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Mechanism of the Aminolysis of Methyl Benzoate: A Computational Study
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Density functional and ab initio methods were applied in examining the possible mechanistic pathways for
the reaction of methyl benzoate with ammonia. Transition state structures and energies were determined for
concerted and neutral stepwise mechanisms. The theoretical results show that the two possible pathways
have similar activation energies. The general base catalysis of the process was also examined. The predictions
reveal that the catalytic process results in considerable energy savings and the most favorable pathway of the
reaction is through a general-base-catalyzed neutral stepwise mechanism. The structure and transition vectors
of the transition states indicate that the catalytic role of ammonia is realized by facilitating the proton-transfer
processes. Comparison of the energetics of the aminolysis for methyl benzoate and methyl formate shows the
more favorable process to be that for the aliphatic ester. The differing reactivity of the two esters is explained

in terms of the electrostatic potential values at the atoms of the ester functionality.

Introduction mechanism has a distinctly lower activation energy. The
influence of solvent was also assessed.

In the present study we examine the mechanism of the
aminolysis of methyl benzoate with ammonia by applying

The aminolysis of carboxylic acids and their esters is the main
pathway in the generation of amide functional groups in proteins,
peptides, and other biomolecules. The role of the RNA. several levels of electronic structure theory. The principal aim

fragment_s and pro_teln enzymes for t_he peptl_de bond Synthes'Sof this research is to establish the influence of the aromatic ring,
has received considerable attention in experimental stdidtes.

Theoretical work® has also examined the nature of the ester directly bound to the carbonyl functionality, on the mechanism
; . L . . . and energetics of the reaction. Solvent effects and general base
aminolysis reaction involved in peptide synthesis. Recently

Alfonso and Gotct reviewed advances in the development of catalysis are also considered.
biomimetic de novo designed synthetic catalysts and the use of
natural enzymes for the ester aminolysis process.

The basic ester aminolysis reaction has been the subject of The computations were carried out with the Gaussiat?294
numerous experimental kinetfc® and theoretical studie:2° and Gaussian 98 program packages. Stable structures and
The understanding of the mechanism of the reaction under transition states along the reaction pathway were fully optimized
different conditions is crucial in the search and design of novel by applying the following methods/basis sets: RHF/6-&k
catalysts for the process. (d,p) 333 B3LYP/6-31G(d)3>**B3LYP/6-31GH(d,p) 3234 and

Because of the importance of this process for chemistry and B3LYP/cc-pVTZ3435The stationary points were further char-
biochemistry, there is a continuing recent interest in experi- acterized by analytic computations of harmonic vibrational
mental kinetic studies aimed at establishing the influence of frequencies at the same levels/basis sets. Transition state
various structural factors, solvent effects, and catalysts on thestructures were located by the traditional transition state
reaction rate and the mechanism of the proé&s4.It has been optimization using the Berny algoritiihand then checked by

Computational Methods

demonstrated that variations in the ester structuteamine intrinsic reaction coordinate (IRC) computatiéhat the same
basicity and natur&?c14b.d1s well as the reaction medidi#ab level of theory. Single point computations at the MP2/6-8&k
can induce changes in the rate-determining stage of the(d,p)?23338 level were performed for more precise energy
reactiont!.16 predictions.

In a previous studd?@ we applied ab initio QCISD/6-31G- The effects of solvent were predicted by using the polarized

(d,p) and density functional (DFT) B3LYP/6-31G(d) theoretical continuum model (PCMJ incorporated in the Gaussian pack-
methods in studying the mechanism of the simplest model esterages. Single point PCM//B3LYP/6-31G(d) computations were
aminolysis process: the reaction of methyl formate with performed for estimating the change in energy profile of the
ammonia. The results revealed that in the case of noncatalyzedeaction in the presence of water and the aprotic solvent
aminolysis the addition/elimination stepwise mechanism (in- acetonitrile. The standard dielectric constants for water and
volving two transition states) and the concerted mechanism haveacetonitrile implemented in the Gaussian programs were em-
very similar activation energies. In the case of catalyzed ployed.
aminolysis by a second ammonia molecule, the stepwise

