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Abstract: The alkaline hydrolysis of amides, N-methyl acetamide 1, acetanilide 2, and
N-acetyl imidazole 3, was investigated by use of ab initio molecular orbital calculations.
A detailed analysis was performed for two possible mechanisms, Path 1 and 2. Path 1,
similar to ester hydrolysis, releases CH,COOH and RNH whereas Path 2 contains the
RNH group that extracts the H atom from the OH fragment in the tetrahedral intermediate.
In this mechanism, carboxylate ion and an amine directly form. It was ascertained that
Path 2 is a better route to decompose the TD intermediate than Path 1 for 1 and 2 in the
gas phase. The stability of the leaving group RNH determines which route, Path 1 or 2,
is preferred in the gas phase. The solvent effect was estimated for the two mechanisms
by using the SCRF calculations of the IPCM model. © 1997 Elsevier Science Ltd.

Introduction

The alkaline hydrolysis of esters RC(=0)OR' (Y=OR in Eq. 1) involves the formation of the tetrahedral
intermediate (TD) by the reaction of ester and OH  as shown in Scheme 1. This intermediate easily decomposes
into a carboxylic acid and an alkoxide ion (Path 1). The former reaction determines the rate of ester hydrolysis
in solution since the OH requires large desolvation energy in forming the TD intermediate.! On the other
hand, in the gas phase, theoretical calculations showed that the latter process, decomposition of the intermediate,
needs large activation energy; in fact, it needs more than 20 kcal mol™” in that alkoxide ions are not stable in
such a phase.'?® There is an alternative mechanism (Path 2) that the alkoxide group extracts the H atom from
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the OH fragment and a carboxylate ion and an alcohol directly form. This was proposed by Takashima et al.*
based on a finding from their experiments in the gas phase. We calculated the possibility of this mechanism by
using ab initio molecular orbital (MO) calculations.

A similar mechanism (Path 1) is applicable to the alkaline hydrolysis of amides RC(=O)NHR' (Y=NHR' in
Eq. 1). The measurement of the rate constants in p-substituted N-methyl acetanilide,® trifluoroacetanilide and
its derivatives’ made it possible to discuss the mechanism of their alkaline hydrolysis. The studies, which were
done in solution, observed two paths, i.c., with respect to OH , one is the second order reaction and the other
the first order. Only the first order behavior of OH was observed in simple amides such as benzamide®,
toluamides® and simple aliphatic amides'® in solution. Therefore, the stability of RNH  as a leaving group
largely relates to which route is preferred. Paths 1 and 2 are first-order mechanisms with respect to the OH
concentration although the latter does not form the R'NH intermediate. Therefore, they are one of the
candidates for the mechanism that has the first order dependence on the OH ion. Brown et al. performed
detailed mechanistic studies on amide hydrolysis, in which they assert that water is involved in the decomposition
of the TD intermediates." They proposed that in their mechanism similar to Path 1 RNH extracts a proton of a
water as a reactant and surrounding waters act as only a dielectric field.

In the gas phase, the rate determining step is not the TD intermediate formation but its breakdown. Path 1
with an alkyl group as R’ is not a good candidate of the TD intermediate decomposition because R'NH ion is
very unstable and Path 2 may be the better route. On the other hand, if the resonance effect in R’ can
stabilize the leaving group R’NH such as p-NO,-CH,NH , the anion may be a product. In fact, the leaving
group dependence were observed in many experiments in solution. Ab initio MO calculations can serve to
investigate these mechanisms in the gas phase. There have been a number of theoretical studies dealing with
the hydrolysis mechanism of amides and esters."***'2 In the present study, ab initio MO calculations were
used to conduct theoretical examination of both Path 1 and Path 2 as plausible mechanisms at work for the
breakdown of the TD intermediate in the gas phase. Although limited, it is possible to calculate energies
including solvent effect with the SCRF calculations of the isodensity polarized continuum model (IPCM)."
Therefore, the gas phase mechanisms together with the SCRF calculations will give insight into the hydrolysis

mechanism in solution.
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In a previous paper using the results of the RHF/6-31G calculations, we discussed the alkaline hydrolysis
of N-acetyl imidazole 3. This molecule is a kind of amide which can release imidazolyl anion, the product of
Path 1, and we totally recalculated the energy profiles of this amide using higher basis sets. The reaction
mechanisms for 1 and 2 are compared with that for 3 in order to investigate how the leaving group relates to

O
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the reaction mechanism of decomposing the TD intermediates in the gas phase and in aqueous solution.

