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We present an ab initio study of the pKa of a series of twisted amides in aqueous solution. The shift of the
pKa with respect to the known value for trimethylamine (TMA) is used in the evaluation. Calculations were
made with density functional theory using the B3PW91 functional. Aqueous solvent effect is introduced by
use of the polarizable continuum model. The protocol is tested on a series of tertiary amines and twisted
amides, and a good agreement with the available experimental data is found. Finally, mechanistic implications
of the change in basicity of the nitrogen as a function of the twist of the amide bond for the activation of
C-N bond hydrolysis are discussed.

1. Introduction

The amide bond is of fundamental importance in biology as
an essential element of the protein backbone. Structural distor-
tion of the amide unit from the lowest energy planar configu-
ration has been shown not only to alter the reactivity involving
nucleophilic attack/hydrolysis1-6 but also to induce important
changes in the basicity of the amide group.3,4,7,8Planar amides
have very low pKa values (for instance, the pKa of formamide
is 0.12; ref 9), with a preference for the O-protonated tautomer.
However, higher pKa’s have been found for twisted amides.
Namely, a pKa of 5.3 has been reported for compound2b in
Figure 1, and on the basis of the hydrolysis profile as a function
of pH, Wang et al.3,4 have estimated that the pKa of 2c is 3.7.
Moreover, the nature of the protonation in twisted amides is
different from that of their undistorted counterparts. Gas-phase
calculations by Greenberg et al.7,8 for twisted amides of the types
2aand3a,b showed preferentially N-protonated tautomers rather
than the O-protonated ones found for planar amides. This clearly
can lead to different hydrolysis mechanisms for twisted amides
at acidic pH’s. We have previously suggested10 that this may
be the origin of the very fast hydrolysis observed by Kirby et
al.5,6 for compound1 (Figure 1).

An accurate knowledge of the pKa of twisted amides is thus
of importance for an understanding of the differential reactivity
of distorted versus undistorted compounds. Unfortunately,
experimental determination of these pKa’s is not always feasible;
e.g., Kirby et al.5,6 were not able to determine the pKa of
compound1 due to its fast hydrolysis in water. In other cases,
the pKa has been inferred indirectly from the hydrolytic profile
as a function of the pH.3 Consequently, quantum-mechanical
calculations are needed to complement and confirm the available
experimental data. Gas-phase acidity/basicity can be calculated
quite accurately, provided that extended basis sets are used and
electron correlation effects are taken into account. In this regard,
density functional theory (DFT) is a good compromise between
efficiency and accuracy. However, the gas-phase results must
be corrected for the effect of aqueous solvation, which is large
for ionic systems. Solvation effects can be introduced by a

variety of approaches.11 Computationally, the most efficient is
the use of dielectric continuum models.12,13 These models
properly account for long-range bulk solvent effects,14 although
they fail to include short-range effects, such as hydrogen
bonding, which can be important for determining accurate pKa

values.14 One possibility is to consider a few water molecules
explicitly in the first solvation shell,15,16 and to then treat the
rest of the solvent by a continuum model. A useful alternative17

is to calculate the pKa’s with respect to a closely related
compound for which the experimental pKa is known. The
calculation of the pKa is thus reduced to the evaluation of a
change in the free energy for a balanced chemical reaction which
conserves the number of charged species. This leads to a
cancellation of errors when evaluating the solvation contribution
to the pKa. It also avoids the need to introduce the solvation
free energy of the proton, which is still somewhat uncertain.14

We use this latter approach in the present study to evaluate the
pKa’s of a series of distorted amides (compounds1, 2a-c) and
3a,b relative to the known pKa of trimethylamine (TMA). We
first determine the most stable protonated tautomer, and then,
using the energy for that tautomer, we estimate the pKa for the
molecule. HF/6-31G* wave functions and the polarizable
continuum model are used to calculate the solvation effects.
We find good agreement with available experimental data for
tertiary amines and twisted amides and predict the pKa for
systems whose pKa’s are not known. Finally, the mechanistic
implications for the hydrolysis reactions of the amides are briefly
discussed.

