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Theoretical Studies on the A2 Hydrolysis of Methyl Acetimidate1

Ikchoon Lee *, Chang Kon Kim, and Bon-Su Lee

Department of Chemistry, Inha University, Inchon 402-751. Received November 13, 1989

Vario나s mechanistic aspects of 난le A2 hydrolysis of methyl acetimidate were explored using the MNDO method. As in the 

corresponding reactions of acetamide and methyl carbamate, a proton transfer pre-equilibrium exists between the N-pro- 

tonated and the O-protonated tautomers, and the subsequent hydrolysis proceeds from the more stable N-protonated form. 

Of 바two reaction pathways, the path is favored in the gas phase and in concentrated acid solutions, whereas the 

Axc'2 path is favored in less acidic solutions with a stable cationic tetrahedral intermediate formed in the rate determining 

step. Negative charge development on the alkoxy oxygen in the transition state suggested a rate increase with the increase in 

the electron withdrawing power of the alkoxy group. Calculations on the reaction processes with AM 1 indicated that MNDO 

is more reliable in this type of work, although AMI is better than MNDO in reproducing hydrogen bonds.

Introduction

The interest in the solution phase studies on the acid hy
drolysis of imidate ester2-7 has long been centered around the 
reality of a tetrahedral addition intermediate2"14 ((1) in Sche
me 1) believed to participate in the AA(2 hydrolysis of car
bonyl compounds15 and its implications for the mechanism of 
ester aminolysis.16"18 Unlike in the Aac2 hydrolysis of car
bonyl compounds such as amides and carbamates, it is now 
well established that in the Aac2 hydrolysis of imidate esters 
the tetrahedral addition complex, (I), constit니tes a key in
termediate in the course of reaction. Moreover, it has been 
experimentally shown that two competing pathways are pos
sible for the imidate hydrolysis in acid solution, giving either 
ester and amine products by an attack of water on the acyl 
carbon (Aac2 process) or amide and alcohol by an S&2 dis
placement of water at the alkoxy R (&"2 process) of the 
N-protonated form of imidate esters (Scheme 1). The acid 
hydrolysis of 2,6-dimethylbenzimidate, which has a sterical- 
ly hindered acyl carbon, has been shown to proceed predo
minantly ( 99%) by the Aai2 pathway,'아 while that of me- 
thylbenzimidate involves partial AA{2 process in relative
ly concentrated acid solution (18% AAi2 hydrolysis in 65% 
H2SO4 solution).20 Results of solution phase studies have also 
shown an enhancement of the hydrolysis rate with an in
crease in the electron withdrawing power of the alkoxy 
group of imidate esters.21

However we are not available the ab initio M() results and 
the gas-phase experimental data of the imidate hydrolysis or 
related works.

Scheme 1

In this work, we investigated the acid hydrolysis of me바， 

yl acetimidate MO theoretically using the MNDO and AMI 
method22,23 in order to explore various mechanistic possibi
lities and to elucidate substituent and solvent effects on the 
rate and mechanism of the imidate acid hydrolysis.

Calculations

Standard MNDO program24 was used throughout in this 
work. Geometrical parameters of all stationary point struc-
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Figure 3. Potential energy profile for the solvated proton transfer,

(in)+ h2o^(iv)+ h2o.

tramolecular proton transfers of acetamide and methyl
carbamate.34,35 The potential energy profile and the optimiz
ed geometries for the stationary point species are shown in
Figures 1 and 2.

