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Density functional theory calculations were conducted on the title reactions with explicit inclusion of a variety
of water molecules, H-CO-NMe2 + MeOH + (H2O)n f H-CO-OMe + HNMe2 + (H2O)n. Geometries
of transition states, reactant-like complexes and product-like ones were determined by the use of RB3LYP/
6-31G(d) SCRF)dipole. Concerted paths were examined withn ) 0-3. Their Gibbs activation energies are
larger than the experimental value. Stepwise paths were also investigated withn ) 2-4. Then ) 4 model
has the energy close to the experimental value. However, when the catalytic water molecules were added to
then ) 4 one, the stepwise path was switched to the concerted one. A systematic comparison of the concerted
path withn ) 2 + 1, 2 + 2, 2 + 3, 2 + 4, 2 + 5, 2 + 4 + 4, and 2+ 5 + 5 models was made, and the
water-dimer based reaction path was found to be most favorable. The contrast between the concerted path of
the amide solvolysis (and hydrolysis) and the stepwise one of the ester hydrolysis was discussed in terms of
the frontier-orbital theory.

I. Introduction

The hydrolysis or solvolysis of amides is a reaction of great
importance, because it is a model of the cleavage of peptide
bonds in living system.1 In the hydrolysis, formally, a nucleo-
philic water molecule attacks the carbonyl carbon atom to form
a C-O bond and to cleave the C-N bond (eq 1). The first

theoretical study on eq 1 was made in 1982. A concerted path
was traced along with the stepwise one including the tetrahedral
intermediate.2 The activation free energy calculated by MP3/
6-31G*//RHF/3-21G is 58.6 kcal/mol for the concerted path.
They are 51.5 and 41.3 kcal/mol for the stepwise one. Because
the model (one molecule of formamide and that of water) is
too small, those energies are too large for the reaction to take
place. In 1994, a reaction of eq 2 was studied computationally.3a

Only the concerted path was investigated with the activation
free energy, 45.40 kcal/mol (relative to the weakly bound
complex, MP3/6-31G*//RHF/3-21G). Although the energy is
lowered by the water-dimer participating model, still it is too
large. In addition, the stepwise path was not examined by the
dimer model.3 Thus, the noncatalytic and neutral hydrolysis of
amides has not been investigated precisely.

Recently, we reported calculated results on the hydrolysis of
ethyl acetate.4 A reaction model, Me-CO-OEt + (H2O)l f
R-CO-OH + HOEt + (H2O)l-1, was investigated systemati-
cally with various l values (l ) 1-5, 9, 12, and 16). The
stepwise path with∆Gq(TS1) ≈ 30 kcal/mol was much more
favorable than the concerted one with∆Gq (TS1) ≈ 43 kcal/

mol (Scheme 1). The transition state (TS) geometry involving
the water tetramer as the reactant was insensitive to the addition
of catalytic water molecules.

The free energies of the solvolysis of eq 3 was determined
calorimetrically in the aqueous media.5 A stepwise path was

assumed with an unstable tetrahedral intermediate, and the
activation free energy of the rate-determing step was estimated
to be +30.2 kcal/mol. The water molecules would work to
promote the bond interchange in eq 3 through hydrogen bonds.
In this work, the reaction of eq 3 was investigated computa-
tionally. Various concerted and stepwise reaction paths were
employed in eq 4, and their reactivities were examined in terms
of the calculated activation free energies. It was found that the

stepwise path is transformed to the concerted one, asn grows
large. That is, the superiority or inferiority, between the
concerted and stepwise paths of eq 4 is not so distinct as that
in the ester hydrolysis. The concerted path withn ) 2 + 5 was
calculated to be the most likely one, where+5 stands for the
outer catalytic water molecules.

II. Calculation Method

The geometries of DMF‚MeOH‚(H2O)n were determined by
density functional theory calculations. The B3LYP/6-31G*
method6 was used for geometry optimizations. B3LYP seems
to be a suitable method, because it includes the electron
correlation effect to some extent. At the optimizations the solvent
effect was taken into account by Onsager’s self-consistent field
with the dielectric constant equal to 78.39 (water).7 The solvent* Corresponding author. E-mail: yamabes@nara-edu.ac.jp.
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is viewed as a continuous medium of uniform dielectric constant
(ε), and the solute occupies a spherical cavity of radiusa0 within
it.