2. Methodology

2.1. Ab Initio Calculations. All the structures were optimized
in the gas phase at the B3PW91/6-31+G(d) level of theory18-23

using Gaussian98.24 To confirm that the optimized structures
were minima on the potential energy surfaces, frequency
calculations were done at the B3PW91/6-31+G(d) level. The
frequencies were then used to evaluate the zero-point vibrational
energy (ZPVE) and the thermal (T ) 298 K) vibrational
corrections to the enthalpy and Gibbs free energy25 in the
harmonic oscillator approximation. These calculations were also
made with Gaussian98.24 To calculate the entropy, the different
contributions to the partition function were evaluated using the
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standard expressions for an ideal gas in the canonical ensemble
and the harmonic oscillator and rigid rotor approximation.26 The
electronic energy was refined by single-point energy calculations
with a higher basis set, namely B3PW91/6-311++G(3df,2p).
The final gas-phase enthalpy and free energy were obtained from
the B3PW91/6-311++G(3df,2p) electronic energy and the
enthalpic and entropic corrections evaluated at the B3PW91/
6-31+G(d) level.

Other functionals, such as B3LYP, were also tried for the
gas-phase calculations. However, B3LYP showed a slightly
poorer agreement with experimental pKa’s (the mean absolute
deviation was 0.6 pKa unit) than B3PW91 (mean absolute
deviation of 0.4 pKa unit). Therefore, we decided to use the
B3PW91 functional, and only those results are presented.

2.2. Solvent Contributions.Solvation free energies at the
gas-phase B3PW91/6-31+G(d) geometries were estimated with
the polarizable continuum model (PCM) approach,27-30 using
the HF/6-31G* wave function for the solute. We used the united
atom Hartree-Fock (UAHF)29 set of atomic radii to define the
cavity. These radii have been optimized with the HF/6-31G*
wave function to give accurate solvation free energies of a
dataset of anionic/cationic and neutral organic and inorganic
molecules. To obtain the relative energy of two tautomers in
solution, the contributions of solvation were added to the
corresponding gas-phase relative energies, calculated as de-
scribed in section 2.1. The thermodynamic cycle shown in
Figure 3 was employed to evaluate the relative free energies in

aqueous solvent (∆Gaq) between the O- and N-protonated
tautomers (designed as OH and NH):

Here, ∆Gaq
NH-OH is the free energy difference in aqueous so-

lution between the N- and O-protonated tautomers,∆Ggas
NH-OH

is the relative free energy in the gas phase and is obtained by
the methods described in section 2.1, andGs

i is the solvation
free energy for theith molecule, calculated with the HF(PCM)/
6-31G* approach.

2.3. Evaluation of pKa Values.We have estimated the pKa’s
of twisted amides1, 2a-c, and 3a,b by means of quantum
mechanical calculations. Considerable cancellation of errors is
expected if, instead of evaluating absolute pKa, relative pKa’s
are evaluated. This requires the choice of a similar reference
molecule for which the experimental pKa is known. Using a

Figure 1. Scheme showing the twisted amides considered in the paper. Compound1 has been synthesized by Kirby et al., and compound2a is
a simplified version of compound1, for which we have recently investigated the alkaline hydrolysis.10 Compounds2b and2c are derivatives of2a
which conserve the degree of twist of the amide bond. Compounds3a and3b are generated from elongations of the aliphatic chain in the cage of
2a, which leads to a partial release of the twist of the amide bond. Compound4 is theδ-lactam planar analogue of2a, and finally quinuclidine is
a tertiary amine that is structurally related to2a.

Figure 2. Scheme showing the atom numbering used in the definition
of the dihedral angles for the calculation ofτ, øC, andøN, according to
formula 5, 6, and 7.

