprising the substituted phenol, protonated 
aniline, and methyl onhobenzoate. The composition of the reaction mixture was 
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confirmed by comparison witli a separately prepared mixture of these compounds 
in methanolic hydrochloric acid and after addition of 1 moll- 1 sodium methoxide 
and by quantitative determination of aniline after the finished reaction. When fol
lowed in the 230 - 380 nm wavelength interval the reaction was found to proceed 
in two steps. In the first step the respective phenol is formed along with compound 
V which is transformed into aniline and the orthoester (Scheme 1). 

C&HS-C=N-C&HS + CH 30H 
T6HS 

R0-°H 
C=N-C6Hs + 

1-0 I 

° ~ 
OCH 3 

R v 

I, R = H III, R = 3-NO, j +CH 3OH II, R = 4-NO, IV, R = 4-Ci 

C&HS-C(OCH3l 3 + C6HSNH2 

VI VII 

SCHEME 1 

The methanolysis rate constants of the methyl ester V were determined in the hydro
chloric acid concentration range of 2 . 10 - 4 to 5 . 10 - 3 mol 1- 1. The dependence 
of kexp on the proton concentration is represented in Fig. 1. The theoretical curve 
was calculated from Eq. (1) in which kl = (9·5 ± 0.6).10- 2 S-1 

FIG. 1 

Dependence of rate constants kexp (s -1) (.) 
of methanolysis of compound V on molar 
concentration of hydrogen chloride. The 
curve was calculated from Eq. (1) for k1 = 
= 9·S. 10- 2 s-1 andKA = 1.1.10- 3 
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is the methanolysis rate constant of the protonated compound V and KA = (1'1 ± 
± 0'08) . 10- 3 is the acidity dissociation constant of compound V. 

The methanolysis rate of the 4-nitro derivative II was determined from the ab
sorbance increase of the 4-nitrophenol produced at 345 nm at which wavelength 
neither compound V nor its methanolysis products absorb. The observed rate 
constants increase linearly with the hydrochloric acid concentration and obey the 
relation kexp = kH+[H+J, where kH+ = 24-4 ± 2·21 mol- 1 S-1. 

With the derivatives I, III, IV no reliable values of the methanolysis rate constants 
to compound V were obtained, because both the absorbance changes and the rate 
constants are similar to those of the subsequent methanolysis of compound V. 

,/ + 

OCH 3 
I (.J 

C6 HS-C=NH-C 6HS + 

VIII 
SCHEME 2 

HOON02 

The rate-limiting step of the methanolysis of the nitro derivative II consists in an 
attack of the protonated imidoester by methanol (Scheme 2), because kexp is directly 
proportional to the proton concentration. If the decomposition of the intermediate 
TO 1 were rate limiting, the kexp value would be independent of the proton concentra
tion. 

v + VI/I 

SCHEME 3 

OCH 3 

I 
C6 Hs-C-NH-C6 Hs 

I 
OCH 3 

T02 

IX + VI/ 
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The reaction mechanism of methanolysis of compound V is given in Scheme 3. 
The rate-limiting step can consist either in the addition of methanol or in the splittlllg 
off of aniline. The acid-catalyzed splitting of the tetrahedral intermediate T03 (Eq. 
(A)), which is structurally very similar to T02 in Scheme 3, exclusively produces 

OCH] CH3 
I I 

CbH'-T-N-C6HS + H(') 

OCH] 

T03 

OCH3 
I 

C6Hs- T(') + CH]NH-C6Hs (AJ 

OCH, 

IX 

the carbocation22 , which means that the splitting off of aniline is much faster than 
the reverse reaction (splitting off of methanol), and hence it cannot be rate limiting. 

Hydrolysis in Water-TetrahydroJurane Medium 

The hydrolysis kinetics in the water-tetrahydrofurane medium was followed in the 
hydrochloric acid concentration ranges of 0·1 to 2·5 moll- 1 (with compounds I 
and IV) and 0·1 to 1·0 moll- 1 (with the nitro compounds II and III). At the same 
time the hydrolysis kinetics of the methoxy derivative V was followed in the hydro
chloric acid concentration range of 0'01 to 2·5 moll-I, although this compound 
is not formed as an intermediate in the hydrolyses of compounds I -IV. The de
pendence of logarithm of the absorbance change on time was linear in all the cases 
within the whole interval investigated. From the kinetical point of view the reaction 
is of pseudo first order. The kexp values obtained are given in Table I. The acidity of 
medium is expressed by the acidity function. No such function is known for the 
water-tetrahydrofurane (t : 1 by vol.) medium, hence we used the Ho function for 
40% aqueous dioxane23 , because the two media should be similar. The dependence 
of kcxp on the acidity function mentioned is represented in Fig. 2. At the lowest 
proton concentrations the log kexp vs H o dependence is practically linear with the 
slope one. The rate-limiting step consists in the addition of water to the protonated 
substrate whose concentration is negligible (in comparison with that of the neutral 
substance) and increases linearly with the acidity of medium. Further acidity in
creases are connected (except for the nitro compounds II and III) with a slope 
decrease. A considerable part of the substrate is transformed into the protonated 
form and its concentration increases then more slowly than the acidity of medium. 
At the highest proton concentrations, predominant parts of compounds I, IV; and V 
are present in their protonated forms. The kexp value should be independent of a fur
ther acidity increase. The found decrease is due to the effect of medium on the rate 
constant of the addition of water to the protonated substrate. 