Transition states (TSs) were characterized by vibrational
analyses, which checked whether the obtained geometries have
single imaginary frequencies (νq). From TSs, reaction paths were
traced by the IRC (intrinsic reaction coordinate) method8 to
obtain the energy-minimum geometries. The Gibbs free energy
was estimated by the use of the equations of molecular
thermodynamics.9 That is, the free energy was calculated by
the RB3LYP/6-31G* SCRF)dipole electronic energy, the
Cartesian coordinates of the optimized geometries and the
harmonic frequencies. The temperatureT ) 298.15 K was
adopted, because the experiments were carried out at that
temperature.5 To check the reliability of the RB3LYP/6-31G*
SCRF)dipole calculations, RB3LYP/6-31G* gas phase and
RB3LYP/6-31(+)G* SCRF)dipole ones were also carried out.
On the key reacting systems,n ) 4 + 4 (stepwise) orn ) 2 +
4 + 2 (concerted) in Figure 4 andn ) 2 + 5 in Figure 6. In the

6-31(+)G basis set, diffuse functions were added to five oxygen
atoms, O6, O12, O15, O19, and O22, and the nitrogen atom,
N2. Further, geometries of TSs in Figures 4 and 6 were
optimized by B3LYP/6-311++G** SCRF)dipole. By the three
ways of calculations, it was judged whether TSs are for stepwise
or concerted paths. Single-point energy calculations, B3LYP/
6-311++G** SCRF)dipole and B3LYP/6-311++G**
SCRF)PCM,10 were conducted, and their energies are also
shown in Figures 4 and 6. All the calculations were carried out
using the GAUSSIAN 0311 program package at the Information
Processing Center (Nara University of Education). It seems now
to be established that B3LYP calculations may give reliable
results of proton transfers and bond interchanges along hydrogen
bond.12

III. Results and Discussions

Figure 1 and Figures S1 and S7 (Supporting Information)
show concerted paths of HCO-NMe2 + MeOH + (H2O)n f
HCOOMe+ HNMe2 + (H2O)n. Exceptn ) 0, water molecules

Figure 1. Transition state (TS) geometries of the concerted reactions. To each geometry, the sole imaginary frequency (νq) is shown. DMF is
dimethylformamide.

SCHEME 1: Two Paths of the Ester Hydrolysisa

a The stepwise path is much more favorable than the concerted one, which has been reported recently.4
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are concerned with the proton relays to support the hydrogen-
bond linearity. Bond cleavage and formation occur simulta-
neously. Figure 1 exhibits the calculated activation free energies
(∆Gq) as well, which are relative to those of the reactant-like
complex (“precursor” called here). Among the four, then ) 2
energy (∆Gq)35.69 kcal/mol) is smallest but is larger than the
experimental one (∆Gq)30.2 kcal/mol).5 The energetic result
demonstrates either that the concerted path is unfavorable or
that catalytic H2O molecules are needed to lower the energy of
the path.

The upper illustrations in Figure 2 show two TS geometries
of a stepwise path (n ) 3). In the first step (TS1), two water
molecules (H16O15H17 and H22O23H18) work for the bond
interchange up to the tetrahedral intermediate (Int ofn ) 3 in
Figure S2-3 of the Supporting Information). In the second step

Figure 2. Two transition state (TS1 and TS2) geometries of the stepwise reaction path of DMF‚MeOH‚(H2O)n f TS1f Int f TS2f HCOOMe‚
Me2NH‚(H2O)n (n ) 3 and 4). Purple broken lines show routes of the proton relay.

Figure 3. Gibbs energy diagrams (T ) 298.15 K,P ) 1 atm) of the
stepwise reactions, DMF‚MeOH‚(H2O)n f TS1 f Int f TS2 f
HCOOMe‚Me2NH‚(H2O)n. The experimental∆Gq value is 30.2 kcal/
mol from ref 5. The TS geometries ofn ) 3 andn ) 4 are shown in
Figure 2.
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(TS2), H17O23H22 and H24O20H19 are concerned with the
different interchange. The lower illustrations in Figure
2 exhibit TS1 and TS2 ofn ) 4. Although the relay
route of TS2 along the bold broken lines is practically
the same as that ofn ) 3, that of TS1 is very different. TS1

of n ) 4 has a twisted relay route of the bold line,
O6...H17...O22...H21...O19...H20...O15...H14...O12...C1. The
detailed paths ofn ) 3 and 4 along with those ofn ) 2 are
shown in Figure S2 (Supporting Information). Then > 4 models
contain outer H2O molecules and will be shown later. Figure 3

Figure 4. Concerted reaction of DMF‚MeOH‚(H2O)4‚(H2O)4 f TS f HCOOMe‚Me2NH‚(H2O)8. Bold broken lines of TS show routes of the
proton relay. “n ) 4 + 4 (stepwise)w n ) 2 + 4 + 2 (concerted)” means that the extended model of the stepwisen ) 4 path (Figure 2),n ) 4
+ 4, turns to a concerted one during the geometry optimizations. The values in parentheses are by RB3LYP/6-31G* gas phase, and those in square
brackets are by RB3LYP/6-31(+)G* SCRF)dipole. {∆E} and {∆G} are single-point energy differences obtained by RB3LYP/6-311++G**
SCRF)dipole//RB3LYP/6-31G* SCRF)dipole.〈∆E〉 and〈∆G〉 are those by RB3LYP/6-311++G** SCRF)PCM//RB3LYP/6-31G* SCRF)dipole.
Distances and angles in braces were obtained by RB3LYP/6-311++G** SCRF)dipole geometry optimizations.

