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The  possible  catalytic  effects  of 2-pyridone  and its  tautomeric  form  2-hydroxypyridine  on  the  aminol-
ysis  reaction  of  p-nitrophenyl  acetate  with  n-butylamine  have  been  theoretically  studied  at  the
B3LYP/6-31+G(d,p)  level  of  theory.  Solvent  effect  of chloroform  is  assessed  using  the  MP2/CPCM/6-
31++G(d,p)//B3LYP/6-31+G(d,p)  method.  In our  work,  three  possible  mechanisms  are  considered  for  the
title reaction.  The  first  mechanism  is  concerted  via  a four-membered  ring  transition  state  assisted  by
ifunctional catalyst
-Pyridone and 2-hydroxypyridine
-Nitrophenyl acetate
minolysis of ester
witterionic intermediate

supramolecular  effect  of  the  catalyst.  The  second  mechanism  undergoes  two sequential  steps,  where  the
intermolecular  proton  transfer  bridged  by  the  catalyst  is  the  rate-determining  process.  And  the third
mechanism,  forming  a  zwitterionic  intermediate,  is  also  stepwise  via  three  steps,  nucleophilic  addition,
double-proton  transfer,  and  elimination  of  leaving  group.  Our  calculations  give  a  detailed  picture  of  the
whole  stepwise  pathway  through  zwitterionic  intermediates  for the  first  time,  and  indicate  that  this
mechanism  is  the  most  favored  pathway  both  in  the gas  phase  and  in  chloroform.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

In that aminolysis of ester is a primary process in the formation
f peptide bond, there were numerous kinetic as well as mech-
nistic studies on these reactions in chemistry and biochemistry.
he purposes of both experimental [1–14] and theoretical [15–26]
tudies were mainly to establish the effects of substrate such as
ster structures and amine nature, medium, and catalysts on the
eaction rate and mechanism. As shown in Scheme 1, three possi-
le mechanisms were raised for the uncatalyzed reaction. Path A is
oncerted via a four-membered transition state, while paths B and C
re stepwise via a neutral intermediate and a zwitterionic interme-
iate T±, respectively. Zipse et al. theoretically investigated some
odel systems for the aminolysis of ester using ab initio methods

nd found that the reaction rate largely depended on the leav-
ng group but little effect of acyl substituents [19]. In addition, the
igh priority for concerted pathway over the neutral stepwise path-
ay was established when esters with good leaving groups. Ilieva

t al. [23] studied the aminolysis of methylformate with QCISD/6-

1G(d,p) and B3LYP/6-31G(d) methods and found that the neutral
tepwise and the concerted pathways have very similar activa-
ion energy, and the presence of aprotic solvent acetonitrile fully

∗ Corresponding author. Tel.: +86 28 85418330.
E-mail address: yxue@scu.edu.cn (Y. Xue).

381-1169/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2011.12.003
lowers all energy barriers. Jin et al. [26] found that the reaction
prefers the concerted pathway to the neutral stepwise process in
the gas phase and solutions concerning the aminolysis of phenyl-
formate. From experimental observations, Menger et al. assumed
that the breakdown of zwitterionic intermediate T± to products
should be rate-determining in aprotic solvents [12,13].  Kinetics
studies by Jencks and co-workers supported the intermediacy of
T± in the general base catalysis aminolysis of alkyl esters [14].

Some researchers made efforts to theoretically study the step-
wise pathway through zwitterionic intermediates [15,18,21,22].
Chalmet et al. [21] reported a theoretical study on the model
reaction of ammonia and formic acid with the continuum model
and did not predict a stable zwitterionic intermediate, whereas a
local energy minimum was found by explicit consideration of four
solvent water molecules. For the reaction of methylformate with
ammonia, Ilieva et al. did not succeed in applying MP2/6-31G(d,p)
method to identify zwitterionic transition states and intermedi-
ates [23]. They reported that two explicit water molecules are
needed to obtain a very shallow minimum. Singleton and Merrigan
[27] reported a resolution of the apparently conflicting mech-
anistic observations in ester aminolyses through modeling the
isotope effects in zwitterion tetrahedral intermediates between

methylformate and ammonia or hydrazine in water. They used the
B3LYP/6-31G(d,p) method to calculate various solvated structures
involving from four to eleven explicit water molecules; however,
they failed to find global minima for these structures. Recently,

dx.doi.org/10.1016/j.molcata.2011.12.003
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:yxue@scu.edu.cn
dx.doi.org/10.1016/j.molcata.2011.12.003