The effect of acidity of medium on values of equilibrium and rate constants is 
expressed more suitably by the acidity expressions of the form Ho + log [H+] and 
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TABLE I 

Experimental a rate constants k. xp (s -I) of hydrolyses of compounds 1- V in watcr-tetrahydr,J
furane mixture (I : I by vol.) at 25°C at various hydrogen chloride concentrations cHCI (moll- 1 ) 

102 . k cxp 

10 . cHCI ----- ----~--------~ .. ------_._--

I II III IV V 
------- ----- -------,-----, . --_ .. --------- ----------

0·1 0·77 
0·2 1·25 
C·S 3·08 
1·0 0·87 0·34 0·2.9 0·63 S·U' 
2·0 1·80 0·78 0·68 1-33 10·66 
4·0 3-85 1·82 1·57 3·38 

5·0 5·15 2·52 2·17 4·47 16·31 
7·5 8·66 4·20 4·33 9·24 

10 II· 55 7·49 7·30 12·60 15·40 
15 14·59 19·80 1\·55 
20 IH6 19·80 6·76 
25 9·56 18·23 5·13 

-------
a Measured at Aanol (nm): I (312). II (350). III (322), IV (322). V (294). 

2 

2 + logkf'lCp 

o 

FIG. 2 

Dependence of logarithm of experimental 
rate constants kexp (S-I) of hydrolyses of 
compounds I (0). II (e), III (t), IV (~), 
and V (e) in water-tetrahydrofurane mix
ture (1 : 1 by vol.) at 25°C on the Ho acidity 
function23 

1-6 

2+logk, 

12 

08 

o -04 

FIG. 3 

Dependence of logarithm of the rate con
stants k 1 (s -1) calculated from Eq. (2) for 
hydrolysis of compound V in water-tetra
hydrofurane mixture (1 : 1 by vol.) at 25°C 
on the acidity of medium expressed by the 
(Ho + log [H+]) value24 - 26 
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-log (YH+YS!YSH), respectively24-26. The dependence of log kI. on (Ho + log [H+]) 
is presented in Fig. 3 for the methoxy derivative V. The kI. rate constants were ob
tained from kexp by a correction for the proportion of the non-protonated form 
according to Eq. (2) 

(2) 

where ho means the negative antilogarithm of Ho, and KA is the dissociation constant 
of the protonated substrate (KA = 10-1.3). The 1·3 value is the Ho function at which 
the substrate is half protonated, and it corresponds to the proton concentration 
of O' 37 mol 1- 1. The great difference between [H +] and the negative value of antilo
garithm of Ho is caused by the fact that the determination of Ho was based on diluted 
aqueous solution of hydrochloric acid23. The ki value extrapolated to the zero value 
of the (Ho + log [H+]) function (all the activity coefficients are equal to one) is 
0·425 s -1, and it represents the ki rate constant value in diluted solutions of hydrogen 
chloride in the water-tetrahydrofurane (1 : 1 by vol) medium. 

At the proton concentration as low as 0·5 mol 1-1 there already occurs a con
siderable decrease in kI' but the dependence of kexp on Ho for the nitro compounds 
II and III is linear even at the highest hydrochloric acid concentration used (1 mol . 
. 1- 1). The applied H ° function was determined by the measurement of dissociation 
constant of 4-nitroaniline21 (the Hammett indicator). The protonated substances 
I-IV are less solvated than the substituted anilines (a single acidic hydrogen only, 
and the charge partially dispersed by electron delocalization). The corresponding 
acidity function is steeper, hence at higher proton concentrations the concentration 
of the protoJ;lated form increases faster than it should increase according to the Ho 
function used. At the same time, however, the ki rate constant is decreased. Both 
these factors are operating in the case of the nitro compounds 11 and 111, and their 
effects on koxp are obviously comparable. The result is a linear dependence of log 
kexp on Ho· 

The application of inproper acidity function to the determination of the k t rate 
constant and of pKA of the methoxy derivative V introduces a relatively small error. 
The difference between the two acidity functions becomes more distinct only at 
higher proton concentrations (when the substrate is predominantly in its protonated 
form). The correction for the dissociation degree is small then, and therefrom it 
follows that the error in the correction is still smaller. As there is linear interdepen
dence between the individual (Hx + log [H+]) functions26, the type of the function 
used has no effect on the extrapolated kl value (Fig. 3). 

