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We present an ab initio study of the alkaline hydrolysis reaction of planar and pyramidal amides. The aim is
to investigate the effect of €N bond twisting and nitrogen pyramidalization on the rate of hydrolysis. The
transition states, intermediates, and products for the two steps of the reaction (hydroxide attack and breaking
of the C—N bond) were characterized in the gas phase using the B3LYP density functional quantum mechanical
method with the 6-31G* basis set. The energetics were then refined using the 6-3Q(d,p) basis set.

The effect of the solvent was introduced by means of several methods: Peisibomann (PB) and
polarizable continuum model (PCM) calculations at the gas-phase geometries; both allow for charge relaxation
in solution. We found that the transition state corresponding to the second step of the reaction (TS2), breaking
of the C—-N bond, is the transition state of highest energy in the gas phase and in solution. However, calculation
with formamide as a model showed that the inclusion of an explicit water molecule significantly decreases
the TS2 barrier. ThRAAGT™S? between the twisted and planar species is about 15 kcal/mol in solution, favoring
the hydrolysis of the former. Our estimation for the value of £K®G'S* for the first step of the reaction,
hydroxide addition, ranges between 7 and 9.7 kcal/mol. There are also significant differences between the
planar and twisted forms in the thermodynamics of the reaction. In solution, the hydrolysis of the twisted
amide is exothermic by-6.8 kcal/mol, whereas the hydrolysis of the planar amide is highly endothermic, 16
kcal/mol. Thus, twisting of the amide bond and nitrogen pyramidalization is found to be an effective way of
accelerating the otherwise slow hydrolysis of planar amides. As much as 14.7 kcal/mol of acceleration could
be expected if the rate-limiting transition state is the breaking of theN@ond from the tetrahedral
intermediate, and 7-09.7 kcal/mol could be expected if the rate-limiting step is hydroxide attack. The fact
that experimental studies have demonstrated a rate enhancement of about 10 kcal/mol suggests that the latter
step is rate-limiting in alkaline solution.

1. Introduction its strainless counterpart. This correspond to a decrease in the
] ) ) o activation energy of the reaction by about 10 kcal/mol. Brown
The amide bond is of fundamental importance in biology as gt al. also reportéd significant accelerations for the hydrolysis
the essential element of the protein backbone. The hydrolysis ot distorted amides, ranging from 7 orders of magnitude for
reaction of amides, often used as a model for the cleavage ofihe alkaline hydrolysis to 11 orders of magnitude for acid-
peptide bond$;?is thus of primary concern for living systems.  catalyzed hydrolysis. More recently, Kirby et %P reported
Unactivated amides undergo very slow hydrolysis in neutral the rapid hydrolysis in water (under acid conditions) of a highly

media. The half-life for the hydrolysis of acetyl-glycil-glycine  twisted amide bond in a 1-aza-2-adamantanone, suggesting an
is 500 yearat pH 6.8 and 25C, and the calculated free-  even higher acceleration of the hydrolysis rate.

energy barrier for the reaction of a water molecule with o mper of theoretical studies of amide hydrolysis have
formamide is 44.0 kcal/mol at the MP2/6-31G*//3-21G level been made in the gas phase and in soldﬂéfﬁ“'yand )i/n the

of theory# Alkaline hydrolysis of formamide has a lower barrier; presence of explicit water moleculésé Antonczak et ats

a thermodynamic analysis by Gutttriggests an effectiveG= found that the presence of a water dimer can induce substantial
of 22.0 kcal/mol. The first step of the reaction involves the o miqalizations in neutral formamide, with the resultant
formation of a tetrahedral intermediate and pyramidalization at 4tjyation of the amide bond. There are also theoretical studies
the amide nitrogen. Thus, distortion of the nitrogen from its ¢csing on the structural properties and proton affinities of
planar ground7state could accelerate the rate of hydrolysis. Earlyyisted amided?18but these contain no characterization of the
kinetic worl®” showed that pyramidalization of the amide qrresponding transition states and intermediates for hydrolysis.
nltrpgen by the use of benzoqumgclldm-?;one, a strained cyclic |, the present paper, we study the hydrolysis by comparing the
amide, leads to alkaline hydrolysis that is’Tiines faster than  gcivation barrier for a reactant in which the nitrogen is in a
pyramidal conformation with that of a planar amide analogue.

:Correspond!ng author. E-mail: marci@tammy.harvard.edu. In line with earlier work on phosphate and sulfate ester
tEﬁZ"S'ﬂEZg#}? éjf”'st;]ir;fsi'et%tea- hydrolysis, we compare the gas-phase barriers with those in
§ UniversiteLouis Pasteur. sfolut_ion to determ_ine_ ho_w much of_ the calcu_lated rate accelera-
"'Harvard University. tion is due to an intrinsic electronic effect (i.e., breakdown of
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Benzoquinuclidin-2-one Complex 1: Pyramidal Amide (011 w)) 1)
T=—7F—
N _~° N /o 2

NZ c Yo = 0, — Wy + 7(MORT) = —w, + v, + 7(MOPR7) (2)

AN = 0, — Wy + T(Mo®r) = —w, + w, + x(Mmodr) (3)
1-phenyl-2-piperidone Complex 2: Planar Amide The absolute values for these angles with projection on the
CHs 0—90° quadrant are found in Table 1. In all cases, the oxygen

| atom used to calculate tl® andw, torsion angles corresponds

N\C/o to the original carbonyl oxygen rather than the hydroxide

oxygen. For the product structures in which the amide bond is
broken, these angles are of limited value. In those cases, we
c use the improper dihedrals, also indicated in Table 1.
\o The energies of various species were evaluated at the B3LYP/
CHa 6-31+G* geometries by single-point calculations at the B3LYP/
Figure 1. On the left-hand side, amide reactants used by Blackburn §.311++G(d,p) level of theory. The use of the B3LYP
et al” to study the rate acceleration for the hydrolysis of amides caused functionaf*2’ is motivated by its success in the evaluation of

by the C-N bond twist with nitrogen pyramidalization in the reactant. . . . .
oyn the right-hand side, our ?nodg?,s for the compounds studied reliable reaction enthalphies for the hydrolysis of neutral

. . g ; iJaws i i
experimentally. Notice that complex 2 is the species that results from amides™ However, in some cases differences are found between

N

the hydrogenation of one of the-C bonds of complex 1. We will B3LYP and other correlated methods such as MPo verify
call complex 1 the pyramidal or twisted amide throughout the text and that the main conclusions of the paper would not differ by
complex 2 the unconstrained or planar amide. applying another level of theory, single-point MP2 calculations

were carried out. The results showed similar qualitative trends
. . . to the ones specified throughout the paper.
ther resonance) and how much to differential solvation of the For determining the enthalpic and entropic correctitae

species involved. We use high-level ab initio calculations to B3LYP/6-31G(d) gas-phase frequencies were calculated at the
calculate the potential energy surface for the alkaline hydrolysis B3LYP/6-31+G(d) geometries. These frequencies were also
of a pyramidal amide (complex 1 of Figure 1). This corresponds | se to determine the nature of the stationary points encountered.
to a simplified model of the benzoquinuclidin-2-one studied by 5, reactant, intermediate, and product structures showed real
Blackburn et af. Theoretical calculations have shoW#a high frequencies for all of the modes of vibration, whereas TS1 and
degree of &N bond twist for that compound in its ground state. Ts2 structures showed one imaginary frequency along the
We also studied the alkaline hydrolysis for its planar amide desjred normal mode. The free energy was obtained as a sum
analogue (complex 2 of Figure 1), which is obtained by the of the B3LYP/6-31%#+G(d,p) energy and the zero-point
hydrogenation of one of the €C bonds of the pyramidal  vibrational energy (ZPVE), the vibrational correction to the
complex. The effect of solvent is introduced by the use of ZPVE at 298 K, and the rotational and translational energies at
continuum models. Three different solvent models were em- 298 K. The zero-point vibrational energy and the thermal
ployed: PoissofBoltzmann calculations using the UHBD vibrational energy were calculated in the rigid rettvarmonic
progrant® (PB-U), Poissor-Boltzmann calculations using the  oscillator approximation. The rotational and translational ener-
Jaguar prograf (PB-J), and polarizable continuum method gies were treated classically &RT per degree of freedom.
(PCM) calculations using the Gaussian 98 suite of progidms. The calculations were performed using the Gaussian 98
The methods used are described in section 2, and the resultProgramz

are given in section 3. Section 4 presents a concluding Solvation free energies at the gas-phase B3LYP/6G1
discussion. geometries were estimated by three methods. They are Peisson