Results and Discussion
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Figure 1. B3LYP/6-31+G(d,p) optimized structures along the concerted pathway for the uncatalyzed aminolysis of methyl benzoate. The arrows
in the transition state structu@TS indicate the normal coordinate with an imaginary frequency.

the two most likely pathways for the ester aminolysis reaction:
the concerted and neutral stepwise mechanisms. Theoretical
computations have revealed that a stepwise mechanism involv- |
ing the formation of zwiterionic intermediates is unlikéfp.
These two possibilities are explored here in studying the reaction _
of methyl benzoate with ammonia. The manner of attack by
the nucleophile differs in the two mechanisms. For the concerted
pathway, the initial nucleophilic attack is along the-O ester
bond, while for the stepwise route the reaction begins with an
orientation of an N-H bond from NH along the carbonyl €

O bond.

A. Concerted Mechanism.In the case of the concerted
pathway, the reaction consists of one step, in which all bond-
forming and -breaking processes occur in concert. The nucleo-

philic ammonia molecule attaches to th? electrophilic carbonyl Figure 2. B3LYP/6-314-G(d,p) optimized structures of the transition
carbon atom from the ester, accompanied by a proton tranSferstates for the stepwise pathway of the uncatalyzed aminolysis of methyl
from the ammonia molecule to the oxygen atom of the ester penzoate. The arrows associated with the transition state strutites
C—0 single bond. Thus, the transition state for the concerted and TS2 indicate the respective normal coordinates with imaginary
mechanism (designatedTS) involves simultaneous creation  frequency.

of a C—N bond, cleavage of the €0 bond, and a proton

transfer from the ammonia to the oxygen atom. The transition oxygen. The hybridization of the electrophilic carbonyl carbon
structure involved in the concerted pathway of the aminolysis atom converts from $po si for the intermediaté during the

of methyl benzoate is presented in Figure 1. The main vectors process. The €0 double bond becomes longer (1.332 A for
of the imaginary vibrational frequency of the transition state TS1), and an alcohol amine is obtained as an intermediate
CTS are also shown in Figure 1 and correspond mainly to a structurel. A new C—N bond is created with a length of 1.574
proton transfer between the nitrogen and the oxygen atoms.A in TS1 and 1.455 A for the intermediate The discussed
There are small contributions corresponding to the cleavage ofbond distance values are from B3LYP/6-3%(d,p) computa-

the C-0O ester bond and the formation of the-® bond.CTS tions. IRC calculations backward fro51 show the existence

is a product-like transition state. The distance between the of a stable pre-reaction complex. Its structure is similar to the
carbonyl carbon and the ester oxygen in the transition staterespective structur€r for the concerted mechanism.

structure is much longer, 1.940 A, than that in the reactant The second step of the reaction is the conversion of the almost
methyl benzoate, 1.353 A, at the B3LYP/6-3&(d,p) level of tetrahedral intermediate into the products of the aminolysis. The
computations. The nitrogercarbon bond is close to formation  intermediatd converts to the products benzamide and methanol
with a distance of 1.591 A i€TS compared with 1.373 Ain  through the transition stat§S2 This stage of the process
the product benzamide. IRC calculations toward reactants leadinvolves the breaking of the €0 ester single bond and
to a prereaction comple@r stabilized by a NH-O hydrogen  simultaneous restoration of the=® bond following a proton
bond with a length of 2.275 A as well as by a weak €N transfer between the two oxygen atoms. The main component
hydrogen bond with a length of 2.542 A (Figure 1). Forward of the transition vector for the second transition stat&2)

IRC computations lead to the reaction products benzamide andcorresponds to the proton-transfer process (Figure 2).

methanol through a product compl&p. The relative energies of the structures along the concerted