Method of Calculations
MOPAC Ver. 6 was used for the preliminary search of potential profiles of the reaction mechanisms
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considered here. The ab initio MO calculations were done on the GAUSSIANS4 program™ at the Institute for
Molecular Science and workstations in our institute. It is necessary to include diffuse basis functions for
geometry optimizations because the molecules calculated here have anion fragments. Therefore, molecular
geometries including transition states (TS) were optimized at the RHF/6-31+G level for 1, 2 and 3. All the
geometries obtained were checked with vibration frequency calculations. The 6-31G basis sets'’ served to
optimize the geometry and to calculate the geometry transformation along the intrinsic reaction coordinate

(IRC) because the incapability of the larger basis set in our system, especially for 2
In order to obtain the energy relations between reactants, intermediates, TS’s and products, we defined the

difference in the energy of the TD intermediates shown in Figure 1: AE, is the stabilization energy released by
the TD intermediate formation; AE,(TS) the activation energy for Path 1 or 2; AE, and AE, energy differences
between the TD intermediate and, on one hand, CH,COOH + Y, and, the other hand, CH,COO + YH,

respectively; and lastly, AE; is defined as the energy difference between amine HY and its anion Y
AE;=Ey - Eyy ).
Both MP2/6-31+G//RHF/6-31G and MP2/6-31+G*//RHF/6-31+G energies were calculated to have better
energy description concerning the molecules under consideration. In fact, the calculations by the MP2/6-
314+G//RHF/6-31G level underestimated AE,’s by ca. 10 kcal mol” in comparison with those of MP2/6-
31+G*//RHF/6-31+G level as seen in Table 2. However, the other energies differed by no more than 4 kcal

mol” between the energies using the 6-31G and the 6-31+G optimized geometries

1
The intrinsic reaction coordinates’® (IRC) were calculated in order to check and obtain energetic and
2 Bohr as the step size for the

geometric profiles of the proposed reaction mechanism. We adopted 0.02 amu
IRC calculations for 1, 2, and 3. The IRCs for 1 and 3 were also calculated with the 6-31+G basis sets and the

0.01 step size to check the reliability of the RHF/6-31G level of theory. As will be discussed below, the 6-31G

calculations for 1 and 3 gave the IRC profiles qualitatively similar to those at the 6-31+G level of theory
In order to estimate solvent effect for the energy relation, we performed the SCRF calculations of the

IPCM model.” The geometries optimized in the gas phase were used for the energy estimation. In order to
simulate mechanisms in aqueous solution the dielectric constant £=78.3 was used for the [IPCM calculations.

CH,COOH + Y-
CH,COY+OH i} _
P N AE2
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Figure 1 Energy relation diagram for alkaline hydrolysis of amides CH,COY (Y =

C,H,N,, CH,;NH or CH,NH)
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Results and Discussions
Geometries and Energy Relations among Reactants, TSs and Products.

First of all, the TD intermediates for 1, 2 and 3 were optimized , and then, the their TS geometries were
also searched by referring that obtained for methyl acetate.® As will be discussed later, the TS geometries
obtained for 1 and 2 correspond to those for Path 2 and that for 3 to Path 1. Table 1 summarizes the total
energies and the optimized parameters of the TD and TS geometries which are displayed in Figure 2 together
with C(2)-N(6) and H(5)-N(6) distances. The calculations of the H(5)-N(6) lengths at the TS for 1, 2 and 3
turned out to be 1.886 (1.814)%, 2.711 (2.702) and 2.818 (2.800) A, respectively: with 1 the N-H distance is
much shorter than those with the others. The C(2)-N(6) distances have a trend opposite to the H(5)-N(6)
length, i.e., they are 2.194 (2.175), 2.118 (2.131) and 2.013 (2.000) A, respectively.