Boltzmann calculations using the UHBD progrérfPB-U) with

the B3LYP/6-31G(d) Mulliken charges and the standard van
2. Methodology der Waals radii for the atoms, PoisseBoltzmann calculations
using the Jaguar prograf(PB-J), and polarizable continuum
method (PCM) using the Gaussian 98 suite of progréristh
PB-J and PCM are self-consistent reaction field (SCRF)
methods. In the PoisserBoltzmann calculations made by
Jaguar, the gas-phase wave function is calculated and from that
. . ! the electrostatic potential. Then a set of atomic charges that
deform_at!qns are described by the anglege, andyn foII_owmg fits this electrostatic potential are calculated, and these charges
the definitions of referencé3:2The angler characterizes the .o passed to the Jaguar PoissBoltzmann solver, which then
mean twisting angle around the-®l bond and ranges fronf0  yetermines the reaction field by numerical solution of the
(planar amide group) to 9Qwhen the two planes defined by  pgissor-Boltzmann equations and represents it by a layer of

Ab initio studies of the potential energy surface for the
alkaline hydrolysis of a pyramidal amide (complex 1 of Figure
1) and a planar amide (complex 2 of Figure 1) were made in
the gas phase and in solution. All structures were optimized at
the B3LYP/6-3H-G(d) levels of theory. The out-of-plane

the O—C1—C; and G-N—Cs atoms are perpendiculagjcand  charges at the molecular surface (dielectric continuum bound-
xn are measures of the degree of pyramidalization at the C andary). These “solvent” point charges are returned to the SCF
N, respectively. They range approximately frof(planar sg program, which performs another quantum mechanical wave

atoms) to 60 (tetrahedral spatoms). The combination of  function calculation, which incorporates the solvent charges.
dihedrals used to defineandyc andyn is as follows. Defining  This process is repeated until self-consistency is achieved. In
the four torsion angles); = O;—C;—N—Cs, w2, = Co—C;— the polarizable continuum method (PCRI$EL32 the solute
N—Cs, w3 = C,—C1;—N—Cs, andws4 = O;—C;—N—Cg, we can molecule is embedded in a cavity in a dielectric medium that
write represents the solvent. Solut®olvent interactions are described
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TABLE 1: B3LYP/6-31+G* Geometrical Parameters for the Stationary Points of the PESs of the Hydrolysis of Twisted/
Pyramidal and Planar Amides?

bond distances angles improper dh.
molecule GN C]_O]_ C]_Oz OlH OgH NH T Xc XN N Cl
formamide 1.361 1.219 0.1 0.1 0.1 180.0 180.0
formamide (TS) 1.439 1.203 90.0 0.1 64.8 115.2 179.9
pyramidal
React 1.453 1.209 89.4 0.1 62.4 117.3 179.8
TSy 1.466 1.220 2.667 0.971 3.648 69.5 17.6 61.8 120.1 162.4
INT py 1.554 1.227 1.493 0.972 2.764 53.5 52.7 60.0 119.0 127.3
TS2,y 2.378 1.226 1.400 0.994 1.894 41.5 56.1 66.0 115.9 162.8
PRODy 3.375 1.257 1.270 2.008 1.026 42.4 60.1 70.6 115.9 179.1
planar
React 1.375 1.232 3.1 2.9 11.6 169.5 177.2
TSLehair 1.408 1.243 2.308 0.971 3.199 5.9 249 443 137.2 155.1
INT Lehair 1.516 1.298 1.548 0.971 2.973 3.8 52.2 50.7 130.5 127.4
INT2chair 1.542 1.495 1.310 0.972 2.130 2.982 0.4 70.4 57.8 122.0 128.9
INT3chair 1.570 1.509 1.287 0.973 2.340 3.3 70.5 60.0 120.4 129.1
TSZhair 2.341 1.393 1.228 0.996 1.883 19.4 66.7 55.6 127.4 156.0
PRODair 3.394 1.274 1.255 1.871 1.029 32.6 60.3 29.0 127.8 178.7
TSIboat 1.419 1.248 2.156 0.971 3.170 12.2 29.2 41.9 139.3 150.8
INT poat 1.511 1.292 1.553 0.971 2.985 14.2 52.0 48.0 1329 128.0

aDistances are in angstroms, and angles are in degrees.

by a reaction potential arising from the presence of the dielectric bond, such as the one found in formamide, the amidic group is
medium. The polarization of the solvent is represented by a planar, which corresponds to a “nontwist” situatianig 0°),
charge densityr introduced on the surface S of the cavity and both carbon and nitrogen show plangrtsgbridization (the
surrounding the solute, and the corresponding reaction-field corresponding, angles are 9. In the twisted amide reactant,

potential takes the form we find that the nitrogen is significantly pyramidalized, with a
xn value of 62.4, and that the peptide bond is substantially

_ 5 ofr') twisted, with az angle of 89.4. A similar twist has been
¢ = fS dar (4) reported® for this compound at the HF/6-31G* level of theory.

t
Ir=ri The planarity of the carbonyl group is kept at values similar to
For both PB-J and PCM, the B3LYP/6-3t+G(d,p) level of ~ the ones found in formamide is 0.T°). The values of the
theory was employed. In the case of the PB-J calculations, thebond distances for the peptide bond reflect this twist of the amide
default atomic van der Waals of the Jaguar program were¥sed. bond and the pyramidalization of the nitrogen. The amide~(C
In the case of the PCM calculations with Gaussian 98, the UAHF N) bond length is 1.453 A, almost 0.1 A longer than in
(united atom HartreeFock) parametrizatidi of the polarizable ~ formamide, whereas thei€0; distance is 1.209 A, very close
continuum model was used. All of these solvation calculations to the 1.219 A found in formamide. These distances are slightly
were made at the gas-phase B3LYP/6+&* geometries, and longer than the bond distances reported by Greenberg ¥t al.;
we consider this to be the main limitation of this paper. hamely, they obtained a-€N distance of 1.433 A and a-€0
Preliminary attempts to optimize the transition states in solution distance of 1.183 A. The slight elongation is a consequence of
using PCM models led to problems in the convergence, which the fact that the present calculations include electron correlation,
are associated with discontinuities in the solvation poteftial. which tends to elongate bonds. The significant elongation of
However, according to the agreement between our data andthe C-N bond and the relative small shrinking of the-O
experiments for the differential in barriers between the two bond in the twisted amide follow the trend observed when
reactions (see Discussion section), the lack of geometry rotating the amide bond in formamide and its derivatite4?
optimization does not seem to introduce major errors when This fact, along with the small charge transfer to oxygen with
estimating the rate acceleration of a pyramidal amide with the twist of the amide bond, has motivated a revision of the
respect to that of the planar amide. Probably this is an indication traditional amide resonance modéfi® 42 The apparent con-
that geometry optimization in solution will have a similar effect tradiction with the amide resonance model can be reconciled if
for both reactions, and they tend to cancel when comparing one takes into account the strong polarization of tke3bond

relative energy barriers. and its ionic bond characté?In fact, Glendenning et &f has
determined the role and extent of resonance interactions in
3. Results formamide by using the natural population analifsad natural