X.-Q. Liu et al. / Journal of Molecular Cataly

S
o
a
n
i
o

r
b
c
a
a
a
r
n
o
A
m
i
d
t
p
r

Scheme 1. General aminolysis reaction mechanisms.

ung et al. [28] have studied the structures and stability of zwitteri-
nic complexes in the aminolysis of phenyl acetate with ammonia
nd pointed out that at least five explicit water molecules are
eeded to stabilize the zwitterionic intermediate. Nevertheless, it

s lack to study the whole zwitterionic pathway for the aminolysis
f ester by the theoretical method.

On the other hand, the catalysts possibly stabilize the zwitte-
ionic transition state via a hydrogen bond complex and facilitate
reakdown of the zwitterionic intermediate T± to products. Many
atalysts, such as polyethers [19,29–32],  nucleosides [33–38],
nd general acid–base [13,39,40],  have attracted considerable
ttention in experiments. As examples, possible complexes I, II,
nd III stabilized by catalysts are presented in Scheme 1. More
ecently, Fischer et al. [41] announced the reaction kinetics of p-
itrophenyl acetate (1) with n-butylamine (2) catalyzed by a series
f alkyl-substituted 3-cyano-2-pyridones in deuteriochloroform.
s depicted in Scheme 2, they suggested two possible concerted
echanisms I and II, but cannot rule out one of them accord-

ng to experimental results. Mechanism I includes a simultaneous

ouble-proton transfer via a favored eight-membered ring transi-
ion state (5), while mechanism II, like the uncatalyzed concerted
rocess, only includes a single-proton transfer via a four-membered
ing transition state (6). Moreover, for mechanism I, the similar

Scheme 2. Two  assumed p
sis A: Chemical 355 (2012) 102– 112 103

process of methylamine with methyl acetate catalyzed by 2-
pyridone or its tautomer 2-hydroxypridine had been explored by
Zipse et al. using B3LYP/6-31G(d,p)//HF/6-31G(d,p) level of theory
[18]. They deemed that the “fully concerted” pathway via the dou-
ble proton-transfer transition state (mechanism I) should be the
rational reaction process. They found that, starting from reactants,
there were no barrier to form C N bond in the attack of amine
to acyl of ester, that is, the double-proton transfer transition state
should directly link with reactants. On the contrary, Cox and Jencks
suggested that the concerted double-proton transfer should have
no detectable barrier and that the rate-limiting step should be the
attack of amine to ester in the methoxyaminolysis of phenyl acetate
catalyzed by bifunctional catalysts [42].

Some typical tautomeric bifunctional catalysts, such as 2-
pyridone and oxy acids, have been exploited in the mutarotation of
tetramethyl-d-glucose [43–45].  For the aminolysis reactions, such
catalysis is complicated due to some different activity sites inter-
acting with 2-pyridone or 2-hydroxypyridine, although its mode
of catalysis for aminolysis [42,43,46–49] was identical with that
observed in the mutarotation reaction. With our best knowledge,
of theoretical studies on aminolysis reactions, few work focused on
reactions promoted by bifunctional catalysts [18]. According to var-
ious kinds of mechanisms suggested for ester aminolysis catalyzed
by bifunctional catalysts in experiments, in the present work, our
motif is to verify a rational mechanism for title reaction, make clear
the effect of 2-pyridone and 2-hydroxypyridine on the total reac-
tion process, and remove the confusion of the rate-determining
process as stated above with the density functional theory (DFT)
method. Furthermore, we attempt to locate the zwitterionic tran-
sition states and would like to give a detailed picture for the whole
zwitterionic mechanism. For the aminolysis reaction without cat-
alysts, because the concerted pathway is more favorable than the
stepwise pathway when esters owning a good leaving group such as
p-nitrophenoxyl [19], we only examined the concerted mechanism
to clarify the bifunctional catalysis.