The dihedral angle t[O(1)-C(2)-C(3)-O(4)] indexes the hybridization of the C(2) atom in the CH,COO
fragment; this angle should be around 120° in the TD intermediate and 180° in acetate anion or acetic acid as
the product because the C(2) has the sp® and sp® hybridization, respectively. In the TD intermediate, the angles
are 118.7° (121.1°), 122.1° (122.6°), and 124.7° (125.6°) by estimation for 1, 2 and 3, respectively. The
differences of the angle between TS and TD were calculated to be by 35.4° (33.6°), 28.3° (28.4°), and 22.6°
(21.0°), respectively. It follows that the C(2) in the CH,COO fragment loses the sp’ nature at the TS in the
order of 1>2>3. These geometrical features such as the H(5)-N(6) and C(2)-N(6) lengths, the hybridization in
the C(2) carbon relates to the potential energy profile to a great extent as we will be discussed below.

The energy relations among the structures on the IRC largely associate to the question of which is the
preferable mechanism for the decomposition of the TD intermediates, Path 1 or Path 2. The energy relations
between 1, 2 and 3 are summarized in Table 2. The AE,, the stabilization energy due to the TD intermediate
formation, was estimated to be 12.1 kcal mol” for 1 in the MP2/6-31+G//RHF/6-31G level. This value is

Table 2 The energy relation in kcal mol™ unit among the reactants, the TS and the Products
along the IRC. The definition of the energies in the table is shown in Figure 1 and in Eq. 2.

1 2 3
AE, 214 (12.1) 335 (24.7) 545 (45.5)
AE, 472 (50.1) -° (223) 7.5 (13.1)
AE(TS) 214 (223) 88 (128) 28 (5.6)
AE, -16.1 (-18.0) -79(-102) 41 (3.0)
AE, 409.0 (411.8) -° (376.2) 349.0(353.8)
AE (SCRF) 3.7 59 242
AE,(SCRF)* 334 b 2.4
AE,(TS.SCRF)* 26.1 13.2 42
AE(SCRF)* -239 21.3 -13.6

* The values in the table were calculated at the MP2/6-31+G*//RHF/6-31+G (MP2/6-
31+G//RHF/6-31G) level of theory.

® AE,, AE and AE,(SCRF) could not obtained in the MP2/6-31+G*//RHF/6-31+G level because
of the convergence failure of the anion CH;NH'

¢ AE(SCRF) and AE(TS,SCRF) at the MP2/6-31+G*//RHF/6-31+G level theory.
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underestimated by 9.3 kcal mol ™ in comparison with the MP2/6-31+G*//RHF/6-31+G level which calculated
the energy to be 21.4 kcal mol”. The corresponding energies for ester hydrolysis were calculated to be 25-45
kcal mol™."?* The products of Path 1, CHCOOH and CH,NH , are unstable by AE,= 47.2 (50.1) kcal mol"
vis-&-vis the TD intermediate. This energy, which is much larger by ca. 20 kcal mol” than the corresponding
values for esters, is considered to be the activation energy of Path 1 in the gas phase. It is, therefore, more
difficult to form the Y  anion from amide than from esters in the gas phase.

The calculation shows that the activation energy for Path 2 is AE,(TS)= 21.4 (22.3) kcal mol™, which is less
than half of AE,. With the energy difference of 25.8 (27.8) kcal mol* between AE, and AE,(TS), Path 2 for 1 is
preferred to Path 1 in the gas phase. The TD intermediate decomposes into CH,COO and CH,NH,, releasing
stabilization energy that amounts to 16.1 (18.0) kcal mol™.

