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Abstract

The hydrolysis of amides is a model reaction to study peptide lyg@rolhis process has been previously
considered in the literature at the ab initio level. In this work, we revisit different reaction mechanisms (water-
assisted, non-assisted, neutral and acid-catalyzed) with various theoretical methods : semiempirical, ab initio
and Density Functional. The ab initio calculations are carried out at a computational level which is substantially
higher than in previous studies. We describe the structure of the transition states and discuss the influence of the
catayst. Wealso compute the activation free energies for these procestes Bénsity Functional Theory

level. Comparison of the methods allows to outline the main trends of these theoretical approaches which may
be useful to design new computational strategies for investigating biological reaction mechanisms through the
use of combined Quantum Mechanics/Molecular Mechanics methods.
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into account. In that work, we focused our attention on the
Introduction first step of the hydrolysis which consists in a concerted

protonation of the N atom and the hydroxylation of the C
The hydrolysis of formamide is a reaction of primary impor- atom of formamide. In water-assisted mechanism, an addi-
tance since it can be considered as a model for the cleavatienal water molecule plays the role of a proton relay cata-
of peptidic bonds (see Scheme 1 for a schematic representyst. Thereaction proceeds through the breaking of the CN
tion of the pocess). hieoretical effort has been devoted to bond but this step is not the rate-limiting stage of the reac-
study this reaction [1-5] or related processes [6]. In a prevition.
ous work [4], we have studied the influence of bifunctional ~ Obviously, the study of the hydrolysis mechanism in bio-
catalysis (herein noted water-assisted or assisted mechanisniggjical processes cannot be made with standard quantum
and acid-catalysis using ab initio schemes of computationchemistry procedes. Aninteresting perspective is offered
RHF/3-21G [7] was the level used for geometry optimisationsby the use of hybrid Quantum Mechanics and Molecular
Energy calculations were performed taking into account théechanics (QM/MM) methods which combine the quantum
effect of correlation energy. Solvent effects were also takemlescription of the reactive part of the system with a classical
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Table 1. Geometrical parameters (bondlengths in A and assisted mechanism. Modifications with respect to isolated
angles in degrees) and total energies (in a.u.) at several leveformamide parameters are presented in parenthesis.
of computation for the transition state of the neutral non-

TSIN

Geometrical Parameters AM1 MP2/6-31G** BLYP/6-31G**

C,0, 1.265 (+0.022) 1.221 (-0.002) 1.220 (-0.009)
C\N,; 1.521 (+0.154) 1.586 (+0.226) 1.664 (+0.291)
C,0, 1.582 1.788 1.854

OH, 1.294 1.322 1.359

H,N, 1.219 1.181 1.190

N,C,0, 87.17 83.10 81.59

H,0,C, 81.58 68.89 68.93

N,C,0,H, -2.01 -6.00 -4.67

Total energies -38.337167 -245.589898 -246.198272

treatment of the remaining atoms. Most of the present applibeen shown to be suitable for studying metal containing
cations of this technique are being done at the semiempiricaholecules [14].
level [8] although hybrid Density Functional Theory (DFT)
[9] and ab initio methods [10] are also being developed.
However, it is well known that in the theoretical descrip- Method of computation
tion of chemical reactions the results may be quite depend-

ent on the computational level. For this reason, a detailed\p initio and DFT calculations have been carried out using
study of model systems with accurate ab initio calculationghe Gaussian92/DFT [15] package. The influence of the com-
is suitable prior to application of approximate methods toputational level b initio, DFT) on the amide hydrolysis re-
investigate very large species. This is our aim in the preseriction enthalpies has been studied in detail [5]. It was shown

paper. that a very extended basis set (at least triple-z with polariza-
We present below a study of assisted and non-assisted

mechanisms of hydrolysis of formamide in neutral or acid-
catalyzed conditions with several methods of contprta

(ab initio, DFT and semiempirical). Application of QM/MM
methods to the study of peptide hydrolysis catalyzed by
thermolysin will be reported in due course [11]. Comparison
of DFT with ab initio [12] or experimental [13] results has
been done for different systems and the DFT approach has
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Figure 1. Structures corresponding to the transition states Figure 2. Transition states corresponding to the neutral water-

for the neutral non-assited mechanism (a), water-assiste@ssisted mechanism shown in Newman projection at several

mechanism (b). levels of computation: a) RHF/3-21G, b) AM1, c) BLYP/6-
31G**, d) MP2/6-31G**.
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Table 2. Geometrical parameters (bondlengths in A and mechanism. Modifications with respect to isolated formamide
angles in degrees) and total energies (in a.u.) at several levelsarameters are presented in parenthesis.
of computation for the transition state of the neutral assisted