2. Computational details

All calculations were performed using the Gaussian 03 pro-
grams [50]. The gas-phase structures were fully optimized at the
B3LYP/6-31+G(d,p) level of theory [51–53].  Analytic computations
of harmonic vibrational frequencies at the same level were also con-
ducted on all critical points in order to characterize the nature of

structures. All transition states were checked by intrinsic reaction
coordinate (IRC) [54,55] computations to ensure each transition
state linking with its two  corresponding minima on the poten-
tial energy surface (PES). Natural atomic charges and Wiberg bond

athways in Ref. [41].
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ndices for optimized structures were also obtained using natu-
al bond orbital (NBO) analysis [56]. In addition, in order to get
ore information about bond breaking/forming in some selected

ransition states, the percentage of bond evolution (%Ev),  average
ercentage of bond evolution (%Ev)av and synchronicity (Sy) were
alculated according to expressions (1)–(3) [57].

%Ev)i = (BO)TS
i − (BO)RE

i

(BO)PR
i − (BO)RE

i

× 100 (1)

%Ev)av =
∑n

i=1(%Ev)i

n
(2)

y = 1 −
∑n

i=1((%Ev)i − (%Ev)av)/(%Ev)av

2n − 2
(3)

n Eq. (1),  the superscripts TS, RE, and PR refer to the transition
tate, reactant, and product, respectively. Practically, RE and PR
efer to the two minima which link with the transition state in
he reverse and forward directions, respectively. (BO)i refers to
he each selected bond order in the reaction. In Eqs. (2) and (3),

 donates the number of bonds which significantly changes from
E to PR.

Recently, Lithoxoidou and Bakalbassis [58] theoretically studied
ome aromatic compounds in the gas phase and solvents, and found
hat some solvents (dielectric constant ε < 30) have little effect on
he gas-phase geometries (difference of bond distance < 0.004 Å,
ifference of angle < 1.5◦). In this work, the full optimizations of
he stationary points in the aminolysis mechanism without bifunc-
ional catalysts (Path 0) were performed in chloroform (ε = 4.9) at
he B3LYP/6-31+G(d,p) level with the CPCM model. Additionally,
ased on the geometries optimized in the gas phase, the single-
oint calculations in chloroform for the same pathway Path 0 were
lso carried out using the MP2/CPCM/6-31++G(d,p) method for
omparison. These results are summarized in Table 1 and indicate
hat the small geometrical changes were induced by the presence of
hloroform and the relative energies (�E) and Gibbs free energies
�G) by the single-point calculation were close to those obtained by
he full optimization. Therefore, in view of the two points above, it
s rational to conduct the single-point energy computation in chlo-
oform based on the gas-phase optimized geometry for this work.
erein, single-point calculations at the MP2/CPCM/6-31++G(d,p)

evel were carried out to evaluate the solvent effect on the title
eaction in chloroform [59–62].  Default parameters of chloroform
mplemented in the Gaussian program and the atomic radii from
he UFF force field were taken in our calculations.

. Results and discussions

In view of structures, both of tautomeric catalysts 2-pyridone
3) and 2-hydroxypyridine (4) can act as bifunctional catalysts. We

herefore took into account three possible pathways (Scheme 3),
aths A, B, and C, involving 2-pyridone or 2-hydroxypyridine
s catalysts, respectively. We  donated the reaction catalyzed
y 2-pyridone as reaction type 1, while the reaction catalyzed by

able 1
alculated equilibrium distances (Å) and relative energies (kcal/mol) for the full optimiza
t  the MP2/CPCM/6-31++G(d,p)//B3LYP/6-31+G(d,p) level in chloroform in the aminolysi

Bond length 

C1 O1 C1 N1

P0 RC
Opt 1.380 4.229 

Sp  1.387 4.504 

P0  TS
Opt 1.928 1.593 

Sp  2.094 1.599 

P0  PC
Opt 3.400 1.383 

Sp  3.418 1.395 
sis A: Chemical 355 (2012) 102– 112

2-hydroxypyridine as reaction type 2. Note that Scheme 3 just
illustrates the diagram of reaction type 1 due to the similarity
between reaction types 1 and 2. Related energies, natural charges,
Wiberg Bond indices, and geometrical coordinates are presented in
Supporting information.