The calculation of the AE, for 2 turned out the value of 33.5 (24.7) kcal mol . The MP2/6-31+G//RHF/6-31G
calculations again underestimated this energy by 8.8 kcal mol’ in comparison with that of MP2/6-
31+G*//RHF/6-31+G calculation. The products of Path 2, CH,COO and CHNH,, are more stable by 7.9
(10.2) kcal mol™ than the TD intermediate. AEL(TS) was by estimation 8.8 (12.8) kcal mol™”, which roughly
half of AE, since the value for 2 was estimated to be ca. 18% (22.3) kcal mol”. Therefore, it is again gathered
that, in the gas phase, there is a preference for Path 2 over Path 1 in the alkaline hydrolysis of acetanilide.

3 has completely different energy correlation form those for the former two amides. AE,= 54.5 (45.5) kcal
mol™ is larger by ca. 30 kcal mol™ and AE,= 7.5 (13.1) kcal mol" smaller by ca. 40 kcal mol™ than those of 1.
The AE, was calculated to be 4.1 (3.0) kcal mol’, i.e., the product, CH,COO. + imidazole, is more unstable
than the TD intermediate although they are still more stable by 3.4 (10.1) kcal mol™ than the other products,
CHCOOH + imidazolyl anion.

Energy Relation Including Solvent Effect

The energy relation in aqueous solution was estimated for molecules in Paths 1 and 2 by using the IPCM
calculations. The AE,(SCRF) for 1,2 and 3 are larger by -7.8, -13.4 and -17.7 kcal mol ™ than the corresponding
values in the gas phase. The stability of the products of Path 2, CH,COO + RNH, increases in a solution of
water. As discussed above, the TD intermediates in the gas phase are more stable than the reactants for all the
amide calculated here. This is not true in aqueous solution. The AE (SCRF) of 1 is -3.7 kcal mol! which is
smaller by 25.1 kcal mol” than the gas phase value, i.e., the TD intermediate is less stable than reactants, 1 +
OH'. This is completely different relation from that in the gas phase as expected. It is necessary to remove
solvents around the OH_ anion in aqueous solution to form the TD intermediate. It follows that the O-C bond
formation and the solvation for the TD intermediate cannot fully compensate the destabilization due to
desolvation of the OH ion. On the other hand, the TD intermediates for 2 and 3 are still more stable by 5.9
and 24.2 kcal mol” than the reactants in aqueous solution, respectively, although these values were reduced
by 27.6 and 30.3 kcal mol" from the gas phase ones.

The activation barriers AE,(TS,SCRF) were estimated to be 26.1, 13.2 and 4.2 kcal mol” for 1, 2 and 3,
respectively. As these values are larger than those in the gas phase, the differences are not large (less than 5
kcal mol™) so that the aqueous environment changes the barrier height a little. It is important to point out that
the relation between AE,(SCRF) and AE,(TS,SCREF) is dependent on a leaving group. As the AE,(SCRF) of 1
was calculated to be 33.4 kcal mol’, the products of Path 1, CH,COOH + CH,NH , locate at the higher
position by 7.3 kcal mol" than the TS of Path 2 even in the aqueous phase. The CH,NH anion is a bad leaving
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group even in a solution of water. On the other hand, the products of Path 1 of 3, imidazolyl ion and
CH,COOH, are more stable than the TD intermediate since its AE,(SCRF) is negative (-2.4 kcal mol™). This
value is smaller by 6.6 kcal mol? than the AE,(TS,SCRF). It is gathered that the breakdown of the TD
intermediate may produce not imidazole but imidazolyl ion.