3.1. Gas Phase. 3.1.1. Twisted Amide Reactant. Structures,  'éSonance theorff. They found that the NRT representation of
The stationary points for the hydrolysis of the twisted (pyra- pla-nar.amides consists primaril_y of two resonant strugtures,
midal) amide are shown in Figure 2. Structural and energetic Which include strong delocalizations of the f- ¢, type, in
data are given in Tables 1 and 2, respectively. Figure 2 showsadreement with traditional amide model.
that the reaction goes through an intermediate, so that there are Next, we analyze the structures for the TSs, intermediates,
five stationary points: Reggt TSly, INTp, TS2y and and products of the hydroxide attack. In terms of thand y
PROD,y. The pyramidalization of the nitrogen and the twist of angles, there are two aspects of interest. Jhengle shows
the amide bond are measured by the values ofytheand t littte change upon hydroxide attack (i.e., the pyramidalization
angles, respectively. Values obtained for these angles inat the nitrogen is not affected by the hydroxide attack). In
formamide are also included for comparison. In a standard amidecontrast, theyc angle increases from 0.1to close to 60,



Alkaline Hydrolysis of Amide Bonds J. Phys. Chem. A, Vol. 107, No. 13, 2003307

Dihadrel=|l'?.7_9

‘2‘/163 m\ Law
I S/

Dihedral=115.89 %
Dihedral=120.05 144.94

O] I.l

g 9{‘”"

(-10.5)
TS1,y

Dihedral=74.5(C)
11586 (H)

(e
TS2py
2,008

(N :(2] 1210 ]
INTpy &ﬂ/ ﬁ{iwm
& ‘\ Py ’!‘
g 1

(532)
PROD,,

Figure 2. B3LYP/6-314-G(d) structures in the hydrolysis of the twisted/pyramidal amide. Numbers in parentheses corresp@yg t@lues.
Energies are in kcal/mol relative to the energies of the reactants.

TABLE 2: Ab Initio Energies and Free Energies in the Gas Phase and in Solution at B3LYP/6-3+G(d,p) for the Hydrolysis
of Twisted/Pyramidal and Planar Amidest

gas phase solvation free energy solution phase
molecule AE AGgas G Y GEBY GEM AGL AGL AG
OH~ —95.1 —105.5 —109.8
pyramidal amide
React 0.0 0.0 -9.6 -115 -9.8 0.0 0.0 0.0
TSy —20.8 —10.5 —73.6 —78.1 —71.6 20.6 28.4 375
INT gy —36.2 —23.3 —73.7 —73.6 —72.6 7.7 20.1 23.7
TS2,y —21.8 —11.6 —-71.2 —60.5 —57.0 21.9 44.9 51.0
PRODy —65.5 —53.2 —66.8 -71.0 —73.2 —15.3 -7.2 —6.8
planar amide

React 0.0 0.0 -7.4 —10.9 -8.0 0.0 0.0 0.0
TSLehair —16.4 —5.6 —66.8 —76.1 —67.7 30.1 34.7 44.5
INT Lehair —19.7 -7.6 —67.9 -62.3 —69.8 27.0 46.5 40.5
INT2chair —19.2 -6.9 —67.6 —73.4 —79.8 28.0 36.1 31.2
INT 3chair —15.0 -3.1 —69.1 =777 —74.0 30.3 35.6 40.7
TSZhair —-4.7 51 —60.3 —58.1 —57.2 47.3 63.4 65.7
PRODair —40.8 —30.7 —62.6 —66.7 -71.1 9.2 19.0 16.0
TShoat —12.9 -2.3 —67.0 —76.4 —68.3 33.2 37.7 47.2
INT poat —15.5 -4.1 —67.6 —67.0 —71.8 30.8 45.3 41.9

a2 Three approximations were used for the estimation of relative free energies in solution: Pd&sttamann (PB) calculations using B3LYP/
6-314+G* Mulliken charges and the UHBD prograthPoissor-Boltzmann calculations using the Jaguar progfa(@B-J) and the B3LYP/6-
311++G(d,p) electron density, and PCM calculations (PCM) with the B3LYP/6+31G(d,p) method and Gaussian 98 progréafihe corresponding
solvation free energiess() are also shown. All quantitaties are in kcal/mol. Experimental v&tdéfor the solvation free energy of OHange
from —104.0 to—107.5 kcal/mol.

indicative of the loss of planarity at the carbonyl carbon as the both very close to their original values). After hydroxide attack,
nucleophilic attack takes place. The change in C hybridization an intermediate INJy is formed; it is the so-called “tetrahedral
also causes to decrease. intermediate” of the amide hydrolysis reaction. The-O,H

The transition state for the attack of the hydroxide anion distance is 1.493 A, and the amide bond is significantly
(TS1,) is early, with a G—O4(H) distance of 2.67 A relative  elongated (1.554 A) with respect to that of the reactant. The
to the value (1.49 A) in the intermediate. The other geometrical crystal structure of a similar compound (1-aza-2-adamantanone)
parameters are only slightly altered with respect to their values reported by Kirby et al? gives a value of 1.552 A for the amide
in the amide reactant (see Table 1) (e.g., the carbonyl bondbond in the intermediate, in very good agreement with our
distance is 1.220 A, and the amide bond distance is 1.466 A, theoretical estimates. However, they report-a@distance of
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Figure 3. B3LYP/6-31+G(d) structures in the hydrolysis of the planar amide. Numbers in parentheses correspabystealues. Energies are
in kcal/mol relative to the energies of the reactants.

1.382 A, which is between our 1.227 A for€0; and 1.493 bond between the NH proton and one of the carboxylate
A for C;—0,. The apparent discrepancy between the theoretical oxygens. This hydrogen bond slightly enhances the pyramidal-
and crystallographic €0 bond distances is due to the different ization of the nitrogen; the value defined in terms of the-
protonation states of the oxygens in the crystal structure and in Cs—Cs dihedral angle is 1159

our structure. At the pH at which the crystal structure was  Energy Profile. The energies (relative to those of the
determined (0.1 M HCI, i.e., pH around 1), both oxygens are reactants) of the stationary points described above are in Table
protonated rather than only one of them, as in our case. When2 and in Figure 6. All stationary points show a lower energy
the same protonation state is considered, we obtain a value ofthan the reactants, even when entropic and enthalpic corrections
1.389 A at B3LYP/6-3%G*, indicating that our level of theory  are included. The transition state for the hydroxide attackpfS1

is satisfactory for the geometries of these compounds.ythe  has aAGgas of —10.5 kcal/mol. This negativé\Ggys,s for the
angle now is very close to 80namely, 52.7, and it reflects transition state is indicative of the existence of the expected

the expected trend of the transition between ahaspl an sp ion—molecule complex for the approach of the hydroxide to
carbon as the hydroxide attack takes place. The next step ofthe amide. These iermolecule complexes are characteristic
the reaction corresponds to breaking the-® amide bond, of the gas-phase reaction, but they will no longer be stable

which is concerted with proton transfer from the nascent species in aqueous media. To demonstrate this, we have trapped
carboxylic acid group to the departing nitrogen. The transition an ion—molecule complex in the potential energy surfaces. Its
state for this second step is Tp2At the transition state, the  geometry can be found in Figure 4. The {emolecule complex
proton is oriented toward the nitrogen, and their separation is forms a hydrogen bond with an aliphatie-€l bond of the cage.
only 1.894 A. The G—0,(H) bond distance has decreased to Its AGgasis —16.9 kcal/mol. However, after solvation corrections
1.400 A, and the amide €N distance has increased to 2.378 are introduced using the PCM model, its energy is 34.7 kcal/
A. Since the peptide bond is being brokergses its meaning,  mol, indicating that it will not be a stable species in solution.
and they angles are of limited value for describing the planarity ~ The intermediate INJ; formed after the hydroxide attack is
of the C and N atoms. For these structures, it is better to look very stable (i.e.AGgas0f —23.3 kcal/mol). The barrier for the

at the improper dihedrals for these atoms. (See Table 1.) After breaking of the &N bond in this intermediate is 11.7 kcal/
the complete breaking of the amide bond and the transfer of mol, the TS3, transition state having a slightly low&xGgas