At the lowest proton concentrations used it is 

(3) 
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The k1/KA value depends on u constants according to Eq. (4). 

log (k1/KA) = -0·7u + con st. (4) 

At the highest proton concentrations k. xp ~ kl for the compounds I and IV. The 
effect of substituents is reversed in this case. A rough estimate gives (} ~ 0·5. The 
small difference in the kl values shows that the O-Ar bond is not yet split in the 
activated complex. From Eq. (5) it is possible to assess the (}(KA) value 1 to 1·5. 

(5) 

The reaction mechanism is given in Scheme 4. 

SCHEME 4 
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The prcduct-determining steps follow the rate-determining step of the hydrolysis. 
No direct connection is between th.e effect of medium on the rate constant and thal 
on the reaction product composition. The reaction products are either benzanilide 
and the substituted phenol or aniline and the substituted phenyl benzoate. Tables II 
and III present relative amounts of aniline in the reaction product for different proton 
concentrations. From the dependence of the relative aniline content in the reaction 
product on the hydrochloric acid concentration it is obvious that the extrapolation 
to zero concentraticn of the proton (when (he reaction mixture does not contain the 
protonated intermediate) indicates a practically zero content of aniline in the reaction 
mixture (Fig. 4). Thereform it follows that the reaction via the dipolar ion T± is 
only slightly significant or insignificant at all, although the hydrolysis ofN-alkylimido
esters in neutral or mildly acidic media takes predominantly this pathway 7 • The 
equilibrium constant of the transformation of the neutral intermediate TO to the 
dipolar ion T± is at least by four orders of magnitude smaller for N-arylimidoesters 
than for N-alkylimidoesters. The rate constants of decomposition of the dipolar 
ion T± are so large (f.at they are not practically affected by the substitution of alkyl 

TABLE II 

Aniline content (mol %) in products (aniline + benzanilide) of hydrolysis of compcund I in 
water-tetrahydrofurane mixture (1 : 1 by vol.) at various hydrogen chloride concentrations 
cUCI (moll-I) 

103 . cUCI 4'89 4'91 6'10 7'JO 9'68 9'78 19'6 36'8 61'0 79'0 97'0 100 

C6HSNH2 30 37 36 43 49 62 74 79 88 91 87 92 

TABLE III 

Aniline content (mol %) in reaction products (aniline + benzanilide) of hydrolyses of com
pounds II, III, and IV in aqueous rn-;thanol and tetrahydrofurane (1 : 1 by vol.) at various 
hydrogen chloride concentrations cUCI (moll-I) 

----------------------103 .cUCI 

II 

72 
78 
77 

III 

68 

IV 

88 
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by aryl groupt3. Moreover, the splitting off of aryloxy group from the neutral 
intermediate TO is by several orders faster than tQat of alkyloxy group. Hence it fol
lows that the pathway through the dipolar ion T± is practically insignificant for these 
compounds. The rates of formation of phenol and aniline are defined by Eqs (6) 
and (7), resp. The relative amount of aniline in the reaction product is given by Eq. 
(8), where a = k+/K1ko. 

VOH = ko[TO] 

VNHl = k+[T+] = k+[H+] [TO]/K1 

k+[H+] = a(H+] 

k+[H+] + koK1 a[H+] + 1 

(6) 

(7) 

(8) 

The theoretical curve for compound 1 is given in Fig. 4 and it was calculated for 
a = 110 (a- t means the proton concentration in the product, if It contains equal 
amounts of aniline and phenol). By analogy with literature data22 it is possible to 
consider the dissociation constant to be K1 = 10. In this case k+ = ko • 103, which 
means that the protonated intermediate T+ is decomposed faster than the neutral 
one (by about three orders of magnitude). The ko value increases rapidly and the 
dissociation costant K1 less rapidly with increasing (J value of the substituent. 
The k+ constant somewhat decreases. The result is a preferable splitting of the 
neutral intermediate TO to the substitmed phenol and benzanilide (Tables II and III). 