As shown in Scheme 3, path A is a concerted process including
bond formation, bond cleavage, and proton transfer. Because the
bifunctional catalyst is involved into the reaction via two hydrogen
bonds with substrates that is supramolecular effect, this process
is similar to the concerned mechanism without catalysts. Path B
includes two steps, in which the catalyst-assisted double-proton
transfer from the nucleophile to the leaving group takes place
followed by the return transform from the catalyst tautomer to
its original conformation. Path C can be divided into three steps,
nucleophilic attack on acyl, double-proton transfer via bifunctional
catalyst, and elimination of the leaving group. It is very important to
note that a zwitterionic intermediate is produced in the approach
of amine to acyl group in the first step, whose reaction process has
never been theoretically reported with an exception of the work of
Lee and his coworkers [30]. In their work, the similar zwitterionic
intermediate was located under the stabilization of more than five
water molecules [30]. They were not concerned about the mecha-
nism containing such intermediate, but only dealt with its stability
and structure. In the following subsections, it is important to note
that we  will mainly describe reaction type 1 due to the similarity
between reaction types 1 and 2.

3.1. Concerted aminolysis mechanism without bifunctional
catalysts (Path 0)

Similar to our previous work [63–65],  the concerted mecha-
nism involves nucleophilic attack of n-butylamine to acyl of ester
and simultaneous proton transfer from n-butylamine directly to
the leaving group p-nitrophenoxyl. There is only one step via the
four-membered ring transition state P0 TS towards the formation
of C1 N1 bond and cleavage of C1 O1 bond. IRC calculations exhibit
that the transition state P0 TS directly links with the pre-reactive
precursor P0 RC and the product complex P0 PC in the reverse and
forward directions, respectively. P0 RC is stabilized by the weak
C H· · ·N hydrogen bond with a length of 2.436 Å, while P0 PC is
stabilized by a strong hydrogen bond OH· · ·N (2.085 Å). In PA TS,
bond distances of C1 N1, N1 H1, H1 O1 and O1 C1 are 1.600,
1.039, 1.761, and 2.094 Å, respectively, whereas their correspond-
ing percentage of bond evolution (%Ev)  is 64.94%, 21.42%, 8.64%,
and 73.14%, indicating that proton transfer lags behind C1 N1 bond
formation and C1 O1 bond cleavage. The corresponding value of
synchronicity is 0.572, clearly indicating that P0 TS is a concerted
but asynchronous transition state. It was proposed that P0 TS can be
termed as ion-pair-like transition state [19]. Natural group charges

on cationic unit (acrylamide) and anionic unit (p-nitrophenoxyl)
are 0.814 and −0.814 au, respectively, indicating that the ion-pair
character is remarkable. The four atoms C1, N1, H1, and O1 in P0 TS
are almost coplanar but with a relative sharp N1 H1 O1 bond angle

tion (Opt) at the B3LYP/CPCM/6-31+G(d,p) level and single-point (Sp) calculations
s mechanism without bifunctional catalysts for comparison.

Relative energy

N1 H1 O1 H1 �E  �G

1.022 5.073 0.0 0.0
1.018 5.126 0.0 0.0
1.025 2.071 13.4 18.0
1.039 1.761 13.7 18.3
2.073 0.980 −13.3 −12.8
2.085 0.978 −12.3 −11.8
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Scheme 3. Three possible pathways, A, B, and C

115.7◦), indicating that the ring strain somewhat hinders the pro-
on H1 transferring from N1 to O1.

Fig. 1 indicates that the Gibbs free energy barrier is 34.0 kcal/mol
rom the separated reactants in the gas phase, while it decreases to
4.1 kcal/mol in chloroform. Our calculations show that the com-
lex P0 RC is not stable in chloroform.