the proton to the nitrogen, the product structure PROB than the TS}, transition state. The breaking of the amide bond
obtained. In this structure, the carboxylate is anionic, with a is concerted with a transfer of a proton to the nitrogen from the
C1—N distance of 3.375 A. Carbon has recovered its planarity carboxyl group (Figure 2) and makes the resultant product
according to the value of the,€C;—0;—0, dihedral angle of PROD,y very stable;AGyasis —53.2 kcal/mol. Thus, PRQJ)
179.T. The structure is stabilized by an intramolecular hydrogen is the global minimum along this potential energy surface and
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Figure 4. B3LYP/6-31+G(d) structures for iormolecule complexes
in the gas phase. These complexes are formed from the reactants without 60~ 7]
a barrier. Bold numbers correspond AGg,s and AGES™ (in paren- i Boat Solvent ]

theses) values. Energies are in kcal/mol relative to the energies of the
reactants. In solution, these complexes are not stable.
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Figure 5. Formamide, ground-state geometry (A), and transition-state Figure 6. Diagram showing the relative energies (kcal/mol) with
geometry corresponding to the rotation along theNCbond with the respect to the reactants for the hydrolysis of the twisted/pyramidal amide

loss of the R — o resonance. Notice the planar N conformation in  (top diagram) and for the hydrolysis of the planar amide (bottom
A and the pyramidal conformation in B. On the left is the HOMO-3 diagram). Both the gas-phase profile and the solvated profile are shown

orbital, indicating ther resonance alongNC—O linkage for the planar ~ (estimated using the PCM results of Table 2). In the planar case, two
case. possible conformations for the hydroxide attack were considered for

the first step of the reaction: boat and chair conformations. Both are

has a lower energy than INJT This is a consequence of the included in the diagram. See the text for further explanations.

fact that the @ oxygen in INT,, can form only a single bond . . . .
with C, because this carbon is already involved in three other @Nd INTZna) intermediates and one boat intermediate (T

bonds (G—0, Ci—C,, and G—N). However, in PROR, the that are stable (local minima)_species. We also characterized a
C,—N bond is broken, and Cforms a double bond with CIn transition state for the breaking of the-€N bond, TSZhai,
addition, since the proton at.Chas been transferred to the ~and the final product of the reaction, PRGR. Boat structures
nitrogen, there is considerable resonance stabilization ofthe Peyond INTeawere not considered because of the higher energy
electrons in thero,—c—o, delocalized orbital. of these structures as compared with that of the chair conformers.
3.1.2. Planar Amide Reactant. StructuresThe B3LYP/6- The flexibility of the monocyclic lactam ring will presumably
31+G* optimized structures for the reaction are shown in Figure Makes possible other intermediates of similar energy to the ones
3. As can be seen, the potential energy surface for the planarwe have shown. Besides, transition states interconnecting
amide reaction is more complicated than for the constrained intermediates were not determined. This is justified in the
pyramidal amide. This is due to the greater flexibility of the context of the present paper because our main focus is to
monocyclic lactam ring compared with that of the more rigid compare the energetics of the transition states corresponding
bicyclic lactam structure. There are two possible initial transition to the formation of the tetrahedral intermediate (TS1) and the
states, TSqair and TShoae These lead, respectively, to chair breakdown of the €N bond (TS2) for the hydrolysis of a
and boat intermediates. There are three chair (INFEINT 2chain twisted amide and its planar counterpart. The difference in the
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barriers for these two TSs determines the relative reaction ratessection below.) However, the boat conformer could be converted
for the two reactions. to the chair conformer by an inversion at the nitrogen, which is
The planar amide reactant is a six-membered lactam ring. not studied in the present work. The transition state, ;{52
The value ofr, 3.1°, indicates that there is almost no twist in  for the breaking of the C-N amide bond is concerted with
the peptide bond, and the low value f, 11.6, describes a ~ O-to-N proton transfer. The T&i transition state connects
nearly planar nitrogen atom. Thus, the #r 77, resonance is ~ the INT&hair intermediate with the PROJ structure. The
presumably very similar to the one in formamide, which makes C1—N and N-H distances are very similar to those found for
this compound a good model system for comparison with the TSZy. (See Table 1.) PROjaiiris formed by breaking the £N
hydrolysis of the pyramidal amide. The deviation from planarity Pond. An intramolecular hydrogen bond is formed between the
in yn arises from a tendency toward a chair conformation to H(N) and the carboxyl group, and the geometrical parameters
avoid eclipsing the methylene hydrogens; it contributes to a @ré again similar to the pyramidal case. The shorter KXN)
partial loss of the § — 7%, resonance. On the basis of the nydrogen bond distance (1.871 A) is possible because of the
values of the amide bond distances, we expect this loss to pegreater flexibility of this structure, as compared with that of
small since the amide bond distance is only 0.014 A larger than the PRODy product.
the one in formamide. As the reaction proceeds and the Energy Profile. The values 0AGgasfor all of the stationary
intermediate is formed, the value gf increases to 60 similar points on the unconstrained amide are larger than the corre-
to what was calculated in the hydrolysis of the twisted amide. sponding values for the hydrolysis of the pyramidal amide. (See
Contrary to the twisted amide cag,changes substantially as ~ Table 2.) This is due to the energy required for pyramidalization

the hydroxide approaches (i.e., the nitrogen goes from being of the nitrogen along the reaction path of the planar system, in
almost planar in the reactant to being pyramidal in the contrast to the constrained amide that is already destabilized

intermediates). Consequentyy, increases from a value of 12.6
in the reactant to a value of 50° in the intermediates.

The two transition states for the attack of the hydroxide ion
on the carbonyl carbon, T&hr and TShes differ as to the
side of the ring on which the attack takes place. dhginvolves

by the pyramidalization of its nitrogen. This point is considered
in more detail in the Discussion section. The reaction is
qualitatively similar to that of the pyramidal case in that+on
molecule complexes form as the first step of the reaction in the
gas phase and the transition states for the hydroxide attack and