Geometry Transformation along the IRC

Next, calculations were made on the IRC's for 1, 2 and 3 to see whether the TS geometries obtained
connect the reactants and the products. Figure 3 displays the geometrical transformations for 1 along the IRC.
The structure gets the closest to that of the TD intermediate at s=-5.79 amu'”? Bohr.?' In the early stages of the
reaction down to the TS, the breaking of the C-N bond occurs. At the TS, the H(5) atom of the OH fragment is
ready to move toward the N(6) atom of the amine fragment. When the transformation reaches as far as s=2.49
amu'? Bohr, the H(5) atom makes a weak bridge between the N(6) and the O(4) atom. At s=2.98, the stage
where the amine fragment has completed the extraction of the light atom from the acid fragment, N-methyl
amine forms. Krug et al. also obtained a similar geometry transformation along the IRC for the alkaline
hydrolysis of formamide.” They obtained the activation barrier to be 19 kcal mol” at the MP2/6-31G*//4-31G
level of theory.

It is possible to consider a hydrogen-bonded (HB) structure as one of the intermediates on a reaction
coordinate. This intermediate is more stable by 28.0 kcal mol' than the TD intermediate (MP2/6-
31+G//RHF/6-31G level). In the gas phase reaction, the HB intermediate, however, may not form because its
geometry is dissimilar to that at s=5.98, but decompose directly into the final products, CH3C00'+ CH,NH,,.

O H
Ui |
Cch\ ’N\
©0H" “CHy

With 2, a similar geometrical change in Figure 3 was obtained except for that the H(5) atom begins to
move at the different position around 7.0 amu'? Bohr on the IRC in the 6-31G level of theory as discussed
below. The geometry transformation of 3 at the 6-31+G level of theory was very similar to that from the
previous 6-31G calculations. It is worth noting that the geometry at s=7.83 amu'” Bohr in Figure 2 (the
RHF/6-31+G calculation) shows the H(5)-N(6) length to be 2.614 A although the C(2)-N(6) length is as long
as 2.812 A. It means that the TD intermediate decomposes to acetic acid and imidazolyl anion so that the TS
obtained for 3 should be that for Path 1.

Potential Energy Profiles along the IRC

It is interesting to see the potential energy profile along the IRC since this factor is extremely dependent on
the nature of leaving groups in parent amides. The basis set dependence of the potential energy profile were
analyzed® since we calculated the IRC for 2 using the 6-31G basis set for the simplicity of calculations.
Figure 4a shows the potential energy profiles of hydrolysis for the three amides along the IRC, where s=0.0
amu'” Bohr stands for the TS. The solid and broken lines are the potential curves calculated at the RHF/6-31G
and RHF/6-31+G level of theory, respectively. The shapes of the two curves for 1 and 3 are very similar
although their heights are different a little. The changes of the O-H distances along the IRC also have similar
trend as shown in Figure 4b. Therefore, the 6-31G calculations is qualitatively as reliable as the 6-31+G
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calculations. Therefore, we will discuss the results of the smaller basis sets in this section.

Each curve in Figure 4a has its own feature: the curve of 1 shoots straight up till it reaches the TS, after
which it plunges; with 2 unlike 1, the curvature draws a blunt acclivity till the TS, and thereafter it follows a
gentle downward plateau where the energy is slowly reduced to s=8.0, and then it suddenly drops as seen with
1 after the TS. No such dramatic change takes place with 3, the curve simply comprising mild dents and
bumps before and after the TS. It follows, therefore, that the amides calculated differ from each other in the
potential energy profiles very much.

There are other features worthy of mention in the potential curves shown in Figure 4a. Around s=-4.0
amu'? Bohr, the potential curve for 3 is flat with the value of ca. 0.0 kcal mol™”, suggesting that the geometry
of this point is almost the same as that of the TD intermediate. The potential value of 2 at the similar point is
ca. 3 keal mol” and the extrapolation of the curve expects the value to be 0.0 kcal mol' around -5.0 amu'?
Bohr. The potential curve for 1 is located at ca. 8 kcal mol™ in the vicinity of s= -4.0 amu'? Bohr and is 0 kcal
mol" close to or beyond s= -6 amu'? Bohr. The calculations show that the activation energies for 3,2 and 1
are 5.6 (2.8), 12.8 (8.8) and 22.3 (21.4) kcal mol™ at the MP2/6-31+G//RHF/6-31G (MP2//6-31+G*//RHF/6-
31+G) level of theory, respectively. The horizontal axis of Figure 4 indicates distances of certain kind from
the TS,"**' whereby the more distant the reactant is, the larger activation energy the TS has. This is consistent
with the Hammond postulate.®