Figure 5. Concerted reaction of DMF‚MeOH‚(H2O)2‚(H2O)4 f TSf HCOOMe‚Me2NH‚(H2O)6. Four water molecules, O22H17H23, O24H25H26,
O32H33H34, and O35H34H36, work as catalysts. Bold broken lines show routes of the proton relay. Thea0 value of TS is 5.27 Å.

Water-Assisted Solvolysis ofN,N-Dimethylformamide J. Phys. Chem. A, Vol. 111, No. 28, 20076299



shows the energy changes. Then ) 4 stepwise path has the
smallest energy, and∆Gq(TS1)) 30.24 kcal/mol is apparently
in excellent agreement with the experimental one, 30.2 kcal/

mol.5 However, the agreement might be fortuitous, and
larger (n > 4) models need to be examined to ensure that the
n ) 4 based stepwise one is meaningful regardless of their sizes.

Figure 6. Concerted reaction of DMF‚MeOH‚(H2O)2‚(H2O)5 f TS f HCOOMe‚Me2NH‚(H2O)7. Five water molecules of the outside connected
by dotted lines are catalysts. Bold broken lines show routes of the proton relay. Use of parentheses, braces, and other enclosures is the same as in
Figure 4.

Figure 7. TS geometries of the concerted reaction, DMF‚MeOH‚(H2O)2‚(H2O)m f TS f HCOOMe‚Me2NH‚(H2O)n (n ) 2 + 4 + 4 and 2+ 5
+ 5, i.e.,m ) 4 + 4 and 5+ 5).
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Figure 4 shows the reaction path ofn ) 4 + 4. The outer
four water molecules are coordinated to H26, H16, O19, and
O22, respectively. We attempted to determine the geometry of
TS1 of the stepwise path by then ) 4 + 4 model. But, after
the geometry optimization, TS1 was converted to TS of the
concerted path! The catalytic four water molecules switched
the reaction mechanism, stepwisef concerted. Thus, then )
4 model in Figure 2 was found to be a mere artifact in the limited
size and meaningless. At this stage, it was realized that the effect
of addition of outer molecules on the concerted paths needs to
be re-examined. In Figure 2, then ) 2 model is best, and in
Figure 4 it is involved as the bond interchange circuit. Then )

2 based concerted paths were investigated byn ) 2 + m. Figure
S3 (Supporting Information) exhibits geometries ofm ) 1-3.
Figure S4 (Supporting Information) shows the path of a different
n ) 2 + 3 model. The TS geometries in Figure S3 involve the
commonn ) 2 reaction circuits. Although then ) 2 based
concerted path was confirmed to be size independent, the
corresponding∆Gq values,∆Gq ) 33.60 kcal/mol (m ) 1),
∆Gq ) 34.99 kcal/mol (m ) 2), and∆Gq ) 39.66 kcal/mol (m
) 3), are larger than the experimental one, 30.2 kcal/mol.5

Addition of outer water molecules to then ) 2 reacting system
(Figure S3,m ) 1-3) seems still insufficient to reproduce the
energy. Figure 5 shows the reaction path ofn ) 2 + 4. Its TS
contains two catalytic circuits connected by black dotted lines.
The calculated value,∆Gq ) 30.71 kcal/mol, is in good
agreement with the experimental one. The four catalytic water
molecules (m ) 4) work effectively to lower the energy. The
dual-circuit pattern is involved also in the TS geometry of Figure
4. Then, it is not the stepwisen ) 4 + 4 but the concertedn )
2 + 4 + 2. Figure 6 shows another concerted path, i.e.,n ) 2
+ 5. Its TS has the Gibbs free activation energy,∆Gq ) 30.54
kcal/mol. According to the∆Gq values, the superiority or
inferiority betweenn ) 2 + 4 (Figure 5) andn ) 2 + 5 (Figure
6) cannot be judged. Further addition of water molecules ton
) 2 + 4 andn ) 2 + 5 was made. TS geometries ofn ) 2 +
4 + 4 andn ) 2 + 5 + 5 are shown in Figure 7. The detailed
two paths are shown in Figure S5 (Supporting Information).
The extended models in Figure 7 indicate thatn ) 2 + 5 + 5
is slightly more favorable thann ) 2 + 4 + 4. Noteworthy
is that the bond-interchange circuit (bold broken lines)
is nearly invariant inn ) 2 + 1, n ) 2 + 2, n ) 2 + 3,
n ) 2 + 4, n ) 2 + 5, n ) 2 + 4 + 2, n ) 2 + 4 + 4, andn
) 2 + 5 + 5. The n ) 2 based concerted path has been
confirmed.