(ii) Solvated Proton Transfer, Here a proton is transfer
red through the intermediacy of one solvated water molecule
(n = 1 in Scheme 2), which acts as a proton-donor as well as
an -acceptor in a two-step intermolecular process; as a result
a triple-well potential energy surface is obtained (Figure 3).
There are two TSs in Figure 3. One is the deprotonation step
(of (III)) by water, the other is the re-protonation step to
form (IV) by H30 + . The optimized geometries of the sta
tionary point species along the reaction coordinate are shown
in Figure 4. The rate determining step in this process is the
reprotonation step with the activation barrier of 45.09 kcal/
mol, which is lower by 28.41 kcal/mol than that for the direct
proton transfer. Although the overall proton transfer pro
cesses are very similar, the barrier is the highest for methyl
acetimidate when a comparison is made with the MN DO bar
riers of the corresponding processes for acetamide (29.14
kcal/mol) and methyl carbamate (27.43 kcal/mol).34

(II) Aa(2 Hydrolysis
(i) Aa(2 Hydrolysis of N-protonated Tautomer. TJie

potential energy profile and the optimized geometries of sta-

C 112.46

:;#、技。
(ni) 

N-protonated

Figure 1. Potential energy profile for the direct proton transfer, 

(III) T (IV).

tures were fully optimized, and the transition states(TS) 
were located first using the reaction coordinate method25,26 
and then refined with the gradient norm minimization27,28 to 
obtain their structures and energies. All the TSs were 
characterized by confirming only one negative eigenvalue in 
the Hessian matrix.* * * * * * * (ii) * * * * * * * * * * * * * * * * * 29 In the solvent effect studies, the 
geometries of TSs were fully optimized for the super
molecules consisting of substrate and attached solvate water 
molecules. Calculations were also carried out with AMI30 in 
order to assess the influence of hydrogen bonds on solvent 
effect and reaction path.

Results and Discussion

There are two basic sites, N and 0, that can be protonated 
in methyl acetimidate as in acetamide and methyl carbamate, 
and either one of the two protonated tautomers can be a star
ting species in the A2 hydrolysis since imidate옹 are known to 
be completely protonated even in a relatively weak acid solu
tion.19,21 We have therefore dealt with the proton transfer 
equilibrium between the two protonated tautomers (Scheme 
2) involving no or one solvate water molecule before proceed
ing to the actual acid hydrolysis of methyl acetimidate.

(D Proton Transfer Equilibria
(i) Direct Proton Transfer, This corresponds to the m = 0 

case in Scheme 2, which is a direct intramolecular proton 
transfer process. Since the N-protonated form (III) is more 
stable by 38.91 kcal/mol than the O-protonated form (IV), 
the proton transfer from the major species (III) to the minor 
species (IV) is considered. This type of direct intramolecular 
proton transfer involves a typical 1,3-proton shift with a 
four-membered ring TS.31-33 The activation barrier was 
relatively high (73.50 kcal/mol) so that such process may not 
be practicable, as it was also found to be the case in the in-
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(IV) .................... ...
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Figure 2. Geometries for the stationary point species on the poten

tial energy profile for the direct proton transfer, (III) (IV) (bond 

lengths and angles are in A and degree).
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Figure 4. (leometries for the stationary point species on the poten

tial energy profile for the solvated proton transfer. (Ill) + 

(IV) + (bond lengths and angles are in A and degree).

Figure 5. Potenti기 energy profile for 나】e Aac'2 hydrolysis of N- 

protonated tautomer, (HI).

tionary point species involved in the Aac2 type hydrolysis of 
the N-protonated tautomer, (III), are given in Figures 5 and
6. The overall process is quite similar to those involved in the 
A2 hydrolysis of O-protonated tautomers of acetamide  and 
methyl carbamate.  The reactant complex(RC) is a lype 
formed by nucleophile, water, approaching perpendicularly 
toward the molecular plane of the protonated s니bstrate, (III). 
The RC then proceeds to form a transient addition complex 
(AC) by the nucleophilic attack of water molecule at the acyl 
carbon. The AC is made up of an oxonium ion form, which is 
similar to the one proposed by McClelland19 based on his 
solution phase studies; this is however not a stable equilib
rium species but corresponds to a mere stationary point on 
the potential energy surface (Figure 5) preceeding the rate 
determining step. In the rate determining step a proton is 
transferred to the N atom, which is then followed by a stable 
tetrahedral intermediate(TI). This TI is a cationic equilib
rium species which has been proposed to participate in the 
4/位、2 hydrolysis of imidate esters by Okuyama 여; al.  Thus 
our MNDO results are in complete agreement with the ex
perimentally postulated mechanism, in which a stable ca
tionic tetrahedral intermediate is formed by a rate determin
ing attack of water on the acyl carbon.