∆Gaq
NH-OH ) ∆Ggas

NH-OH - Gs
A-OH + Gs

A-NH (1)
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thermodynamic cycle with the reference molecule (Figure 3b)
avoids the need to deal with the proton solvation free energy.14

It is also important that the number of charged species is
conserved on both sides of the chemical equation for which
the free energy difference is calculated. One can expect that
inaccuracies of the continuum models for describing the strong
hydrogen bonds of the first solvation shell around ions will
cancel approximately, providing the charged species have similar
first solvation shells. We have used this protocol to evaluate
pKa’s for phosphoranes,17 and we obtained results that are nearly
coincident with experimental estimates and density functional-
based ab initio molecular dynamics calculations.31 In the present
work, we follow this approximation and use trimethylamine
(TMA) as the reference molecule. This molecule is a tertiary
amine with a pyramidal nitrogen that accepts the proton, as is
the case for the twisted amides1, 2a-c, and 3a,b. The
experimental pKa of TMA has been measured32 (pKa ) 9.8),
and there is a single protonation site. In addition, very good
agreement with the experiments is obtained for the solvation
free energies of charged and neutral amines when using the
polarizable continuum model with the UAHF set of radii.29 For
instance, the experimental solvation free energy of trimethyl-
amine is -3.2 kcal/mol, and it is-59 kcal/mol for the
protonated species. These values are well reproduced with the
HF(PCM)/6-31G* method,29 which gives-2.8 and-58.9 kcal/
mol, respectively. Therefore, our choice of reference system and
method is justified.

We evaluated the free energy change corresponding to the
reaction

where∆G for the reaction is evaluated according to the methods
described in sections 2.1 and 2.2, and the thermodynamic cycle
of Figure 3b; i.e.,∆Gaq is given by

where A and B are the amide of interest and (CH3)3N,
respectively. The gas-phase free energy is evaluated according
to the methods described in section 2.1, andGs

i , the solvation
free energy of compoundi, is estimated with the polarizable
continuum model, as described in section 2.2. The pKa of the
amide group being studied (i.e.,1, 2a-c, 3a,b) is determined
from the calculated∆Gaq values for the above equilibria and
the experimental pKa of TMA, according to

3. Structural Results

Several untwisted and twisted amides are considered in this
study. Formamide, acetamide, propamide, and butamide are used
as examples of untwisted amides with different numbers of C-C
and C-N bonds. As twisted amides we have chosen the
compounds1, 2a-c, and3a,b shown in Figure 1. Compound
1 has been synthesized by Kirby et al.5,6 and showed a highly
accelerated hydrolysis when dissolved in water. Compound2a
can be considered as a prototype of a twisted amide, which
combines a high amide distortion and simplicity. We have
recently characterized the barriers for its alkaline hydrolysis;10

the rate of hydrolysis was found to be significantly accelerated
with respect to that of its planar amide analogue compound4.
Compounds2b,c can be viewed as derivatives of2a by double
methylation of a carbon vicinal to the nitrogen (2b), or by
addition of a phenyl ring in the structure (2c). For compounds
2b,c experimental estimates of the pKa’s exist.3,5 Compounds
3a,b can also be viewed as derivatives of2a corresponding to
different elongations of the aliphatic chain determining the cage
structure, but they are expected to have different twists of the
amide group. These compounds, along with2a, have been
characterized in the gas phase at the HF/6-31G* level of theory
by Greenberg et al.,7,8 who reported intermediate twisting of
the amide bond. For each of these amides, we have studied the
neutral, N-protonated, and O-protonated species. First, we
describe the structures with a particular focus on the twisting
of the amide bond. Then, we consider the changes in structure
that are caused by N- and O-protonation. In section 4, we
describe the relative stability of the N- and O-protonated
tautomers in the gas phase and in solution, and the latter are
then used to calculate the pKa values with eq 4.