.2. Aminolysis mechanisms with bifunctional catalysts

.2.1. Path A: concerted mechanism with the catalyst as a
upramolecular effect

As stated above, path A is a concerted mechanism and bifunc-
ional catalysts are as the supramolecular effect. For reaction type

 with 2-pyridone catalyst, as shown in Fig. 2, the located complex
A RC 1 indicates that two strong hydrogen bonds exist between
eactants and 2-pyridone catalyst. The corresponding binding
nergy is 10.9 kcal/mol at the B3LYP/6-31+G(d,p) level in the gas
hase. As the same to the concerted transition state P0 TS without
atalysts, the transition state PA TS 1 is also associated with the
ucleophilic attack of butylamine to acyl of p-nitrophenyl acetate

ollowed by a proton shift from amine to the leaving group. Bond

istances of C1 N1, N1 H1, H1 O1 and O1 C1 are 1.853, 1.019,
.545, and 1.584 Å, respectively, whereas their corresponding %Ev

s 42.47%, 4.69%, 0.14%, and 31.02%, indicating that N1 H1 bond
lmost has no change from PA RC 1 to PA TS 1 and that H1 proton
e aminolysis reaction promoted by 2-pyridone.

transfer significantly lags behind C1 N1 bond formation and C1 O1
bond cleavage. Accordingly, the value of synchronicity is only 0.416.
Compared with transition state P0 TS, transition state PA TS 1 is
more reactant-like since all major %Ev are below 50%. Based on
the results of P0 TS without catalysts, it is found that 2-pyridone
strongly binds with the two  moieties of ion-pair-like structure via
two  hydrogen bonds, indicating that the ion-pair-like structure can
be stabilized by the catalyst 2-pyridone and that 2-pyridone should
be regarded as a bridge to balance charges of ion pair to some extent.
Actually, because of much reactant-like PA TS 1 and low %Ev of
C1 N1 and C1 O1, PA TS 1 should possess more character of zwit-
terions than that of ion pair. Natural group charges on n-butylamine
and p-nitrophenoxyl acetate are 0.602 and −0.602 au, respectively.
After transition state PA TS 1, the product complex PA PC 1 is gen-
erated. Also, two  strong hydrogen bonds between 2-pyridone and
products play a role in stabilizing the product complex.

The corresponding Gibbs free energy barrier from reactants to
transition state PA TS 1 is 28.0 kcal/mol in the gas phase, indi-
cating that it dramatically decreases by 6.0 kcal/mol from the
non-catalyzed reaction due to the strong hydrogen-bond effect in
PA TS 1. The Gibbs free energy barrier in chloroform decreases to

22.1 kcal/mol, which is also 2.0 kcal/mol lower than that of the non-
catalyzed reaction.

For reaction type 2 with the catalyst 2-hydroxypyridine, as
shown in Fig. 3, the process is very similar to that of reaction type
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ig. 1. Relative energy profile for the concerted aminolysis pathway without catal
hloroform; underlined values, �G  in the gas phase; underlined values with parent

. Bond distances of C1 N1, C1 O1, H1 N1, and H1 O1 in PA TS 2

re 1.791, 1.609, 1.020, and 2.497 Å. The Gibbs free energy barrier
s 30.8 and 22.7 kcal/mol in the gas phase and chloroform, respec-
ively.

Fig. 2. Relative energy profile for the co
n kcal/mol; top values, �E in the gas phase; top values in the parentheses, �E  in
, �G in chloroform. Definitions are the same in the following figures).

3.2.2. Path B: stepwise mechanism including a double-proton

transfer step bridged by the catalyst

Fig. 4 indicates that, for reaction type 1 with the catalyst 2-
pyridone, path B includes two steps. In the first step, we  located

ncerted path A of reaction type 1.
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Fig. 3. Relative energy profile for the concerted path A of reaction type 2.

Fig. 4. Relative energy profile for path B of reaction type 1 including two steps.
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Fig. 5. Relative energy profile for path B of reaction type 2 including two  steps.
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he transition state PB TS1 1 on the potential energy surface. Bond
istances of C1 N1 and C1 O1 are 1.934 and 1.548 Å, while the
orresponding %Ev is 35.08% and 26.46%, respectively. It is the
eactant-like transition state involving the double-proton trans-
er bridged by the catalyst 2-pyridone. Then the intermediate
B IM 1 is produced. Results indicate that, because C1 O1 bond is
ntirely broken and H1 atom attaches at Oc atom, PB IM 1 should
onsist of two product molecules (amide and p-nitrophenol) sta-
ilized by two very strong hydrogen bonds from the tautomeric
orm 2-hydroxypyridine of catalyst 2-pyridone. Distances of O1 Hc