36
37

38

The proton can be transferred to the methoxy-0 atom in-

1.325
I 2.121

Figure 6. Geometries for the stationary point species on the poten

tial energy profile for the Aac2 hydrolysis of N-protonated tau

tomer. (Ill) + H2O t CH3CO2CH3 + NH4+ (bond lengths and angles 

are in A and degree).

stead of the N atom in the AC, in which case the hydrolysis 
products will be either acetamide and protonated methanol 
or iso-acetamide and protonated methanol. These pathways, 
however, involve a higher activation energy barrier by 13.58 
kcal/mol compared to the process through the N-protonated 
form giving methyl acetate and ammonium ion as products; 
this is again in agreement with the experimental facts that 
the Aac2 hydrolysis products of imidate esters are normally 
esters and ammonium ions.2'7

The alternative pathway through the methoxy-0 proton
ated form after the AC is hence unfavorable due to the higher 
activation barrier than the principal pathway through the 
N-protonated form, as evidenced by the absence of products 
originating from such alternative process.

We have nevertheless elaborated upon the mechanism of 
this alternative process. The rate determining step in this 
path is also a proton transfer to 반le methoxy-0 in the AC, 
which is followed by intermediate complex(IC) formation; 
the IC is not a tetrahedral type but is similar、to the RC, a 
宀type complex formed by the leaving methanol molecule 
oriented perpendicularly to the molecular plane of O-proton
ated acetamide. The leaving group, methanol, in the IC can 
abstract a proton either from the carbonyl oxygen giving 
acetamide or from the N atom giving iso-acetamide. Iso-ace
tamide is known to tautomerize to a more stable tautomer, 
acetamide.39,40 according to our MNDO results, the activa
tion energy for iso-acetamide formation is higher by 2.32 
kcal/mol than that for acetamide formation and, furthemore, 
acetamide is more stable by 3.20 kcal/mol than iso-aceta
mide. The formation of acetamide is therefore preferred both 
kinetically and thermodynamically. The potential energy
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Figure 7. Potential energy profile for the Aac2 hydrolysis N-pro- 
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Figure 9. Potential energy profile for the Aac2 hydrolysis of Me

thoxy O-protonated tautomer.

Figure 8. Geometries for the stationary point species on the poten

tial energy profile for the A^^2 hydrolysis of N-protonated tauto

mer, (Ill) + H2O t Isoacetamide + protonated methan이 or Acetami

de + protonated methanol (bond lengths and angles are in A and de

gree).
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Figure 10. Geometries for the stationary point species on the po

tential energy profile for the Aac2 hydrolysis of Methoxy O-proton

ated tautomer, (IV) + H2O -> Isoacetamide + protonated methanol 

(bond lengths and angles are in A and degree).

profiles and the optimized stationary point struct니res are 
shown in Figures 7 and 8.

(ii) Aac2 hydrolysis of Methoxy—Protonated Tautomer. 
We will now consider the Aac2 hydrolysis of the methoxy-0 
protonated tautomer, (IV), which is formed in the pre-eq나i- 
librium with the N-protonated form, (III), (Scheme 2). Our 
MN DO results show that the reaction proceeds through a 
typical triple-well potential energy surface 하，ith three w이Is 
corresponding to reactant(RC). intermediate(IC) and product 
(PC) complexes. The potential energy profile and the op
timized stationary point structures are presented in Figures 9 
and 10. Inspection of Figure 10 reveals that the RC and IC 
have structures similar to those of the corresponding com
plexes of the N-protonated tautomer, with only difference of 
the leaving group, NH3 in this case, instead of methanol. In 
나】。rate determining step following the RC, the nucleophile, 
water, attacks the acyl carbon with concerted formation of 
bond C...... OH2 and breaking of the leaving gro니p, metha
nol. This Sn2 type direct substitution is than followed by a 
fast prod나ct formation step, in which a proton is abstracted 
from water by the leaving methanol molecule giving iso-ace