Selected bond distances and angles optimized at the B3PW91/
6-31+G* level of theory are shown in Table 1 for untwisted
amides and in Table 2 for twisted amides. For all the compounds
studied, the C-N versus C-O bond lengths are shown in Figure
4. The out-of-plane deformations and amide bond twisting are
described by the anglesτ, øC, andøN, following the definitions
of refs 33 and 34. The angleτ characterizes the mean twisting
angle around the C-N bond and ranges from 0° (planar amide
group) to 90° (when the two planes defined by the O1-C1-C2

and C5-N-C6 atoms are perpendicular);øC andøN are measures
of the degree of pyramidalization at the C and N atoms,
respectively. They range from approximately 0° (planar sp2

atoms) to 60° (tetrahedral sp3 atoms). The combination of
dihedrals used to defineτ, øC, andøN is as follows. Defining
the four torsion anglesω1 ) O1-C1-N-C5, ω2 ) C2-C1-
N-C6, ω3 ) C2-C1-N-C5, andω4 ) O1-C1-N-C6 (for the
atom numbering definition, see Figure 2), we can write

Figure 3. Scheme showing the thermodynamic cycles used to evaluate
the free energy difference in solution between N- and O-protonated
tautomers in amides (top diagram), and the relative proton affinity with
respect to trimethylamine (bottom diagram; compound B refers to
trimethylamine).

AmideNH+ + (CH3)3N 798
∆G

AmideN + (CH3)3NH+ (2)

∆Gaq ) ∆Ggas- Gs
AH - Gs

B + Gs
BH + Gs

A (3)

pKa )
∆Gaq

ln10 RT
+ pKa

TMA(exp) (4)
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The absolute values of these angles with projection on the
0-90° quadrant are shown in Tables 1 and 2; the improper
dihedrals for C and N, defined as O-C1-N-C2 and C1-N-
C5-C6 dihedral angles, respectively, are also reported.

3.1. Neutral Amides.The values ofτ, øC, andøN are very
low for neutral untwisted amides, indicating that both the
nitrogen and the carbonyl carbon show a planar configuration.
Formamide, acetamide, and butanamide show values ofτ, øC,
and øN of 0.0°, whereas propanamide shows only slight
deviations, namely, values of 1.3° for τ, 0.9 forøC, and 8.9 for
øN. The situation is very different for the twisted amides1 and
2a-c. The geometrical constraints imposed by the “cage”
structure of these compounds lead to calculatedτ values between
85° and 90°. The crystallographic structure5 of 1 hasτ of 90.5°.
An intermediate twist is observed for compounds3a,b, with
values for τ of 36° (3a) and 40° (3b). There is a general
agreement with the results of Greenberg et al.8 for these

compounds, although the theoretical level they used is different
(HF/6-31G*). They reported values ofτ of 39.2° and 44.0° for
3aand3b, and a value of 90.0° for 2a. These twisted structures
have planar carbonyl carbon (øC ) 0°), but the planarity at
nitrogen is lost (e.g.,øN ) 62.1 for 2a), in accord with the
breakdown of thenN f πCO

/ resonance. Interestingly, struc-
tures3a and3b show slight deviations from planarity for the
carbonyl carbon, withøC values around 11°.

As expected, the twist about the C-N bond has a substantial
effect on its length. Amides1 and2a-c show the longest C-N
bonds among the neutral amides, between 1.450 Å for1 and
1.461 Å for 2c. These bond lengths are almost 0.1 Å longer
than any of the C-N bonds in the undistorted planar amides
(Table 1). Correspondingly, the C-O bond lengths shorten,
although the differences are not as dramatic; they are on the
order of 0.02 Å. For instance, the C-N bond length in2a is
1.447 Å and the C-O bond length is 1.207 Å, whereas in
butamide the values are 1.372 and 1.229 Å, respectively. Amides
3a and 3b, with intermediate twisting, have C-N and C-O
bond lengths between those of planar amides and twisted
amides; the C-N bond length for3a is 1.402 Å, and the C-O
bond length is 1.221 Å. The calculated values for the C-N