the attack of the OH on the side of the €methyl group, and formation of the tetr.ahedrallintermediates are lower in energy
TSIoa cOrresponds to the attack on the opposite side. (Seethan the reactants (i.eAGgasis —2.3 keal/mol for TSiearand
Figure 3.) The large repulsion between the nitrogen lone pair ~2-6 for TSkhai. As in the pyramidal case, we have character-
and the incoming hydroxide anion leads to an accentuation of iZ€d one of the possible iermolecule complexes (Figure 4),
the chair conformation of the ring in the former and to the boat Which showed aAGgas of —14.3 kcal/mol. After solvent
conformation in the latter. In the constrained system (see Figurecorrections are included, th&Gy™ is 31.5 kcal/mol; there-
2), only the boat conformation is possible. Interestingly, the C ~ fore, this kind of stationary point in the gas phase is not going
O,(H) distance in TS is significantly longer (2.308 A) than 0 be relevant to the reaction in solution, and we focus on the
in TSyoat (2.156 A). In both TSs, the nitrogen has attained a rest of the stationary points throughout the paper.
significant degree of pyramidalization according to bothjthe The four intermediate structures have free energies between
angle and the improper dihedral. Thyg,has been augmented —7.6 and—3.1 kcal/mol, substantially larger than the22.3
from 11.6 in the reactant to 44°3in TSlnar and 41.9 in kcal/mol value obtained for the intermediate, y,Tof the
TSpoat (i-€., yn has been augmented by -383°). If pyrami- pyramidal system. The differences in energy among the four
dalization is measured according to the decrease in the C intermediates are related to two factors: the chbwat
N—Cs—Cs pseudodihedral angle (from 18for planar nitrogen conformation and the orientation of the carboxylic proton. From
to 120 for pyramidal nitrogen), then a similar change of 39 the relative energies for INTdair and INTpoa We estimate a
observed. Therefore, a substantial decrease in the-nrg, value of 4.0 kcal/mol for the boat versus chair stabilization. By
resonance in these structures is expected. (See section 4.) comparing INT2hair and INT3nai, We see that there is also a
A boat intermediate, INJ and three chair structures, 4-0 kcal/mol energy penalty for a.c.han.ge in.the.orientation of
INT Lenair, INT2chain @and INT3nai, are shown in Figure 3. All the carboxylic proton from a position in which |t_is oriented
of the vibrational frequencies characterized for these stationary toward one of the lone pairs of the other carboxylic (IN%2
points were real (i.e., positive force constants), demonstrating ©XYgen to one where it is oriented toward the lone pair of the
that they are stable minima of the potential energy surface. ThereNitrogen (INT3hai). However, it is only from the latter (less
is considerable pyramidalization of the nitrogen in all of the _stable) structure that the proton can be transferred to the nitrogen
intermediates (see Table 1), evidenced by betland the G— N TSZhair
N—Cs—C;s pseudodihedral angle. Thg-€N amide bond length The transition state for the breaking of the-@N amide bond
in the intermediates varies significantly depending on the is 5.1 kcal/mol with respect to the reactants, and it is the
orientation of the proton of the COH group. For the three  stationary point of highest energy on the potential energy
chair conformations, the shortest-€N bond length is obtained ~ surface. The barrier with respect to INchg: is 8.0 kcal/mol,
for INT1enair (1.516 A), the structure with the proton on the almost 4.0 kcal/mol lower than in the pyramidal case. This is
oxygen furthest from nitrogen. When the proton is transferred attributable to the 4.0 kcal/mol destabilization of IN{z in
to the other oxygen of the carboxyl group (IN2), the G—N orienting the proton toward the nitrogen (see above).
distance is elongated to 1.542 A, and when the proton is oriented  The product structure PRQR is formed by breaking the
toward the nitrogen in INT@ai, the distance is 1.570 A. C1—N bond. It is the most stable structure on the potential
For the second step of the reaction, which involves the energy surface, namely;30.7 kcal/mol relative to the reactants.
breaking of the amide €N bond, we have analyzed only the However, this relative stability is significantly less than that
chair pathway. The reaction from boat conformers is expected for the product PROR) (—=52.7 kcal/mol). As we discuss in
to lead to a higher-energy transition state since boat conformerssection 4, this difference is due to the destabilization of the
were higher in energy for TS1 and INT1. (See the Energy Profile pyramidal amide reactant by the loss af 7 ¢, resonance.
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3.2. Hydrolysis in Solution. Solvation free energies and the have values oGy larger than those obtained in the reaction
relative free energies in solution for each of the compounds are of the pyramidal amide. Again, the solvation corrections differ
shown in Table 2. The gas-phase and solution reaction free-significantly depending on the method, but this general behavior
energy profiles are presented in Figure 6. is independent of the method. For example, in the lowest-energy

The three methods used to evaluate the solvent free energieghair pathway, the barrier for hydroxide attack is 6.3/7.0 kcal/
(Poissor-Boltzmann with UHBD (PB-U), PoissenBoltzmann mol (PB-J/PCM) higher than in the hydrolysis of the pyramidal
with Jaguar (PB-J) and PCM) give qualitatively similar solvent amide. If we make the comparison with the boat pathway, then
effects for the reaction. Solvation favors the separate reactantghis difference increases to 9.3/9.7 kcal/mol. These differential
over the transition states and intermediates so that the solveniarriers between the hydrolysis of the pyramidal and planar
increases the barrier to hydrolysis. This corresponds to whatamides are about 4.0 kcal/mol larger than in the gas phase. Thus,
has been reported by Weiner ethfor the alkaline hydrolysis solvent favors the hydroxide attack on the pyramidal amide with
of formamide. The better solvation of the hydroxide anion respect to the planar amide by a nonnegligible factor.
relative to that of the transition state and intermediates, where The two transition states for the hydroxide approach (f51
the negative charge is delocalized over the entire molecule, isand TS}os) have similar solvation free energies76.1/~-67.7
the origin of the enhanced barrier. This result is similar to what and—76.4/-68.3 kcal/mol (PB-J/PCM), respectively. They are
has been found in other iermolecule reaction® somewhat smaller in absolute value than the solvation free

However, there are quantitative differences among the three€nergy of TS}, (~78.6/-71.6 kcal/mol at PB-J/PCM). How-
methods for some of the structures. For instance, the solvation€Ver, the solvation free energies calculated with PB-J are 8.0
free energy of the hydroxide anion4s109.8 kcal/mol at PCM, 9.0 kcal/mol larger in absolute value than those calculated with
—105.5 kcal/mol at PB-J, ane95.1 kcal/mol at PB-U. The  PCM. In contrast to TSharand TSkoa the intermediates show
experimental solvation free energy of the hydroxy anion range & wide range of solvation free energies. Except for INZi3
from —104.0 to—107.5 kcal/moF®47Thus, both PB-J and PCM  the PB-J solvation free energies are smaller in absolute value
fit the proposed experimental values for Qkvhereas the value ~ than the PCM ones. PB-J and PCM agree in having i1

at PB-U is too small. Thus, we consider mainly the PCM and as the intermediate with the lowest solvation free energy.
PB-J results in what follows. However, the largest solvation free energy in absolute value is

3.2.1. Pyramidal Amide Reactant.In contrast to the gas-  2Ptaineéd for INT3q with PB-J and for INTZha;r with PCM.

phase potential energy surfaces, almost all of the relative free | '€ Smallest solvation free energy in absolute value is found
energies with respect to the reactants are positive, as can bd®! T SZhair With both PB-J and PCM levels.
seen from the solution-phase free energiﬁ@if“”) in Table The planar intermediates sh_ow pOS_'F".‘Z@aq at PB-J and
2; the sole exception is the product free energy, which is still PCM levels of theory. T_he r_elatlve stabilities change somewhat
negative, though much less so than in the gas phase. The Iargeé@’hen the solvent contributions are added. For PB-J,
differences in solvation free energies between PB-J and PCM
occur for TS}, —78.1 kcal/mol for the former and71.6 kcall ~ INT3¢na;r (35.6)~ INT2¢5,(36.1) >
mol for the latter. As a consequence, the barrier obtained with INT,,4:(45.3)> INT1,,;, (46.5)
PB-J for the first step of the reaction (hydroxide addition) is
lower than the one obtained with PCM, namely, 28.4 kcal/mol
versus 37.5 kcal/mol, respectively. This difference arises mainly
from the solvation free energy of OH(see above). The
agreement between PB-J and PCM solvation free energies is”\rrz‘:hf""(31'2)> INTLehai (40.5)>
better for other stationary points, especially for the JNT INT3 i (40.7) > INT 0, (41.9)
structure. The intermediate is at 20.1/23.7 kcal/mol (PB-J/PCM)
with respect to the reactants. Both PB-J and PCM give the where the numbers in parentheses correspond ta\@g for
lowest solvation free energy for the Tg3tructure,—60.5 kcal/ each of the isomers in kcal/mol.
mol (PB-J) and-57.0 kcal/mol (PCM). Because of this, T2 Both PB-J and PCM solvent contributions stabilize the
is the stationary point with highe®tG.> > and AGL.", 44.9 INT2char intermediate with respect to the other intermedi-
and 51.0 kcal/mol, respectively. Finally, the exothermicity of ates. However, the solvent stabilization of INf:3 observed
the reaction is maintained with solvation but to a much lower with PB-J is less clear since the same is not obtained with PCM.
degree than in the gas phase. The reaction is now slightly By contrast, there is destabilization of the INJ4: struc-
exothermic by—7.2 kcal/mol at PB-J and-6.8 kcal/mol at ture. This is the most stable intermediate in the gas phase,
PCM. but it is the least stable at PB-J (46.5 kcal/mol) and is 9.3 kcal/
Although the solvation free energies vary significantly, the mol larger in energy than INTR,at PCM. TheAGL; ’ value
barrier for hydroxide attackAGa{TS1y,] — AGadReact]) is for INTLenair is 12.0 kcal/mol larger that the\GL; > of
larger than the barrier for the-€N bond breakingAGad TS2] TSLnair This indicates that the solvent could significantly distort
— AGydINTy]) for all three methods, as shown in Table 2. the transition state in solution to geometries closer to IN1
The importance of this in the overall reaction is discussed in by reducing the ¢-O,(H) bond length.
section 4.4. The AGgq for TSZnair is similar to the values of PB-J (63.4
3.2.2. Planar Amide Reactant.As in the case of the  kcal/mol) and PCM (65.7 kcal/mol). The barrier for the breaking
pyramidal reactant, the planar-system solvation correction leadsof the amide bond, calculated with respect to INEB is 27.8/
to more positive relative free energies. In fact, all species, 25.0 kcal/mol (PB-J/PCM), which is substantially larger than
including the product, are less stable than the reactants. Thethe 8.0 kcal/mol gas-phase barrier. The cause of this barrier
difference between the pyramidal and planar reactant speciesenhancement is mainly the small solvation free energy for
originates in the gas-phase free energies rather than in thestructure TSg relative to that of the intermediate. The barrier
solvation free energies, which are similar. After adding the is only 3.0 kcal/mol lower than the barrier of the pyramidal
solvation free energies Ggyas(see Table 2), all of the species  complex. PRORhairis significantly destabilized by the solvent,

whereas for PCM

chair
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TABLE 3: Comparing AG between the Hydrolysis of
Pyramidal and Planar Amides?