nd Oc H1 bonds are 0.995 and 0.979 Å, respectively. In second
tep, 2-hydroxypyridine returns to the original catalyst 2-pyridone
hrough the transfers of Hc to Nc atom and H1 to O1 atom with
he help of the product p-nitrophenol. The corresponding tran-
ition state PB TS2 1 was located at the B3LYP/6-31+G(d,p) level.
ond distances of Oc Cc, Nc Cc, Nc Hc, O1 Hc, O1 H1 and Oc H1
re, 1.352, 1.353, 1.175, 1.336, 1.534 and 1.032 Å, whereas the

orresponding %Ev is 22.03, 40.72, 56.94, 59.13, 20.21 and 22.82,
espectively. Meanwhile, the redistribution of the delocalized con-
ugated electron density of 2-pyridone should occur with the
ouble-proton transfer, rendering the reduction of Cc Oc bond
and the elongation of Cc Nc bond. From the synchronicity value
of PB TS2 1, it is clear that the process is slightly asynchronous
and that the transition state PB TS2 1 is reactant-like, namely, like
PB IM 1. After PB TS2 1, the product complex PB PC 1 is located.

As shown in Fig. 4, the Gibbs free energy barrier of the first step is
27.6 kcal/mol from the separated reactants in the gas phase, while
it decreases to 21.6 kcal/mol in chloroform. As the same to path
A, the reactant complex also cannot be stable in chloroform. For
the second step, we found that the Gibbs free energy barriers from
PB IM 1 to PB TS2 1 are 5.4 and 6.4 kcal/mol in the gas phase and
in chloroform, respectively. That is to say, in the complete process
of path B, it turns out that the rate-determining step is to overcome
the transition state PB TS 1.

Also for reaction type 2 in path B, as shown in Fig. 5, it is also
very similar to that of reaction type 1 as stated above. The rate-
determining step is to overcome the transition state PB TS1 2. Bond
distances of C1 N1 and C1 O1 are 1.810 and1.595 Å, respectively.

Then it is followed by a return of the tautomeric form 2-pyridone
of catalyst to the original 2-hydroxypyridine. The Gibbs free energy
barrier in the rate-determining step is 30.8 kcal/mol in the gas
phase and 21.6 kcal/mol in chloroform, respectively.



X.-Q. Liu et al. / Journal of Molecular Catalysis A: Chemical 355 (2012) 102– 112 109

 C of 

3
t

p
a
t
m
i
v
H
m
z

b
a
A
(
s
N
t
C

Fig. 6. Relative energy profile for path

.2.3. Path C: stepwise mechanism including a zwitterionic
etrahedral intermediates

For aminolysis reactions without any catalysts, there are two
ossible pathways based on theoretical results. One is concerted
s stated above, and the other is neutral stepwise including a neu-
ral tetrahedral intermediate. In the neutral stepwise mechanism, it

ainly includes two steps: nucleophilic addition on acyl and elim-
nation of leaving group. Here, we investigated the title reaction
ia path C as following, where the catalyst 2-pyridone binds with
1 and O2 atoms (Fig. 6). Different from the uncatalyzed stepwise
echanism, path C mainly includes three steps. Interestingly, a

witterionic intermediate is found in path C.
In the first step, as shown in Fig. 6, the transition state PC TS1 1

etrays that this step is a nucleophilic attack of n-butylamine to
cyl of p-nitrophenyl acetate. Bond distance of N1 C1 is 1.920 Å.
nalysis of frequencies exhibits that the imaginary frequency

151.79i cm−1) is almost purely associated with the N1 C1 bond

tretching mode. Then the intermediate PC IM1  1 is produced. The
1 C1 bond distance is 1.620 Å, which is only 0.30 Å shorter than

hat of PC TS1 1. Interestingly, it is found that the elongation of
1 O1 bond of leaving group rather than C1 O2 double bond,
reaction type 1 including three steps.

namely, electrons transfer to �∗
C1 O1

instead of �∗
C1 O2

orbital, takes
place with the approach of n-butylamine, which should also be
resulted from the effect of the good leaving group. The C1 O1 bond
length changes from 1.368 Å in PC RC 1 to 1.521 Å in PC IM1  1,
whereas C1 O2 bond length elongates by only 0.057 Å. Wiberg
bond order calculations show that %Ev of N1 C1 is 61.52%. It turns
out that the intermediate PC IM1  1 resembles the transition state
PC TS1 1 and that PC TS1 1 is a product-like late transition state.
Generally, for PC IM1  1, it should be regarded as a zwitterionic
structure. The zwitterionic character of PC IM1  1 can be seen from
the negative charge of O2 increasing by −0.177 au and the negative
charge of N1 decreasing by −0.235 au relative to reaction complex.