B. Stepwise Mechanism.The stepwise pathway for the  and the stepwise pathways computed at different levels of theory
aminolysis of methyl benzoate is an additiegiimination are summarized in Table 1. It can be seen that the DFT
process accompanied with proton-transfer processes that maincomputations with the B3LYP functional and several different
tain the neutrality of the structures. The transition state structurespasis sets predict the concerted mechanism to be slightly more
along the stepwise pathway of methyl benzoate aminolysis arefayorable than the stepwise pathway. The higher-level MP2/6-
presented in Figure 2. 31+G(d,p)//B3LYP/6-31#G(d,p) quantum mechanical compu-

The first step of the reaction is the addition of arN bond tations lead to even closer energy barriers for the concerted and
from the ammonia molecule to the carbonyl double bond in stepwise mechanisms of aminolysis, namely, 40.85 (42.57 kcal/
methyl benzoate. This addition takes place through a transitionmol relative to Cr) and 40.4 kcal/mol, respectively. The
state TS1. The main vectors of the imaginary vibrational theoretical estimations of the solvent effects for£CN and
frequency forrS1are shown in Figure 2 and correspond mainly H»O do not change the established gas-phase dependences for
to a proton transfer from the nucleophile ¥kb the carbonyl the aminolysis of methyl benzoate (Table 1).
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TABLE 1: Relative Energies in kcal/mol for the Stationary Point Structures along the Concerted and Stepwise Mechanisms for
the Uncatalyzed and Catalyzed Aminolysis of Methyl Benzoate

uncatalyzed in solvent B3LYP/
uncatalyzed in gas phase PCM B3LYP/6-31G(d,p) 6-31G(d)
HF/6-31  B3LYP/ B3LYP/ B3LYP/ MP2/6-3H-G(d,p)// catalyzed in
structuré  +G(d,p) 6-31G(d) 6-31+G(d,p) cc-pVTZ  B3LYP/6-31+G(d,p) CHCN H,O gas phase
Cr —=5.01 —3.46 —-3.70 —-1.72 —0.27 1.57
CTS 67.50 43.63 44.92 45.74 40.85 43.32 42.90 32.88
Cp 0.06 —1.84 —1.60 1.53 —2.77 —2.93
TS1 60.83 46.56 47.07 49.14 40.38 46.45 46.23 23.08
I 13.60 12.77 13.03 14.34 4.46 14.05 13.84 0.95
TS2 58.11 43.14 41.55 42.84 40.27 40.98 40.67 23.34
P 4.41 7.04 3.75 4.25 5.32 7.04

a See text for symbolsCr andCp are the reactant and product complexes for the concerted mechanism.
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Figure 4. Energy diagram for the uncatalyzed and catalyzed aminolysis
of methyl benzoate from B3LYP/6-31G(d) computations.
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Figure 3. B3LYP/6-31G(d) optimized structures of the transition states
for the catalyzed aminolysis of methyl benzoate. The arrows in the
transition state structuré3TScatal, TS1catal andTS2catalindicate

the respective normal coordinates with one imaginary vibrational

TABLE 2: Energies (kcal/mol) Relative to Reactants for the
Critical Structures along the Concerted and Stepwise
Pathways for the Aminolysis of Methyl Formate* (MF) and
Methyl Benzoate (MB) from B3LYP/6-31G(d) Computations

frequency.
uncatalyzed catalyzed
These theoretical findings are in qualitative agreement with MF MB MF MB MF MB MF MB
earlier results for the aminolyses of methyl thioacéfasand structure E E Eo Eo E E  Eo® Ecor®

methyl format&®2The latter studies showed that the gas-phase = cTs 4031 43.63 4012 43.22 26.03 32.88 28.48 34.38
energies of the transition states for the stepwise and concerted TS1 42.35 46.56 42.33 46.41 17.94 23.08 20.54 25.30
pathways are quite close. The inclusion of a dielectric medium, | 6.64 12.77 10.48 1590-3.68 0.95 234 6.22
simulated here by PCM/B3LYP/6-315(d,p) computations TS2 3853 43.14 38.05 42.11 1769 23.34 21.13 26.52
483 7.04 464 763 483 7.04 464 7.63

(Table 1), does not significantly affect the energetics of the
process.