TS2N
Geometrical Parameters AM1 MP2/6-31G** BLYP/6-31G**
C,O, 1.277 (+0.034) 1.238 (+0.015) 1.230 (+0.001)
CN; 1.512 (+0.145) 1.527 (+0.167) 1.587 (+0.214)
C,o, 1.558 1.747 1.862
O,H, 1.300 1.295 1.295
H, 0, 1.141 1.174 1.174
O,H, 1.167 1.192 1.297
H. N, 1.403 1.312 1.245
O,C/N; 113.96 115.18 114.58
O,C/N; 106.55 93.33 115.17
H,0,C, 117.46 93.94 97.09
O;H,0, 140.19 156.37 158.78
H,O.H,; 97.02 84.22 83.27
N,H,O, 152.78 155.23 157.99
H C N HY -122.38 -120.18 -120.74
N,C,OH, 1.65 -56.47 -46.98
C,0,H,0, -12.80 30.37 33.03
O,H,0,H, 14.21 7.11 -3.27
H,O;H, N, -10.08 -15.47 -2.72
Total energies -51.152029 -321.826978 -322.628804

tion functions) and high level correlation methods (MP4,corresponding to an imaginary frequency. Free energy com-
QCISD) must be used in order to obtain accurate propertieputations were made using standard procedures [24].
Since such methods cannot be used for large systems, we The following short notations are employed below : MP2
decided here to use an intermediate level. The 6-31G** [16holds for MP2/6-31G** calculations ; BLYP holds for BLYP/
basis set has been employed. The influence of diffuse fun®-31G** computéions ;A//B means that a single point en-
tion will be illustrated in some cases. The second order Mgllerergy calculation at level A has been done using the optimized
Plesset [17] (MP2) theory was used to assess the influence géometry obtained at level B of computation.

electron camelaion. TheDFT calculations have been per-

formed using the BLYP functional which employs Becke’s

exchange functional [18] and Lee-Yang-Parr correlation funcResults and discussion

tional [19]. Becke’s functional is a density gradient corrected

Slater exchange. The Lee-Yang-Parr correlation functionalrhe hydrolysis of formamide is studied here for neutral and
also includes density gradient cections. The BLYP ap-  acid-catalyzed reactions. For each process, water-assisted and
proach has been extensively employed in the literature [20}son-assisted mechanisms are considered. Hence four differ-
The semiempirical computations have been performed witlynt reactions will be described here. Only the reactants and
the GEOMOS [21program, using théAM1 [22] method.  the transition states have been computed since it has been
The geometry of the stationary points has been fully optimizedhown in a previous work [4] that reaction intermediates ap-
at these different levels of calculation. pearing in the potential energyrface are not stable when

The transition states have been located using Schlegelgonsidering the free energy surface. In our study for the acid-
algorithm [23] and characterized by Hessian matrix calculatatalyzed reaction, we have assumed that the oxygen of the
tions, verifying that it presents only one negative eigenvalugarbonyl group of formamide is bonded tgCH. Indeed, it

has been shown that, despite of the fact that N-protonated
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Table 3. Geometrical parameters (bondlengths in A andnon-assisted mechanism. Modifications with respect to
angles in degrees) and total energies (in a.u.) at several levelsrotonated-formamide parameters are presented in
of computation for the transition state of the acid-catalyzedparenthesis.

TS1P

Geometrical Parameters AM1 MP2/6-31G** BLYP/6-31G**

C,0, 1.382 (+0.045) 1.331 (+0.053) 1.326 (+0.039)
C\N,; 1.468 (+0.148) 1.468 (+0.144) 1.495 (+0.176)
C,0, 1.468 1.545 1.617

OH, 1.286 1.180 1.321

H,N, 1.443 1.359 1.347

N,C,0, 91.74 91.23 89.83

H,0,C, 86.34 77.32 75.66

N,C,0,H, -0.89 -6.45 -5.09

Total energies -51.452073 -322.215817 -322.992519

formamide is 14 kcal-mdl more stable than O-protonated spectively; TS1P and TS2P will hold for acid-catalyzed non-

one, the hydrolysis is easier in the latter case. One may nosssisted and acid-catalyzed water-assisted reactions respec-

however that in the case of strained amides, N-protonatiotively.