molecule gas phase solution phase
planar  pyramidal AAGgs AAGL,  AAGLT” AAGLY
TS Lehair TSy 4.9 9.5 6.3 7.0
TSloa TSy 8.2 12.6 9.3 9.7
INT chair INT oy 15.8 19.4 26.5 16.8
INT poat INT gy 19.2 23.1 25.2 18.2
TS2%nar  TS2y 16.7 25.4 185 14.7
PRODwair PRODy 225 24.5 26.2 22.8

a AAG values defined aAGpjanar — AGpyramidalin the gas phase and
in aqueous solvent using PBU, PB-J, and PCM methods. (See Methods
section.) All quantitaties are in kcal/mol.

TABLE 4: Barrier Relaxation for TS2 (in kcal/mol) Due to
the Inclusion of an Explicit Water Molecule in the
Calculations (Water-Assisted Mechanisn

INT(OH2) 152(0H2) .
] ] » ) no water-assisted water-assisted AAE
Figure 7. Intermediate and TS2 transition-state structures in the gas phase 13.0 74 57
i i i B3LYP . : : ;
hydrolysis of formamide characterized at the B3 /6F3G(d,p) <olution 328 175 153

level of theory.
a Results were obtained at the B3LYP/643£G(d,p) level of theory

PR ; for the hydrolysis of formamide. Barriers were calculated as the energy
gréd Jt/r;)ecrl\jalzt\llZTSszntzvgo?yndmhermlc by 19.0/16.0 keal/mol at difference between TS2 and the intermediate INT (water-assisted) and

. between TSg4, and INTow, (water-assisted). Solvation contributions
3.3. Water-Assisted Breakdown of the Tetrahedral Inter- were estimated by single-point B3LYP/6-8+G(d,p) energy evalu-

mediate. The breakdown of the tetrahedral intermediate NT  ations at the gas-phase geometries.
and INT3yar in Figures 2 and 3, respectively) involves the
transition states of largest energy with respect to the reactantsates are shown in Table 4 (with solvation corrections). Solvent
as shown in Figure 6. Both Tg2and TSZhar Structures contributions were introduced by single-point calculations at
correspond to the cleavage of the-N bond concerted with a  the B3LYP(PCM)/6-3%++G(d,p) level of theory. To asses
proton transfer from the carboxylic acid to nitrogen. The whether the TS2 transitions states were the stationary points
transition states resemble a four-membered ring in which all connecting the intermediates and products, the intrinsic reaction
the bonds that are breaking and forming are part of the ring. In coordinaté®® was followed as it departed from the two
the case of formamide, it has been repoftéel*®that an explicit transition states. For each of the geometries along the IRC paths,
water molecule from the solvent can assist in this proton transfer. we calculated the solvation free energy at the HF(PCM)/6-31G*
This water molecule acts as a proton bridge between one of thelevel of theory to simplify the calculation. The results are shown
carboxylic oxygens and nitrogen, receiving the proton of the in Figure 8.
oxygen and donating, in turn, one of its protons to nitrogen.  The barrier for the non-water-assisted mechanism is 13.0 kcal/
The resultant transition state has a six-membered ring structuremol in the gas phase and 32.8 kcal/mol in solution. This is
(see Figure 7). Explicit water molecules have also been found consistent with the trends we have observed for the hydrolysis
to have a substantial effect on the one-step concerted mechanisnof our pyramidal and planar amides, where the calculated barrier
of the hydrolysis of neutral formamide. Antonczak et*bund of TS2 with respect to that of INT is 14.4 kcal/mol in the gas
that the hydrogen bond interaction between a water dimer andphase and 30.0 kcal/mol in solution for the hydrolysis of the
formamide led to substantial pyramidalization of the nitrogen pyramidal amide and 10.3 kcal/mol in the gas phase and 27.1
in the reagents because of the high proton-donor character ofkcal/mol in solution in the case of the hydrolysis of the planar
the dimer due to cooperative effects. The resultant hydrolysis amide: The PCM values of Table 2 were used, and the entropic
was found to be activated with respect to the nonassisted contributions were removed so that the energies are comparable
mechanism, although it was difficult to isolate the effect of the to those for formamide. The introduction of an explicit solvent
pyramidalization and the effect of a favorable proton donation water for the hydrolysis of formamide (T&g,) lowers these
since the nucleophilic attack, the proton transfer, and amide bondbarriers by a significant amount, as one can see from the IRC
cleavage were concerted in the mechanism. profiles of Figure 8 and the results of Table 4. The barriers are
To investigate the effect that a specific water-assisted protonnow 7.4 and 17.5 kcal/mol in the gas phase and in solution,
transfer would have on the energetics of the species contributingrespectively. This implies a relaxation of the barriaAE in
to the reaction, we performed quantum mechanical calculations Table 4) of 5.7 kcal/mol in the gas phase and 15.3 kcal/mol in
on the hydrolysis of formamide at a similar level of theory to solution. Thus, proton transfer in the second step of the reaction
the one used for the other species in this paper. In the earlieris very sensitive to the influence of specific waters from the
work of Bakowies et al*® the MP2/6-3%G* level of theory solvent, and it is likely that a bridging water molecule catalyzes
was employed, and they found structures similar to the onesthe reaction by the facilitation of proton transfer. If this effect
we report in this section. The intermediate in the hydrolysis of is included in the evaluation of the barriers for the second step
formamide and the transition state (TS2) for the breakdown of of the reaction for the hydrolysis of the pyramidal and planar
this intermediate were characterized at the B3LYP/6~3G- amides, then TS1 and TS2 would have more similar energies.
(d,p) level of theory. The analogue stationary points for the Thus, in the case of the pyramidal amide, Jhowed a free-
water-assisted mechanism were also determined. The geometriesnergy barrier of 37.5 kcal/mol with respect to the reactant
for these structures (INF2 and TS2o) are depicted in Figure  versus 51.0 kcal/mol for TS In the case of the planar amide,
7. The energy and effective energy barriers with solvation the differences were larger, 44.5 kcal/mol (TQJ) versus 65.7
corrections of the transition states with respect to the intermedi- kcal/mol (TSZ2nai). After including theAAE corrections of Table
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0 TS2 Barrier Relaxation due to one assisting water: and pyramidal potential energy surfaces (e.g. AR for TS1
T o r T T T is equal toAGoh., — AGIoL i)
F S. " . i . - .
GAS-PHASE e — No Water-Assisted 4.1. Electronic Origin of Transition-State Stabilization.
10+ — - Water-Assisted

The values oAAG are positive for all of the stationary points
both in the gas phase and in solution with the continuum
approximation (i.e., the hydrolysis of the twisted amide involves
smaller barriers than the hydrolysis of the planar amide).
Importantly, the values foAAG found in solution are similar

to the ones in the gas phase. This demonstrates that the faster
hydrolysis of pyramidal amides results primarily from dif-
ferential electronic effects present in the gas phase. Among them,
the most relevant one, according to Glendening ef?as the
absence of the\n— ¢, stabilizing resonance in the twisted