Figure 4b shows the change in the O-H distances along the IRC. As regards the change in the O-H
distances, 2 resembles 1, only differing in the positions where the distance gets to be protracted, the positions
immediately after the TS with 1 and at s=7.0 amu'? Bohr with 2. In Figure 3b this remarkable change in the
geometry accords with the structures at s=1.99, 2.49 and 2.98 amu'? Bohr. From these geometries, we can see
how the amine fragment extracts the H atom from the OH fragment. It is worth noting that the breaking of the
OH bond and in turn the forming of the N-H bond accompanies the sudden decrease of the potential energies
for both 1 and 2 seen in Figure 4. With 3, within the IRC region in the figure there is no such rapid decrease
in potential energy. We can thus conclude that the formation of a new N-H bond is closely related to the
nature of the leaving groups.

What makes the potential energy of 2 and 3 flat after the TS? What kind of effect locates their TS position
earlier than that of 17 It is considered that the origin of the phenomena is the magnitude of the resonance
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TS

amide without
resonance stabilization

" stabilization due to

) ) the resonace effect
amide with

resonance stabilization

Energy

Reaction Coordinate
Figure 5 Schematic representation of the change in the potential energy profile caused
by the resonance effect.

effect in the leaving anions. Imidazolyl and CGHSNH‘ anions are considered to have several resonance structures,
and the CH,NH anion has no such structures. The magnitude of AE; (Table 2), the energy difference between
Y and YH in the gas phase, is an indicator of the resonance effect. The calculated values are 411.8, 376.2 and
353.8 kcal mol in the MP2/6-31+G//RHF/6-31G level of theory, respectively, in accord with the anticipated
resonance stabilization of the anions.

The leaving group CHSNH' in 1 contains no resonance stabilization, and the destabilization of the system
occurs during the breaking of the C-N bond. It is by the transfer of the H atom from the OH to the amine
fragment, i.e., the formation of the new N-H bond, that the system is stabilized. It has to remind that the light
atom is ready to leave for the amine fragment at the TS of 1 shown in Figure 3, while, on the other hand, in
the cases of 2 and 3 the resonance effect compensates the destabilization caused by the breaking of the C-N
bond shown in Figure 5. This effect puts the TS position in an earlier stage of the reaction and lowers the
activation energy. However, the resonance effect is not enough to form CH,NH as one of the products for the
hydrolysis for 2. The imidazolyl anion, because it has large resonance effect, is not so much destabilized as
the rest. This fact means that imidazolyl anion has the weak Lewis basicity, hence it cannot extract the H atom
from the OH fragment.

Concluding Remarks

The mechanisms of alkaline hydrolysis for the three amides were investigated by using ab initic MO
calculations. It is ascertained that, in the gas phase, Path 2 vis-a-vis Path 1 is a better route to decompose the
TD intermediate for 1 and 2. The SCREF calculations indicated that Path 2 for 1 is also a better route than Path
1 even in aqueous solution. In the present study, we did not estimate how a solvent water as a reactant assists
to reduce the activation energy of Path 1. As far as these amides are concerned, the resonance effect is not
enough to stabilize the anions, CH3NH_ and C6H5NH-, and therefore, CHSCOO_ and YH directly form as the
products. On the other hand, the resonance effect stabilizes the imidazolyl anion enough to make the alkaline
hydrolysis of N-acetylimidazole to release an acetic acid and imidazoly! anion, which are more stable than the
TD intermediate in aqueous solution. Therefore, the ability as the leaving group determines which mechanism
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is favorable for the alkaline hydrolysis. It is a common knowledge that the alkaline hydrolysis of p-substituted

acetanilide depends on the electron-withdrawing ability attributed to the substituents,*’® i.e., the magnitude

the resonance effect discussed above.
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