In the second step, we located the transition state PC TS2 1,
which corresponds to the double-proton transfer from N1 to O2
with the assistance of 2-pyridone. Bond distances of O2 Hc, Nc Hc,
Oc H1, and N1 H1 are 1.207, 1.289, 1.289, and 1.217 Å, whereas the
corresponding %Ev is 51.89%, 48.07%, 41.63%, and 40.48%, indicat-

ing that H1 transfer lags behind Hc transfer. From the intermediate
PC IM2  1 generated via PC TS2 1, we  found that it is a tetrahe-
dral intermediate, that is, N1 atom completely binds with C1 atom
and C1 O2 is a single bond with Hc attaching at O2 atom. It is
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Table 2
Rate-determining Gibbs free energy barriers (kcal/mol) for three possible pathways
with bifunctional catalysts in the gas phase (�G /=

g ) and in chloroform (�G /=
s ) (in

kcal/mol).

Type 1 Type 2

�G /=
g �G /=

s �G /=
g �G /=

s

Path A 28.0 22.1 30.8 22.7
Path B 27.6 21.6 30.8 21.6
Path C 24.0 16.5 27.2 18.0
10 X.-Q. Liu et al. / Journal of Molecular 

mportant to note that the elongated C1 O1 bond in PC IM1  1
estores to 1.463 Å in PC IM2  1 due to the formation of
1 O2 single bond. Furthermore, the catalyst 2-pyridone changes
o 2-hydroxypyridine after the double-proton transfer in this
tep.

In the third step, we planned to determine a process to eliminate
he leaving group. Unfortunately all attempts to locate an interme-
iate from the initial-guess structure, in which one of hydrogen
ond is related with O1 atom instead of N1 atom in PC IM2 1 with-
ut N1 inversed, are failed. It is rational to lead to this result because
he negative charge of N1 is more than that of O1 and there is no
indrance for 2-hydroxypyridine to rotate from O1 to N1. How-
ver, according to our previous similar results [65], it should be
ree to undergo the inversion of amine group. In this way, the
ydrogen bond heading to the lone pair of N1 atom is blocked
fter the inversion of amine and it has to form with O1 atom.
he corresponding structure PC IM3  1 indicates that C1 O1 bond
longates again (1.575 Å) due to the formed strong hydrogen bond
1 Hc. From our calculations, it is easy to locate the transition

tate PC TS3 1 connection PC IM3  1 and products. Unexpectedly,
he imaginary frequency shows that the vibrational mode is mainly
ssociated with the C1 O1 bond stretch instead of the double-
roton transfer. The distance of C1 O1 is 1.793 Å, which is only
.219 Å longer than that in PC IM3  1. %Ev of C1 O1 is 31.22% and
he double protons almost have no change, implying that PC TS3 1
s a reactant-like early transition state. At last, the product complex
C PC 1 is produced and it is found that the double protons have
lready transferred with the assistance of 2-hydroxypyridine and
hat the catalyst restores to 2-pyridone.

From the complete path C as stated above, it is found that the

ifference of the catalyst effect occurs in each step. In the first step,
he catalyst 2-pyridone should be regarded as the supramolecular
ffect, while in the second and third step, the catalyst 2-pyridone

ig. 7. Four possible intermediates and their relative energies in path C of reaction
ypes 1 and 2.
or 2-hydroxypyridine assist in the aminolysis reaction as a bridge
of proton transfer.