tamide and protonated methanol.
This pathway through the O-protonated tautomer is how

ever unfavorable comparing to that through the N-proton
ated form both kinetically (higher activation energy by 26.24 
kcal/mol) and thermodynamically (products are less stable 
by 19.47 kcal/mol). We can therefore conclude that the prin
cipal pathway in the Aac2 hydrolysis of methyl acetimidate i동 

through the more stable N-protonated tautomer, which is in 
agreement with the solution phase experimental results.2-7 
This Aac2 hydrolysis mechanism for methyl acetimidate is, 
however, in contrast to that for acetamide and methyl carba
mate in which the Aac2 hydrolysis proceeds through a more 
unstable protonated tautomer (N-protonated).36,37 An origin 
of this discrepancy in the reaction path may well be a relati
vely large difference in stabilities of the two protonated 
tautomers for methyl acetimidate (厶 AH广 38.90 kcal/mol) 
compared to the corresponding differences for acetamide 
(厶 AH广 17.19 kcal/mol)36 and methyl carbamate (厶 AHf = 
18.95 kcal/mol).37 In this connection, it is interesting to note 
that in the Aac2 hydrolysis of methyl carbamate the reaction
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Figure 11. TS geometries for the /侦丄2 hydrolysis of (III) and (IV) 

(bond lengths and angles are in A and degree).

pathway through the most unstable protonated tautomer, 
methoxy-O-protonated (厶 스//36.12 kcal/mol compared 
to the most stable carbonyl-O-protonated form), has also 
been found to be unfavorable both kinetically and thermo
dynamically.

(Ill) Aa/2 Hydrolysis
An S\2 displacement analogous to the AAi2 hydrolysis of 

carboxylate ester (Scheme 1) has been reported to take place 
predominantly in the acid hydrolysis of 2,6-dimethylbenzi- 
midate esters in which the acyl carbon is sterically hind
ered,19 and partially in the hydrolysis of unhindered methyl 
benzimidate in highly acidic solution (ca. 18% in 65% 니2SO4 
solution).20

The MN DO results on this reaction mode show that the 
reaction proceeds through a simple do니ble-w에 potential 
energy surface with two wells corresponding to RC and PC, 
which are the same complexes found in the Aac2 hydrolysis 
of the N-protonated tautomer above. The O-protonated tau
tomer, (IV), also proceeds by the double-well potential en
ergy surface with the RC and PC found in the corresponding 
Aac2 hydrolysis.

The TS in between the two wells has a typical Sv2 TS 
structure (Figure 11) with the heat of formation of 107.19 
kcal/mol for the reaction pathway through X-protonated 
(III) and 119.23 kcal/mol for the pathway through O-pro- 
tonated (IV). The former is lower by 4.37 kcal/mol than the 
barrier found in the Aac2 hydrolysis through the same 
N-protonated tautomer, indicating that the Aac2 process is 
preferred to the Aac2 pathway under solvent free condition. 
Since the acyl carbon of methyl acetimidate is not sterically 
hindered, this may seem rather surprising. However this 
preference of the Aa/2 path to the Aac2 process when there 
is no (or not enough) solvate molecules can be readily accom
modated by the experimental observations of a decrease in 
the rate ratio of kA(2!kA[2 with the increase in the acidity of 
solution,19,20 since the TS leading to the acyl addition (Aa(2) 
is more salted-out by increasing acidity than the TS leading 
to alkyl substitution (AAi2). This means that the present 
MNDO res나Its with no solvated water molecules are com- 
plet이y in line with the experimental observation in strong 
acid solutions predicting a preference of the Aa/2 to the 
Aac2 path.