may be favored [5b]. As a starting point to locate the transi-

tion states, the geometry of the structure described in prevBtructures and total energies

ous work [4] has been used. Finally, note that we do not take

into account interactions with other solvent molecules. Ac-Geometrical parameters and total energies corresponding to

tually, one may expect that hydrogen bonding of a solventhe non-catalyzed reactions are summarized in Table 1 (non-

water molecule with the carbonyl oxygen on the formamideassisted mechanism) and in Table 2 (water-assisted mecha-

molecule would lead to a mechanism intermediate betweenism). The comsponding quantities for the acid-catalyzed

the neutral and the acid-catalyzed ones. Long-range electrgrocesses are compiled in Table 3 (non-assisted mechanism)

static effects on this reaction have been analysed before [4ind in Table 4 (wateassisted mechanism). In Figure 1, the

and do not play a major role. The following notations will be structures of the neutral mechanism are schematically repre-

used for the transition state$S1N and TS2N will hold for  sented and the atoms are numbered. In Figure 2, we compare

neutral non-assisted and neutral water-assisted reactions rgre structures of the water-assisted neutral ar@gsm TS's
obtained with several computational methods. Figures 3 and
4 contain the same informations for the acid-catalyzed proc-
esses.

Non-assisted neutral mechanistt1, MP2 and BLYP com-
putations predict a transition state in which there is a four

02 i membered ring (Figure 1a). Although the structures obtained
at the different levels are qualitatively similar, some notice-
1 1 able differencesyeast. At the DFT level, the forming O,

bondlength is a little larger than that obtained at the ab initio
level whereas the corresponding value obtainddeaAM1
level is substantially shorter. However, it must be pointed
out that DFT calculations leads to larger modification of the
C,N, bond of formamide compared to ab initio results. In
semiempirical calculations, the increase gliCbond is less
important. For the other forming bond, N, the three meth-
ods give comparable results although the catedlaAM1
bondlength is slightly larger. The ab initio values may be
rc'ompared to those previously obtained at the RHF/3-21G level

Figure 3. Structures corresponding to the transition states
for the acid-catalyzed non-assited mechanism (above), wate
assisted mechanism (below).
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Table 4. Geometrical parameters (bondlengths in A and mechanism. Modifications with respect to protonated-
angles in degrees) and total energies (in a.u.) at several levelormamide parameters are presented in parenthesis.
of computation for the transition state of the catalyzed assisted

TS2P

Geometrical Parameters AM1 MP2/6-31G** BLYP/6-31G**
C,O, 1.398 (+0.061) 1.358 (+0.080) 1.355 (+0.068)
CN; 1.447 (+0.127) 1.444 (+0.140) 1.465 (+0.146)
C,o, 1.460 1.501 1.567
O,H, 1.405 1.258 1.261

H, 0, 1.095 1.153 1.192
O,H, 0.998 0.996 1.027

H. N, 2.144 1.881 1.777
O,C/N; 112.20 114.79 112.79
O,C/N; 108.54 112.54 106.50
H,0,C, 115.42 110.71 109.66
O;H,0, 154.41 162.22 160.14
H,O.H,; 106.11 95.84 92.49
N,H,O, 121.74 132.52 139.65

H C N HY 123.63 -115.12 -116.15
N,C,OH, 17.68 18.53 17.08
C,0,H,0, 16.62 -12.97 -14.79
O,H,0,H, -30.47 8.94 10.43
H,O;H, N, 8.55 -12.30 —12.58