C. General Base CatalysisThe catalytic effects of a second
ammonia molecule on the concerted and stepwise mechanisms The energies of the critical structures along the reaction
of the aminolysis of methyl benzoate were next examined. The pathways for the uncatalyzed and catalyzed aminolysis of methyl
potential energy surfaces for the two reaction pathways were benzoate are illustrated in Figure 4.
searched by applying the B3LYP/6-31G(d) method. This  D. Comparison with the Aminolysis of Methyl Formate.
particular method/basis set was selected in order to have aAs mentioned earlier, one of the aims of this study is to analyze
common ground for comparisons with the theoretical results the factors that determine the different energetics of the
for the aminolysis of the aliphatic methyl forma®s. The aminolysis reactions of aliphatic and aromatic esters. In the
theoretically estimated energies of the transition states for thelatter, the phenyl ring is directly bonded to the carbonyl
concerted and stepwise pathways for the catalyzed aminolysisfunctionality and thus able to influence significantly the process.
of methyl benzoate are given in the last column of Table 1. In In the present study we compare the estimated activation barriers
the case of ester aminolysis, the activation barriers were earlierfor the aminolysis of methyl benzoate with the analogous
found to result mainly from unfavorable proton-transfer geom- theoretical results for the reaction of methyl formate with
etries?! This deduction is also supported by the present ammonia®® The theoretical predictions for the uncatalyzed
computational results for the directions of the transition vectors, process in the gas phase for the reactions of methyl formate
characterizing th€TScatal, TS1catal andTS2catalstructures. and methyl benzoate with ammonia are compared in the first
These structures are shown in Figure 3 and reveal that all stepgour columns of Table 2. In general, the data reveal that the
along the concerted and stepwise pathways involve protonreaction follows similar energy profiles for both esters consid-
transfers. The role of the catalyst in the process is to facilitate ered. The energy differences between the concerted and stepwise
the proton transfer, thus lowering the energy barrier. In the casemechanisms are relatively small, approximately 2 kcal/mol in
of the general base catalyzed aminolysis, the stepwise mechathe case of methyl formate and 3 kcal/mol for the methyl
nism has distinctly lower activation barrier (23 kcal/mol) than benzoate aminolysis. In both cases the concerted mechanism is
the concerted pathway (33 kcal/mol). energetically favored. The small energy differences between the

aFrom ref 29aP” Corrected for ZPVE contributions.
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TABLE 3: Electrostatic Potential at Nuclei (Vx) for Methyl
Formate and Methyl Benzoate and Transition State Energies
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the more favorable process to involve methyl formate. The
different reactivity of the two esters is explained in terms of

(Relative to Reactants) for the Aminolysis Reaction with

Ammonia for the Concerted and Stepwise Reaction the electrostatic potential values at the atoms (EPN) of the ester

Pathways functionality.
EPN (au) transition state energies (kcalimol) Acknowledgment. B.G. acknowledges the invitation and
Ve CTs TS1 TS2 financial support from the Center for Computational Chemistry,
MF —14.6088 40.31 42.35 38.53 University of Georgia, where some of the present computations
MB —14.6135 43.63 46.56 43.14

were carried out. The research in Georgia was supported by
aFrom B3LYP/6-31G(d) computations. the National Science Foundation, Grant CHE-0451445.
concerted and the stepwise process support the experimentally Supporting Information Available: Listings of Cartesian
established shifts upon substitution between the two mechanisticcoordinates and energies. This material is available free of
pathways in certain ester systeffis. charge via the Internet at http://pubs.acs.org.

Table 2 shows also higher activation barriers for both
mechanisms in the case of the aromatic ester. The respectiv
energy differences are 3.1 kcal/mol for the concerted mechanism (1) Ban, N.; Nissen, P.; Hanssen, J.; Moore, P. B.; SteitSclence
and 4.1 kcal/mol for the stepwise mechanism, respectively. The 2003 289 905. . . L
rationalization of these results can be made considering thezoogz)zsl\sl;sgzeg_' P.; Hanssen, J.; Ban, N.; Moore, P. B.; Steit&dlence
variations in the electronic structures of the reactants. !
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