As shown in Fig. 6, the energy diagram indicates that the
rate-determining step may  be the formation of the intermedi-
ate PC IM3 1 in the gas phase. However, as discussed below, it
should not be a correct reaction picture. Because, actually, there
should be four possible structures including tetrahedral interme-
diates and catalysts 2-pyridone or 2-hydroxypyridine via hydrogen
bonds (Fig. 7), the displacement or detachment of catalysts among
the four intermediates should take place in the reaction. In addi-
tion, we found that the transition states PC TS1 1 and PC TS2 1
have the same relative free energies in the gas phase (−10.8 vs.
−10.8 kcal/mol), while, in chloroform, to overcome PC TS2 1 is
changed to be slightly easier than PC TS1 1 (14.9 vs. 16.5 kcal/mol).
Note that the gas-phase Gibbs free energy barrier from PC IM3 1
to PC TS3 1 is 2.9 kcal/mol, while it decreases to 2.2 kcal/mol in
chloroform. So, the rate-limiting step is the first one in chloroform.

For reaction type 2, as shown in Fig. 8, the reaction process of
path C is also very similar to reaction type 1. Step 2 via the tran-
sition state PC TS2 2 and step 1 via the transition state PC TS1 2
may  be the rate-determining steps in the gas phase and chloro-
form, respectively. The corresponding Gibbs free energy barrier is
27.2 and 18.0 kcal/mol in the gas phase and chloroform, respec-
tively. Same as reaction type 1, the two  intermediates, PC IM2 2
and PC IM3  2, are lower than separated reactants in reaction type 2.
As presented in Fig. 7, PC IM2  2 is the most stable tetrahedral inter-
mediate in reaction types 1 and 2. Alternatively, for reaction type
1, after the formation of PC IM2  1 via the transition state PC TS2 1,
the displacement of catalyst may  occur towards the formation of
PC IM2  2, rendering that step 2 in the gas phase and step 1 in
chloroform should be the rate-determining step, respectively.

Finally, in order to picture the complete title reaction and
determine which pathway is more rational, Gibbs free energy bar-
riers of the rate-determining step for each pathway in the gas
phase and chloroform are presented in Table 2. We  found that
path C is the most favored pathway both in the gas phase and
in chloroform. Compared with the uncatalyzed aminolysis, the
bifunctional catalysts play an important role in title reaction and
dramatically decrease the active energy barrier. Bifunctional cat-
alysts can enhance the nucleophilicity of amine and stabilize the
leaving group. Moreover, the bifunctional catalysts, as proton shut-
tles, can help protons linearly transfer to dramatically decrease
the energy barrier. According to the reported results that the
energy difference between 2-pyridone and 2-hydroxypyridine is
about 1.0 kcal/mol [66], it seems safe to say that both 2-pyridone
and 2-hydroxypyridine can exist in real reaction system, render-
ing that, because of the close reaction activation energy, it is
possible for aminolysis to follow path C using 2-pyridone or 2-
hydroxypridine as the catalyst. In this work, our results reveal a
new possible mechanism and renovate the aminolysis reaction pro-
moted by bifunctional catalysts. Most of all, we put forward that it

is crucial to generate the zwitterionic intermediate in aminolysis
reaction.
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Fig. 8. Relative energy profile for path

. Conclusion

In the present theoretical study of aminolysis of p-nitrophenyl
cetate with n-butylamine catalyzed by 2-pyridone and its tau-
omeric form 2-hydroxypyridine, we have examined three possible

echanisms. Path A is concerted via a four-membered ring transi-
ion state including the supramolecular effect of the catalyst. Path

 includes two sequential steps, where the double-proton transfer
ia an eight-membered ring transition state bridged by the cat-
lyst is the rate-determining process followed by the restore of
he catalyst conformation. Path C is zwitterionic stepwise, which
as never been theoretically found in aminolysis of ester without
ny catalyst. Our calculations indicate that the third mechanism
s the most favored pathway. The Gibbs free energy barrier for
he rate-determining step of path C is 24.0 and 16.5 kcal/mol in
he gas phase and chloroform for reaction type 1, while 27.2 and
8.0 kcal/mol in the gas phase and chloroform for reaction type 2,

espectively. Anyway, the mechanism catalyzed by 2-pyridone or
-hydroxypyridine is more favorable than the uncatalyzed reac-
ion. Our results indicate that bifunctional catalysts can accelerate
he title reaction not only with supramolecular effect but also as
reaction type 2 including three steps.

proton shuttles. This finding should be helpful for the insight on
the function of nucleosides in the aminolysis of ester.
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