Total energies —64.297076 —-398.473531 —399.439970

[4]. In fact, the 3-21G basis giveasonable results. Never- to a non-planar six membered ring (see Figure 2). Rotations
theless, proton transfer to the nitrogen atom is more advanced the amino group around,N, bond is substantial as can
in the case of MP2/6-31G** results (N, equall.181 A at  be illustrated using the NI ,C, 0O, dihedral angle : 54.0° for
MP2/6-31G** and 1.219 A at RHF/3-21G) whereas the nu-MP2 and 47.0° for BLYP calculations. Previous results at
cleophilic attack on Cis slightly delayed (@O, equall.788  the RHF/3-21G level predicted, as AM1, an almost planar
A at MP2/6-31G** and 1.748 A at RHF/3-21G). ring. In order to elucidate the role of electron correlation and
To the best of our knowledge, this is the first DFT studybasis set, we have also located this transition state at the RHF/
on amide hydrolysis reaction mechanisms. Therefore, dired-31G** level. In this case, the N,C O, angle is 50.8°
comparison with previous DFT results is not possible. Oneshowing that the ring conformation of this transition state
can observe, however, that in other processes such a&shibits a substantial basis set dependence.
pericyclic reactions [25], structural differences between DFT  MP2 and BLYP calculations present the same trends than
and MP2 computations have been discussed. In gebetial, those remarked before for the non-assisted mechanism. Note
methods lead to comparable bondlengths for stable speciésr instance the larger O, bondlength in the case of BLYP
but for transition structures notable changes have been résee Table3). Note also that proton transfer in the TS is fa-
ported in some cases. Indeed, differences of +0.1 A are nabured by BLYP calculations with respect to MP2 ones. More
exceptional. important differences are found when these methods are com-
pared to AML1. In particular, the semiempirical calculations
Assisted neutral maanism.In this case, the TS predicted lead to a more asynchronousaction. That is, the pton
by all the methods (see structure b in Figure 1) consists in tiansfer between water molecules is more advanced that in
six-membered ring formed by the water dimer and tji¢,C  either MP2 or BLYP computations whereas the proton trans-
bond. The main difference in these structures lies in the fader to the nitrogen atom is delayed. Finally, as in the non-
that MP2 and BLYP calculations, in contrast with AM1, lead
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assisted mechanism, the forming>Gbond is much shorter parable (1.788 A and 1.545 A respectively for MP2 results,
with the AM1 method. 1.748 A and 1.536 A for RHF/3-21G results). Comparing

As said above, structural differences between MP2 and®LYP and MP2 calculations, one may see that the structures
DFT for transition structures, especially for bonds partici-obtained for the TS’s are quite close. The main difference
pating to the transition vector, are comparable to those obies in the slightly more asymmetric reaction coordinate pre-
tained for other reactions [25]. Note that in TS2N, there aralicted by BLYP, which exhibits a larger late characteHO
two proton transfers. Proton transfer reactions in multipleis longer, NH, is slightly shorter and ©, slightly longer at
hydrogen bond systems have been studied at the DFT levélie BLYP level).
and compared to MP2 results [26] showing also that at the AM1, on the contrary, displays important differences with
transition states, substantial differences may exist betweerespect to either MP2 or BLYP. Note in particular the lower
the lengths of the bonds being formed. DFT studies on thasymmetry of the TS in this case.
cooperative effect due to hydrogen bond formation in water
clusters have been also reported [27]. Assisted acid-catalyzed mechanidte calculations predict

a six-membered ring for the transition structure which is not
Non-assisted acid-catalyzed mechani$ire three methods planar (Figuret). The roation of the amino group is found
predict a four membered ring almost planar (see structure @ be in the opposite direction than that previously remarked
in Figure 3 and values in Table 3). Comparisons of this procfor the neutral process at MP2 and BLYP levels (Figure 2).
ess with the non-assisted neutral mechanism shows that allote also that the rotation here is less intense, as illustrated
the methods predict a shortejG; bondlength and a longer by the HN,C,O, dihedral angle : -18.9° for BLYP, -21.2°
H,N, one. Note that the ©, bond is longer in this case for MP2 and -20.9° for AM1 calculations (Table 4). As shown
(Table 3) which is due to the stabilisation of th®H=CH-O  in Figure 4, these results are close to RHF/3-21G results (-
mesomeric form of formamide through O-protonation. 20.6°) previously repoed [4]. We have ted to locate an-

Here again, MP2 results are in agreement withipus other transition state starting from structures for which the
RHF/3-21G results [4]. For instance, the predictededessr amino group rotation was made in the opposite direction.
of the GO, bondlength in going from TS1N to TS1P is com- Such calculations have been made at the AM1 level only. No
transition state corresponding to the cleavage of the amidic
bond was found. Therefore, the direction of the rotaiien,
the deviation of the planarity of the six-membered ring, seems
to be directly determined by the presence or the absence of
the catalyst.

As obtained for the neutral water-assisted process, the
BLYP C,0, bondlength is larger than the MP2 one. Note
also that the proton transfer in the transition state is enhanced
in BLYP calculations with respect to MP2 ones. Again the
semiempirical calculations present more asynchronous pro-
ton transfers: the proton transfer towards the nitrogen atom
is retarded while the proton transfer between the two water
molecules has almost completely occurred. Therefore, an
[H,O"]-like entity, involving H, O;, H, and H' atoms, can
be pointed out at the TS in the case of AM1 method. Finally,
the CO, forming bond is shorter with AM1 method as com-
pared to either BLYP or MP2 calculations. Nevertheless, in
the water-assisted catalyzed mechanism, differences between
BLYP, MP2 andAML1 results are less important than in the
corresponding neutral water-assisted process.