AAE = 6.4 kcal/mol

Relative Energy wrt Reactants (kcal/mol)

. amide with a pyramidal conformation of the nitrogen.
o ] To illustrate this effect, we consider the simplest amide,
“0Z 16 18 2 22 24 26 28 formamide (Figure 5). The ground state of formamide has a
C-N planar nitrogen (Figure 5A) corresponding to the partial double
bond between N and C. Rotation around theNCbond leads
Vp——7— 7T T 77 7 to a transition state (Figure 5B) in which the nitrogen now has

Ty a pyramidal conformation and where the resonance between the
== Water-Assisted ny lone pair and theri_, orbital has been broken. As a

consequence, longer-N bond distances and shorte—O
distances are observed in the TS. These changes in bond lengths
with the rotation of the &N bond have been extensively
analyzed by Wiberg et &4 The fact that the €0 bond
length changes by an order of magnitude less than thél C
bond elongates has [Ed%“2 to a revision of the amide
resonance model. However, a recent natural population analysis
by Glendening et &2 has confirmed the important role of;n

— o resonance in characterizing the ground-state electron
density of planar formamide; they find natural resonant struc-
- . tures that are in agreement with the traditional + 7¢,

7 MU RN N IR E U R SR B resonance model. Therefore, our analysis is based on this type
14 1.6 1.8 2 22 24 2.6 28 of model

oN The rotation around the-€N bond in formamide shows an

Figure 8. Reaction profiles for the breakdown of the intermediate in . )
the hydrolysis of formamide. The IREX pathways for the non-water- energy barrier of 20 kcal/mol at the B3LYP/6-32+G(d,p)

assisted mechanism-§ and the water-assisted mechanism-) are level of theory. The barrier is not affected by solvent effects
shown in the gas phase (top diagram) and in solution (bottom diagram). (i-e., when PCM contributions are included, a value of 20.6 kcal/
The pathway is shown as a function of the € bond distances obtained  mol is obtained). This value for the rotational barrier provided
along the IRC and seems to suggest a sharp decrease in energy aroung measure of the stabilization energy of thg # ﬂéo

a C-N value of 2.45 A. The actual change in energy as a function of | osonance since the transition-state structure of formamide is
the IRC coordinate (combination of various degrees of freedom) is much

smoother; therefore, the sharp decrease is a direct consequence of ey Similgr to the conformatign gdopted by the amiﬁ_'e bonq in
projecting the energy into one internal coordinate. the pyramidal reactant. This is nicely shown by an inspection
of the values of andy at the TS and the twisted amide reactant.

4, the energies for TS2 are reduced to 35.7 kcal/mol g)S2  (See Table 1.) The similarity of the value of these angles and
and 50.4 kcal/mol (TSRa). It is important to note, however,  the improper dihedrals also leads to the result that the amide
that for the main purpose of this paper (i.e., characterization of bond and GO bond distances do not change significantly.

the difference in barriers between the hydrolysis of a twisted We can also estimate the destabilization of the pyramidal
amide and a planar amide) this effect is going to have only a reactant arising from the loss of the r~ x5, resonance by

minor influence since it would affect both reactions to a similar reducing the pyramidal and planar species to their formamide

20—

AAE = 12.2 keal/mol

Relative Energy wrt Reactants (kcal/mol)

extent. “equivalents”. First, we take the conformation of the,(Cg)—
N—C;—(0:—C,) atoms in the pyramidal amide reactant (see
4. Discussion Figure 2), substitute £ Cs, and G atoms with H, and relax

the geometries with the constraint that the angles and dihedrals
In this section, we compare the differences in free energy be kept the same as in the reactant. We do the same for the
between the hydrolysis of the twisted pyramidal and planar planar amide reactant (Figure 3), and we calculate the difference
amides, and we relate the difference in free energy betweenin energy between the two formamide structures. The result is
the two reactions to electronic factors affecting the stability of 20.1 kcal/mol, a value very similar to the rotational barrier of
the amide reactants (section 4.1). Then, we compare ourformamide. These numbers also are very similar to the 23.0
estimates with the experimental evidehot the acceleration kcal/mol resonance energy loss reported by Greenberg'ét al.
of the hydrolysis of the pyramidal amides (section 4.2). To on the basis of differences in heats of formation for isodesmic
facilitate the discussion, we show in Table 3 the difference in processes in which amide is compared with its model amine
AG (AAG) between analogue stationary points of the planar and ketone components.
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We now take the conformation of the {s)—N—C;—(Oy, the use of our solvation model in which explicit waters that
O,H) skeleton of INT,y and INTLnarintermediates (see Figures could assist in the proton transfer of the second step of the
2 and 3), substitute £ Cs, and G atoms with H, relax the reaction are not included. To estimate this effect, we studied
geometries with frozen angles and dihedrals, and calculate thethe simpler but closely related problem of the hydrolysis of
difference in energy between the two structures. The resulting formamide. This has been used as a model for peptide hydrolysis
difference in energy is only 0.6 kcal/mol, suggesting that there in several other studig$:448In the case of formamide, the
is no differential stability arising from theyn— 7. resonance inclusion of an explicit water molecule results in a 15.3 kcal/
when the intermediates are formed and:kg bond is broken. mol reduction in the barrier. Using this for the pyramidal amide,

If we consider the boat attack in the planar amide, which the barrier for TSg, is estimated to be 35.7 kcal/mol (i.e.,
takes place on the face corresponding to the attack in the AGrsz, — 15.3), a slightly lower barrier than Tg] which is
pyramidal amide, and look at th®AG values of Table 3, then 375 kcal/mol. In the case of the hydrolysis of the planar amide,
we see that thdAG values in the gas phase are 8.2 and 19.2 the corrected barrier for TSAGrsachair — 15.3) is 50.4 keal/
kcal/mol for TS1 and the intermediate, respectively. This value Mol, which is still higher than TSair (44.5 kcal/mol) but by
of 19.2 kcal/mol is very close to the estimate of the stabilizing ©nly 6.0 kcal/mol. Additional explicit water molecules will
energy from the g — 7%, resonance discussed above. Thus, probably decrease this number more, although the effect of a

the results are coherent with the conclusion that the pyramidal Sécond water molecule is expected to be smaller than for the
amide reactant is destabilized relative to the planar amide b first addition. These results indicate that TS1 and TS2 have

about 20.0 kcal/mol, and there is no resonance stabilization in SIMilar activation free energies, in agreement with the measured
either intermediate. In the TS1 transition state, a valuAG kinetic isotope effects. Applying the corresponding argument

of 8.2 kcallmol is obtained. This suggests that around 40% of t© the hydrolysis of the pyramidal amide that we have studied
the ny — 7" resonance has been lost in TS suggests that TS1 is the rate-limiting transition state for that
Cco

. . reaction.
Since the chair attack leads to lowAAG values than the . . I
boat attack, a reaction that passes through the chair conformationexlfetrri]r‘;e};]}g}go;“éte sit(t)i?(lj( blz (t:t;(ren r";tree'(;':/nv:xg G‘C’thlp;i;zmethe
of the ring would be expected for the planar amide. The ehair P P '

boat stabilization is around 4.0 kcal/mol for the intermediate a_gre_e_ment with th_e k|_net|c data of BIacka_Jrn‘nproves
and 3.3 kcal/mol for TS1. The value &AG is 4.9 kcal/mol significantly, e?glec'a"y if one compares fwith TSlox

for TSlhair and 15.8 kcal/mol for the INT4air intermediate. for W.h'Ch AAGT! would have a value of 9.3/9.7 kcal/mol in
For TS2, a value oAAG very similar to the one found for the solution and 8.2 kcal/mol in the gas phase. In summary, on the

intermediate, 16.7 kcal/mol. is obtained, and &G of the basis of kinetic isotope effects and the stabilizing effect of

product is augmented to 22.5 kcal/mol. These numbers can beexpllcr[ water from our calculations for formamide, we believe

understood from the fact that tleAG values for the intermedi- Lh%trZF isar:)? ;SZIavxgrh:r\Tlf dz”g'rl%r tehna(irg'i'lgi in "ilh?):ﬁ(; ?;:Qe
ates, TS2, and the product should reflect the 20.0 kcal/mol yarolysi P ! wi )

destabilization of the pyramidal amide reactant and, in addition, !['m\'/t”:g stepJor tPe kgdrr]?lzs';vc’f t:?rfw'fr:edrar&ggg?'sr:gads
the 4.0 kcal/mol stabilization of the chair relative to the boat o V€'Y 990¢ agreement belween the meore a

X , = 5
conformation of the ring. the experimental estimates f&rAG™ by Blackburn?