Solvolyses in Water-Methanol Medium 

The solvolysis kinetics were measured with compounds II - V. The dependence of 
logarithm of the absorbance change on time was linear in the whole range, although 
one of the products is the methoxy derivative V. The absorbance change in the 

0'8 

a 10'.[HCll 
12 

FIG. 4 

Dependence of the aniline content expressed 
by the molar fraction (e) (in its mixture 
with benzanilide) in the hydrolysis products 
of compound I in water-tetrahydrofurane 
mixture (1 : 1 by vol.) on molar concentra
tion of hydrogen chloride. The curve was 
calculated from Eq. (8) for a = 110 
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solvolysis of compound V is much smaller at the wavelengths used as compared 
with the absorbance change in the solvolyses of compounds II -IV, and the solvolysis 
rate constant of the methoxy derivative V is greater. Hence the initial deviation 
from linearity due to this consecutive reaction is negligible. 

The kexp rate constants measured at various hydrochloric acid concentrations are 
given in Table IV. The dependences of kexp on the hydrochloric acid concentration 

TABLE IV 

Experimental" constants kexp (s -1) of solvolyses of compounds 11- V in water-methanol mix
ture (1 : 1 by vol.) at 25°C at various hydrogen chloride concentrations cHCl (moll- 1) 

11 III IV V 

0·1 0'45 0'96 
0'2 0'39 0·46 0'85 1-68 
0'5 1'02 1-69 3-34 
1'0 3'20 5'04 
2'0 3'75 3'75 5'33 6·89 
3'0 6'60 7-31 
5'0 7·11 6'93 8'94 8'15 

10 8'93 9'24 8·40 
20 8'66 
50 7'70 

100 5-33 
150 4'20 
200 3-01 
250 2'24 

a Measured at Aanal (nm): 11 (358), III (312), IV (250), V (250). 

TABLE V 

The acidity dissociation constants K A and rate constants k1 (s -1) of solvolyses of compounds 
111- Vin water-methanol mixture (1 : 1 by vol.) at 25°C calculated according to Eq. (1) 

Compound 

III 
IV 
V 

14·0 
12'5 
8'9 

COllection'Czechoslovak Chem. Cammun. [Val. 521 [1987) 

6'0 
2-75 
0'8 

1·22 
1'56 
2·1 
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(up to 0·1 moll-I) and Eq. (1) were used for calculation of the KA dissociation 
constants of the protonated substrates and of the kl rate constant (in this case it 
represents a sum of the rate constants of the reaction of the protonated substrate 
with water and methanol): they are given in Table V. 

For the methoxy derivative V we measured the solvolysis rate constant up to the 
hydrochloric acid concentration of 2· 5 moll-I. At the proton concentrations above 
0·2 mol I -1, practically all the substrate is present in the protonated form. Again 
the kexp decrease is caused by the effect of medium on k 1• The change in k t with the 
acidity of medium is similar to that in k t of the hydrolysis in aqueous tetrahydro
furane. The overall decrease of k} is, however, somewhat smaller, which can be due 
to the fact that, in the water-methanol medium, the methanol molecules also can 
participate in the solvation of the proton being split off. 

The k1 constant is a sum of the rate constants of the attack of the protonated 
substance by water and methanol. In the case of the attack by methanol the methoxy 
derivative Vis produced which gives aniline and aryl benzoate on hydrolysis, which 
was confirmed by the solvolysis of the pure compound V. The aniline content in the 
reaction products was 95 -98%. The reaction with water gives (as it is the case in 
aqueous tetrahydrofurane, too) the neutral intermediate TO (Scheme 4) which is 
decomposed to phenol and benzallilide, and the protonated intermediate T+ which 
produces aniline and aryl benzoate. Table III presents the aniline content (in mole 
%) in the reaction products of solvolyses of compounds II - IV. At the lowest proton 
concentrations, when the acid-catalyzed splitting into aniline and phenyl benzoate 
is insignificant for the nitro compounds 11 and III, the amount of aniline in the 
reaction products is 70 mole %. Hence it follows that, in the reaction of the protonated 
substrates with the solvent molecules, 70% of the substance reacts with methanol 
and 30% with water. In the water-methanol mixture the molar ratio of the com
ponents is 2·3 : 1. Hence methanol is 5·4 times more reactive than water in the re
action with the protonated substrate in the given medium. 

Reactions of a large number of carbocations with nucleophilic reagents exhibit 
no or only a small change in selectivity, so that the nucleophilic reactivity can be 
defined27 •28 in these cases by a simple equation (9) in which kH20 means 

(9) 

the rate constant of the reaction of the cation with water in water; kn is the rate 
constant of the reaction of the same cation with the given nucleophile, and N+ is 
a parameter characteristical for the nucleophile in the given medium and independent 
of the nature of the cation. The rate constants of the reactions involving solvent as 
the reagent are given in S-1 units. The N+ value for methanol (in methanol) is 0·5 
(ref. 28). From our results (in 50 vol. % aqueous methanol) it follows N+ = 0·4. 
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