Energetics of the reactions

Relative energiesn Table 5, we give the relative energies of
the transition states for the neutral and acid catalyzed, water-
assisted and non-assisted mechanisms at different levels of
computation. Results presented in Table 5 are given with re-
Figure 4. Transition states corresponding to the acid- SPect to the.separat.e reactive mqlgcules. Note th.at some of
catalyzed water-assisted mechanism shown in Newmafe TS relativeenergies are negativee, the potential en-

projection at several levels of computation: a) RHF/3-21G,€rgy at the TS idelow that of the reactants. As mentioned
b) AM1, c) BLYP/6-31G**, d) MP2/6-31G**. above, it has been demonstrated in a previous work that re-
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Table 5.Relative energies (kcal-mblof the transition states
with respect to reactants for the different mechanisms (neutral
and acid-catalyzed, water-assisted and non-assisted).

Optimized Geometries Single-point calculations
AM1 MP2 BLYP MP2/AM1 BLYP/AM1  MP2/BLYP BLYP/MP2
TSIN +58.46 +40.87 +32.65 +53.89 +48.08 +41.96 +33.49
TS2N +55.48 +31.69 +12.59 +37.36 +29.90 +22.24 +13.80
TS1P +30.05 +26.69 +24.78 +33.50 +32.47 +27.56 +25.49
TS2P +8.16 -7.86 -7.90 -3.21 -2.07 -6.86 -7.22

action intermediates exist befotlee TS'’s inthe potential  this difference is about 20 kcal-rmofor BLYP computa-
energy surface although they are unstable in theefteegy ~ tions while it is only 9 kcal-mdl and 3 kcal-mol for MP2
surface at normal pressure and temperature conditions [4and AM1 methods respectively. This difference is about 16
For this reason, they are not considered in the present workcal-mot! for MP3/6-31G**//RHF/3-21G calculations [4]
We shall show below that when free energies are considere(hote that this value is close to those obtained using single
all TS have psitive values with respect to the reactants. Inpoint computations at the MP2 and BLYP levels with the 6-
order to analyse the influence of the geometry on the com31+G** basis set, as discussed ad)ovlhe coresponding
puted relative eneigs, we have also performed a series ofdifferences for the protonatedgmesses (TS1P and TS2P)
single-point calculdons. Thus, in Table 5, MP2 and BLYP show larger values : about 32-33 kcal-thédr BLYP and
relative energies are given for each TS using the geometriddP2 results and 22 kcal-mbfor AM1.
optimized at the AM1MP2 or DFT levels. Acid catalysis is predicted by the three methods. How-
Let us first compare the results obtained using theever, significant differences can be noted and the catalytic
optimized geometries. Note that foS1P andTS2P, MP2  effect follows the order AM1 > MP2 > BLYP.
and BLYP give close results. However, in most cases, sub- It is interesting to remark that the BLYP method predict
stantial differences appear when one compares the value foeutral bifunctional catalysis (compare TS1N and TS2N) to
a given TS through the three computational levels. In parbe larger than non-assisted acid catalysis (compare TS1N and
ticular, the AM1 calculations substantially overestimate allTS1P) by about 12 kcal-mblin the case of MP2 and AM1
the activation energies. F@ISIN andTS2N, on the con- computations, the opposite trend is found (by 5 kcat*rabl
trary, BLYP energies are 10 to 20 kcal-thbelow the MP2  MP2 level and by 25 kcal-mblat AM1 one).
values. This difference is quite large and can be due to the Let us now examine the influence of the geometry on the
use of limited basis sets, as pointed out by one of the refelative energyesults. We see in Table 5 that BRYMP2
erees. To check this, we have estimated the influence of ditomputations give approximately the same values than BLYP.
fuse functions in the basis set. Thus, single point calculaSimilarly, MP2//BLYP and MP2 are close except for TS2N
tions on 6-31G** geometries using the 6-31+G** basis setcase. These results are not surprising since MP2 an BLYP
have been carried out to compute the activation barriers ajeometries present only slight differences.
TS1IN andTS2N. The results show that the BLYP-MP2 en-  When BLYP//AM1 and MP2//AM1 are compared to
ergy difference decreases substantially although it is still oBLYP and MP2 respectively, one can note that the relative
the order of 4-5 kcal-mdlin both cases (activation energies energies are overestimated especially for the neutral proc-
for TSIN are 43-22 kcal.mbland 382 kcal-mof at MP2  esses. However, the calculation of the total energy with BLYP
and BLYP levels respectively; for TS2N the correspondingor MP2 usingAM1 geometries allows to improve a little AM1
values are 27-36 kcal.mbland 23-56 kcahol?!; the addi- relative energy results.
tion of diffuse functions on hydrogen atoms modified very
slightly these wlues). Asnoted in the introduction, the use Free-energy calculations.In order to obtain free energy
of triple{ basis set and refined correlation methods seemsariations along the reaction paths, we have computed ther-
also to be necessary in order to obtain very accurate quantinodynamic quantities at 298°C and 1 atm following the stand-
ties for these reactions [5]. Unfortunately, such type of cal-ard procedures. Only BLYP/6-31G** calculations will be
culations were beyond our present capabilities. presented here and compared to MP2/6-31G**//RHF/3-21G
It can be noted that all the methods show a diminution otalculations [4]. These results are summarized in Table 6.
theTS-reactants relative energy from non-assisted to assisted It is well known that entropic effects are fundamental
processes. In the case of neutral processes (TS1IN and TS2Npncerning the reactivity of weakly bonded complexes. In-
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Table 6. Energetics (kcal.mdl) for formamide hydrolysis
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We have not analyzed in this work the role of long-range
electrostatic interactions with the solvent but in a previous
paper [4] it was shown to be rather small.