The concerted paths of Figures 4 and 8 were obtained by
B3LYP/6-31G* SCRF)dipole calculations. The results were
examined by RB3LYP/6-31G* gas-phase and B3LYP/6-31(+)-
G* SCRF)dipole geometry optimizations. These values are
shown in the two figures with parentheses and square brackets,
respectively. TS geometries of RB3LYP/6-31G* gas phase and
RB3LYP/6-31(+)G* SCRF)dipole were determined by the use
of the Hesian force constants of RB3LYP/6-31G* SCRF)dipole.
They were confirmed to be for the concerted paths and are

Figure 8. Comparison of TS structures of amide and ester. Bold broken lines and orange arrows for the amide TS show a concerted proton relay.
Bold broken lines and purple arrows for the ester TS1 show proton relay of the first step up to the tetrahedral intermediate.

Figure 9. Shapes of HOMO for theN,N-dimethylformamide and
methyl formate. Arrows stand for directions of the attack by electro-
philes.
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similar to the TS geometry of RB3LYP/6-31G* SCRF)dipole.
Thus, the present results of the superiority of the concerted path
over the stepwise one would be insensitive to the computational
methods adopted.

A contrast between the present amide solvolysis and the ester
hydrolysis has been found, which is shown in Figure 8. The
left-side “amide TS” is taken fromn ) 2 + 1 in Figure S3.
The right-side “ester TS1” denotes the transition-state geometry
in a reaction, H-CO-OMe+ (H2O)4 f H-CO-OH + HOMe
+ (H2O)3.13 Although the TS geometry optimizations were
conducted by the use of similar initial conditions, concerted and
stepwise routes were obtained, respectively. The contrast was
examined in terms of HOMOs ofN,N-dimethylformide and
methyl formate (Figure 9). The ability of the proton acceptanc

of the amide was compared with that of the ester. The amide
HOMO expands its lobe perpendicularly to the molecular plane
and has a high-lying energy (-9.559 eV). On the other hand,
the ester HOMO does it along the sp3-inclined direction and
has a low-lying energy (-11.397 eV). Because the nucleophilic
attack to LUMO (π*CdO) of the two substrates commonly occurs
out of the plane, the amide substrate may be subject to both
nucleophilic and electrophilic attacks out of plane. Thus, the
concerted path in the compact out-of-plane space is likely with
aid of the large proton affinity of the nitrogen lone-pair orbital
(i.e., the high-lying HOMO). On the other hand, the ester
substrate does not allow the concerted path owing to the poor
ability of the proton acceptance of the ether oxygen atom. The
tetrahedral intermediate needs to intervene to make cleavage
of the C-O single bond ready.

The potential energy surfaces in the adopted reaction models
are very complicated. Then, although we have obtained the
likely ones, there would be more surfaces by changing the
location of outer water molecules. Determination of every such
configuration is beyond the scope of this work. However,
proton-relay patterns in the reaction-center obtained here would
be insensitive to the location of those molecules.

IV. Concluding Remarks

In this work, a solvolytic reaction of eq 4 has been
investigated systematically. Water molecules work as both
reactants and catalysts. The water-dimer (n ) 2) based concerted
path is most favorable energetically. The catalytic water
molecules do not distort then ) 2 circuit and lower the
activation free energy. The reaction pattern obtained here is
illustrated in Scheme 2.

The present result that the water dimer and a MeOH molecule
are reactants should correspond to the water-trimer participation
in the hydrolysis of amides. In fact, thel ) 3 participation was
confirmed to be best in HCO-NH2 + (H2O)l f HCO-OH +
NH3 + (H2O)l-1 (Figure S6 in Supporting Information). Thus,

SCHEME 2: Best Concerted Reacting System of the
Solvolysis of H-CO-NMe2 + Me-OH + (H2O)n f
H-CO-OMe + HNMe2 + (H2O)n in Eq 4

SCHEME 3: Summary of the Water-Assisted Solvolysis ofN,N-dimethylformamide
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the treatment of only the dimer model was insufficient.3 On
the amide C-N bond, the water trimer (or MeOH plus water
dimer) may form a strainless hydrogen-bond circuit for the ready
proton transfer. The trimer participation in hydrolyses and
isomerizations is thought to be likely generally. One water
molecule acts as a proton donor, and the other does as a
nucleophile (base). To connect them spatially, an auxiliary one
is needed. In fact, the trimer is also necessary to stabilize the
zwitterionic form of glycine, forming a bridge.14

In summary, the contrast of the stepwise and concerted paths
may be represented by a slight difference in proton-relay patterns
(Scheme 3).

Supporting Information Available: Figures S1-S9. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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