Number of solvate water molecule. ^Heat of formation of TS: 4//) 

(TS) in kcal/mol.以厶〃广 AH/Aac2)-A///Aa/2).

Table 1. Solvation Effects on the TSs of the Aac2 and Aa/2 Paths

na 心注 厶厶〃/

0 111.56$ 107.23 4.33

1 44.72 41.61 3.11

2 -20.98 或 3.62 2.64

3 -86.95 -87.88 0.93

4 -152.07 -151.63 -0.44

In order to study the effect to solvation, we have attached 
four water molecules to the TSs involved in the two path
ways, i.e., Aac2 and Aa/2 paths. The results are summarized 
in Table 1. To our surprise, only four solvated water mole
cules in the TS were enough to reverse the trend in the acti
vation barrier in favor of the Aac2 process, indicating cor
rectly that in the relatively dilute acid the Aac2 process will 
become dominant. We are aware of the inherent weakness in 
MNDO of not properly accounting for hydrogen bond en
ergy,30 especially in a work involving solvent effect, but here 
we are primarily interested in the illative energy barriers of 
two reaction paths for which the discrepancies due to the im
proper account of hydrogen bond in the TSs may cancel out"; 
we may then expect that the difference in the extent of 
charge-dipole Interaction between substrate and attached 
solvent molecules predominates over the solvent effect (vide 
infra). The reversal of relative barrier heights in favor of the 

path with only four solvate water molecules will 
become even more real in the bulk solvent system. Thus in 
dilute acid solution, the Aac2 path will be extremely 
favorable as experimentally found.

In order to assess the influence of hydrogen bonds on the 
solvent effect and reaction path, we carried 0니t similar com
putations on the reaction processes with AM 1, since AM 1 is 
known to reproduce hydrogen bonds in a reasonably satisfac
tory manner.+ We found essentially the same trends as those 
found using MNDO with somewhat lower activation bar
riers, but there was a conspicuous difference between the 
two methods: no optimized structure for the O-protonated 
tautomer, (IV), is obtainable by AMI, but instead a long- 
range complex, (V), involving partial cleavage of the C-0 
bond is found. We therefore proceeded further to check the 
reality of the O-protonated tautomer by carring out ab initio 
calculations at the 3-12G level,41 and found that the structure

*In a previous work involving proton transfer equilibria in aqueous 

system, it has been shown that MNDO and AMI show exactly the 

same trends with only difference of AM 1 having somewhat lower 

activation barriers. We have concluded there that MNDO is just as 

useful for s니ch type of work in which we are primarily interested in 

the relative barrier heights between competing reaction paths. I. Lee, 

C. K. Kim, B-S Lee and S. C. Kim, Tetrahedron, 44, 7345 (1988).

+ The results are presented as Supplementary Materials.

(IV) does indeed exist as 나le MNDO results predicted. Thus 
it appears that MNDO is more reliable than AMI for this 
type of work correctly reproducing ab initio trends.

An overview of activation barriers studied in this work is 
presented in Figure 12. Admittedly the MNDO barrier hei
ghts shsvn in Figure 12 are in general considerably higher 
than the experimental solution phase values.42 This is due to
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Figure 12. An overview of activation barriers involving in the A2 
hydrolysis of methyl acetimidate, Dotted lines A2 hydrolysis pro

cess of (III). (I) is an Aai2 path, and ⑵ and ⑶ are Aac2 paths. Solid 

lines are」42 hydrolysis processes of (IV). (4) is a solvated proton 

transfer process, (5) is an Aal2 path and (6) is an Aac2 path.