4.2, Comparison with Experiment. Earlv kinetic work The results of our calculation support and explain experi-
- P pert ' y mental data that indicate that a torsional distortion of an amide
suggested that a rate acceleration by a factor éfcbild be

: . ..~ . provides an effective means to accelerate the hydrolysis of the
expgcted f“’.m the twist of the peptld_e bond a_n_d pyram|§jal|zat|on amide bond. However, the calculated barriers for the hydrolysis
of nitrogen in amides under alkaline conditions. This corre-

sponds to a barrier lowering of about 10.0 kcal/mol. Recent of the pyramidal amide are still higher than the fast acid-
work by Kirby et al®1°demonstrates even faster hydrolysis of catalyzed hydrolysis of 1-aza-2-adamantanone observed by

: 910 ) L
highly twisted amides, though the conditions (i.e., pH) are Kirby et al®1% would suggest. Our calculations indicate that

different in the two sets of experiments. The observed rate such a high rate of acceleration is uniikely to be a direct
Co f eXp ’ consequence of the breaking of resonance (i.e., the theoretical
acceleration in experiments is that of the overall rate of the

: . . . level captures the main electronic effects governing this type
reaction, mclusn_/e . hyo!romde attack_ and the breakd_own of of acceleration). Another possibility is that the reaction of the
the tetrahedral intermediate. Depending on the relative free

. -~ twisted amide could involve an intrinsically different pathway.
energies of TS1 and TS2, the relevant data to compare with . . i . i
the experimentabAG* is AAGTS! (whenAGTS! > AGTS? or For instance, twisted and planar amides have very different gas

AAGTS2 (if AGTS? > AGTSY. As depicted in Table 3AAGTS! phase proton affinities, with a preference for N protonation for

. ) twisted amides and O protonation for planar amitfe$his
IS 6'3/7'0 k_cal/mol (at PB-J/PCM) when we consider gl could lead to a different protonation state of the amide reactant
This value increases to 9.3/9.7 kcal/mol if we comparept sl

with TS1,,, structures that show an equivalent conformation of when acidic media are involved. In fact, Brown et al. has
Loy, S . . 4 estimated that thely, for distorted amides has values between
the lactam ring. The differential barrier for the second step of

8 . o
the reactionAAG'?2 is larger, 18.5/14.7 kcal/mol at PB-J/PCM 3.5 and 3.8 showing that as the distortion decreases g

levels of theory. On the basis of the data presented in Table 2 go toward the values of normal amides. In such a case, the

- : .~ “"barriers would be reduced not only by the effect of the loss of
TS2is higher than TS1 for the hydrolysis of the planar amide thez resonance but also by N protonation of the twisted amide,

chtgﬁaﬂce)rq%ugjlgxgekg;?rzglﬂ;? E;?r?gr'rne}gi;;sr?nsgsvijgfm%hich is energetically unfavored for planar amides. Further
’ : : ' calculations would be useful in determining the transition states

we need to §on5|der .othe.r aspects. . of these other reaction pathways.
An analysis of multiple isotope effeé{s?of the hydrolysis

of formamide suggests that the breakdown of the anionic :

) X . 5. Conclusions

intermediate to the reactants or to the products involves TSs of

similar energies. The discrepancy between this and our calcu- In this paper, we have studied how the rate acceleration
lated relative energies of TS1 versus TS2 is a consequence ofbserved in the hydrolysis of twisted amides is related to the
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loss of thexr resonance. To do so, we have characterized several (17) Greenberg, A.; Venanzi, C. 8. Am. Chem. S02993 115 6951

intermediates, the key transition states, and products of the®957- _ _ .

alkaline hydrolysis of a two closely related amides, one of which 19&8)11%%%2%?%6@ Moore, D. T.; DuBois, T. D. Am. Chem. Soc.

has a twisted amide bond and pyramidalized nitrogen in the (19) Davis, M. E.; Madura, J. D.; Luty, B. A.; McCammon, J. A.

reactant; the other has a normal planar amide bond. On the basi€omput. Phys. Commufi991, 62, 187-197.

of the difference in the barriers for the pyramidal and planar g(l)g f:a_gu;c:r, '3'-5Je‘¥ Sﬁhr%d'weg'ﬂlc-? P|o|r_t|laé1d,SOR, 1_99% £ - Robh
e : rnscn, M. J.; Trucks, G. W.; Schlegel, A. B.; Scuseria, G. E.; RODD,

systems of. the two traq3|t|on states for the reactions (TSl, M. A.. Cheeseman. J. R.. Zakizewski, V. G.. Montgomery, J. A., Jr.

corresponding to hydroxide attack, and TS2, corresponding to stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M. Daniels, A.

the breakdown of the intermediate), we conclude thaG™ D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,

values of 15.6-19.0 and 7.6-9.0 kcal/mol can be expected if g'c;ht%?srlr(]imj'- Este'\r"sig’r‘]”éc"A'?xyzng”'\'( %LiAg‘%”,\‘/%ro%mg'f{?f‘,‘\haﬁgk

TS2 ar}d TS1 are t'he 'rat'e-llmltlng steps of the reaction, p k. Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;

respectively. From kinetic isotope effect measurements and Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,

model studies of the effect of explicit solvent molecules on the 'F-);S;”(‘:PQYFFSN E'ria“y’fiﬂg}aRAL-'b@%xz’a%zjé'-(‘é'ﬁé{uléoﬂﬁeahﬁm&;?ﬂ' Fé-iM

mechanism of the anglogous formamlde hydroly5|s, we conclu.dewl; Johnson, B. G.: Chen. W.- wong, M. W.: Andres, J. L.. Head-Gordon,

that TS1 and TS2 will have similar energies for the hydrolysis wm.: Replogle, E. S.; Pople, J. AGaussian 98revision A.2; Gaussian,

of the planar amide, whereas TS1 will be rate-limiting in the Inc.: Pittsburgh, PA, 1998. '

case of the hydrolysis of the pyramidal amide. If this is the lgézaz)m%"'z'ﬁs_%igi'as"V-? Belluccu, F.; Ferretti, \J. Am. Chem. Soc.

case, then our estimation of the rate acceleration caused by the (23) Ferretti, V.; Bertolasi. V.- Gilli. P.- Gilli. GJ. Phys. Chem993

breakdown ofz resonance in the reactant corresponds to a 97, 13568-13574.

decrease in the barrier of 7.0 kcal/mol, in good agreement (24) Becke, APhys. Re. A 1988 38, 3098.

with early kinetic estimates of 10 kcal/mol by Blackburn et al. (25) Lee, C.; Yang, W.; Parr, FPhys. Re. B 198§ 37, 785.

The major contribution to the lowering of the barrier arises from ~ (26) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

he breaking of ther resonance, and the solvent effect is small (27) Becke, AJ. Chem. Phys1993 98, 5648,

the g > ! g > : (28) Dobbs, K. D.; Dixon, D. AJ. Phys. Chem1996 100, 3965—

More recent observations of very fast hydrolysis of different

3973.
reactions with twisted amides could have other origins; they  (29) Antonczak, S.; Ruiz-Lgez, M. F.; Rivail, J. LJ. Mol. Model.1997,
will be the subject of a future publication.

3, 434.
(30) Hehre, W.; Radom, L.; Schleyer, P.; PopleAB.Initio Molecular

. Orbital Theory Wiley-Interscience: New York, 1986.
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