One of the main goals of this work was to inspect the
suitability of a computational procedure that consists in the
optimization of molecular geometries #ie AM1

semiempirical level, followed by single-point calculations at
ab initio or DFT levels. This procedure would allow the study
of peptide hydrolysis in enzymatic processes through the use
of hybrid AM1/MM approaches to obtain molecular

geometries followed by more accurate DFT or ab initio cal-

reactions.
BLYP/6-31G** MP2/6-31G**
/IRHF/3-21G

A(H-E) -TAS AG AG [a]

TSIN -0.46 12.45 44.64 53.00
TS2N 1.10 23.14 36.50 49,57
TS1P -0.07 10.78 35.49 34.53
TS2P 2.69 21.08 15.87 19.53

[a] See ref 4.

culations for selected structures. In this paper, we have shown
that this calculation scheme allows to improve a little the
results obtained dghe AM1 level for the Tansition State

relative energies. Nevertheless, there are still significant dif-
ferences with the results obtained using full optimized
geometries with ab initio or DFT methods. Therefore, ob-

taining more accurate results may require to perform QM/
MM calculations beyond the semiempirical level. Such cal-

deed, large negative AB values are obtained ftre TS's
which amount 10-12 kcal-mblper water molecule being a
little smaller in acid-catalyzed processes.

Though entropic terms are higher for assisted reactions,
free energies of activation for these processes remain lower

culations are still intractable with traditional ab initio corre-
lated methods but DFT/MM simulations of chemical reac-
tions in complex systems are already feasible [9].

than those obtained for non-assisted mechanisms especiaReferences

for catalyzed processes (by ~ 8 kcal-fnahd ~ 20 kcal-mdl

for neutral and protonated reactions respectively). Note fi-l.
nally that BLYP leads to results close to those obtained at
MP2/6-31G**//[RHF/3-21G. The main difference lies in the 2.
stabilizing effect of the bifunctional catalysis which is more

important in BLYP. 3.
4.
Conclusions
5.

Qualitatively, semiempirical, DFT and ab initio methods give
similar results in the study of amide hydrolysis which is fa-
voured by bifunctional catalysis as it was demonstrated in a
previous work [4].

It appears that BLYP/6-31G** reaction mechanisms areb-
more synchronous than those obtained at either MP2/6-31G**
or AM1 levels of computation. Contrary to previously re-
ported RHF/3-21Geasults andAM1 results reported here,
the geometry of the transition state corresponding to the neu-
tral water-assisted mechanism (TS2N) is not planar at BLYP
and MP2 levels of computation. Concerning the catalyzed
water-assisted process (TS2P), all the methods predict simi-
lar non-planar structures. In general, BLYP and MP2
geometries are not very different.

AM1, MP2 and BLYP computations predict the effect
due to acid and bifunctional catalysis. However, some no-
ticeable differences exist when quantitative aspects are con-
sidered. It is noteworthy that BLYP computations seem to-
enhance the acid catalysis. Free-energy calculations carried
out at the BLYP level confirm that assisted mechanisms are
favoured with respect to non-assisted ones.
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