Table 2. Charges (Electronic Charge Unit) of Heavy Atoms for the 

R미evant Species on the Aac2 Hydrolysis Path of protonated 

Tautomer

w c2 C3 N O

(III) + 0,4162 + 0.2121 -0.0028 -0.2392 -0.2593

(AC) + 0.4348 + 0.2122 -0.0007 -0.3633 -0.3552

(TS 1) + 0.3559 + 0.2176 + 0.0101 -0.2588 -0.3736

心，C2 and C3 are the acyl carbon, methoxy methyl and methyl car

bon, respectively.

NH-
-
r

-애

(V)

the well known weakness of overestimating the barrier 
heights by the MNDO method.30,43 Even though the absolute 
values of barrier heights may be unrealistic, the relative 
values have been useful in the elucidation of mechanistic 
features.44-50

(IV) Effects of Substituent on Alkoxy Oxygen
Pletcher et al.21 has reported the Taft coefficient of 

+ 2.1 for alkoxy oxygen in the Aac2 hydrolysis of N-methyl 
acetimidate esters, and the rate of the Aac2 hydrolysi of im- 
idate esters has been shown to increase with the electron 
withdrawing power of the group R of the alkoxy group in the 
order, CH3CH2-<CH3OCH2CH2- <CF3CH2-.

We have shown in Table 2 charges of heavy atoms in the 
optimized structures of the ground state (III), the transient 
addition complex(AC) and the TS. Reference to this Table 2 
reveals that the negative charge on the alkoxy oxygen in

creases gradually as the reaction proceeds 니ntil the 1S is 
reached, suggesting that an electron withdrawing group R on 
the alkoxy oxygen will delocalize the developing negative 
charge and will stabilize the TS and hence will increase the 
rate. Thus the experimental rate enhancement found by Plet
cher et 시. can be nicely accounted for.

Conclusions

The major conclusions in this MNDO investigation of the 
acid hydrolysis of methyl acetimidate can be summarized as 
follows:

(i) The stability of the N-protonated tautomer is substan
tially greater than that of the O-protonated form, so that the 
hydrolysis proceeds largely through the more stable N-pro
tonated form.

(ii) The acyl addition pathway (Aac2) proceeds via a tran
sient addition complex(AC) and a stable cationic tetrahedral 
intermediate(TI).

(iii) In the non- or less-solvating concentrated acid solu
tion, the alkyl substitution pathway (刀占丄2) is favored, 
whereas in the low acid solution the acyl addition path (Aac2) 
becomes dominant.

(iv) Negative charge development on the alkoxy oxygen in 
the TS of the Aac2 hydrolysis suggested an increase in the 
rate with the increase in the electron withdrawing power of 
the alkoxy group.
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Chemically modified electrodes(CMEs), based on 2-imino-l-cyclopentane-dithiocarboxylic acid (iede) containing carbon 

paste, have been characterized using cyclic voltammetric techniques. Ag(I) was chemically deposited on the CMEs, and volt- 

ammograms were obtained with the electrode in a separate buffer solution. The CM E surface can be regenerated with expo

sure to acid and reused for deposition. In 10 deposition/measurement/regenerate cycles, the linear response have been re

produced up to 1 x IO-6 M in linear sweep voltammetry and 1 x 10-8 M in differential pulse voltammetry with relative stan

dard deviation of 5.2% and 12.4%, respectively. The sensitivity increased with deposition time and scanning rate, and detec

tion limit was 1 x 10~7 M and 1 x 10'9 M at 20 minutes deposition in the linear sweep voltammetry and differential pulse volt

ammetry, respectively. The presence of some metal ions does not infhience the silver ion response. Satisfactory results were 

obtained for the analysis of the silver ion for a variety of reference materials without interference of Hg ion at the condition of 

pH = 5-6.

Introduction one of the most sensitive electrochemical methods for the
determination of trace metals. This utilizes both of the trace 
organic and inorganic analysis. In general, this method isUntil now stripping voltammetry have been recognized as