TABLE 1: B3PW91/6-31+G* Geometrical Parameters for the Untwisted Planar Amides (Distances in Ångstroms and Angles
in Degrees)

bond distances angles improper dihedral

molecule C1N C1O OH NH τ øC øN N C1

formamide 1.358 1.217 0.0 0.0 0.0 180.0 180.0
N-protonated 1.565 1.174 1.030 30.1 0.0 60.2 121.7 180.0
O-protonated 1.295 1.291 0.975 0.0 0.0 0.0 180.0 180.0

acetamide 1.365 1.223 0.0 0.0 0.0 180.0 180.0
N-protonated 1.615 1.177 1.027 44.6 0.0 62.1 119.9 180.0
O-protonated 1.304 1.304 0.974 0.0 0.0 0.0 180.0 180.0

propamide 1.367 1.226 1.3 0.9 8.9 171.9 179.1
N-protonated 1.591 1.181 1.027 15.8 0.4 56.0 123.1 179.5
O-protonated 1.302 1.313 0.973 0.0 0.0 0.0 180.0 180.0

butamide 1.372 1.229 0.0 0.0 0.0 180.0 180.0
N-protonated 1.571 1.185 1.025 30.9 0.0 61.8 119.1 180.0
O-protonated 1.304 1.317 0.972 2.0 0.5 1.8 178.3 179.4

4 1.370 1.228 2.6 1.6 17.2 162.9 178.4
N-protonated 1.569 1.188 1.027 45.8 1.0 51.5 128.0 178.8
O-protonated 1.302 1.316 0.972 1.3 1.0 0.5 179.5 179.0

TABLE 2: B3PW91/6-31+G* Geometrical Parameters for the Twisted Pyramidal Amides (Distances in Ångstroms and Angles
in Degrees)

bond distances angles improper dihedral

molecule C1N C1O OH NH τ øC øN N C1

1 1.450 1.208 89.7 0.2 60.0 119.4 179.8
N-protonated 1.546 1.191 1.026 90.0 0.0 56.7 122.4 180.0
O-protonated 1.365 1.294 0.981 67.3 14.7 59.7 117.3 165.1

2a 1.447 1.207 89.8 0.1 62.1 117.1 177.9
N-protonated 1.543 1.188 1.026 90.0 0.0 58.0 120.9 180.0
O-protonated 1.359 1.289 0.982 61.8 13.6 63.7 113.3 166.4

2b 1.448 1.207 88.5 1.9 59.7 118.6 178.1
N-protonated 1.532 1.190 1.026 89.7 1.5 55.6 122.3 178.5
O-protonated 1.344 1.297 0.977 62.0 13.4 60.3 116.9 165.6

2c 1.461 1.204 86.2 1.6 64.7 114.5 178.4
N-protonated 1.561 1.186 1.025 88.2 0.5 60.0 118.0 179.5
O-protonated 1.379 1.286 0.983 70.1 4.5 65.5 105.4 175.5

3a 1.402 1.221 36.0 11.5 50.9 129.4 168.4
N-protonated 1.561 1.189 1.026 53.1 0.2 53.2 126.3 179.8
O-protonated 1.314 1.313 0.973 31.0 17.8 44.5 137.0 161.3

3b 1.403 1.219 39.9 11.2 46.0 134.4 168.8
N-protonated 1.545 1.190 1.026 70.2 0.3 50.0 128.5 179.6
O-protonated 1.316 1.311 0.973 33.1 16.8 40.4 139.8 163.2

τ ) (ω1 + ω2)/2 (5)

øC ) ω1 - ω3 + π(mod2π) ) -ω2 + ω4 + π(mod2π) (6)

øN ) ω2 - ω3 + π(mod2π) ) -ω1 + ω4 + π(mod2π) (7)
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and C-O bond lengths compare well with the available
crystallographic data; e.g., in the case of1, we obtain 1.450
and 1.208 Å for the C-N and C-O bond lengths, respectively,
while the experimental values are 1.475 and 1.196 Å. The
present results are also in general agreement with those of
Greenberg et al.,8 although we get somewhat longer bond lengths
in general, as expected when electron correlation is introduced.

Overall, the results indicate that the C-N bond is more sensitive
to the twist of the amide group than is the C-O bond. The
same trend was observed when analyzing the rotation barrier
in formamide and derivatives.35-40 This fact has been used to
challenge the traditional amidenN f πCO

/ resonance model.40

However, the data can be reconciled with thenN f πCO
/

resonance model if one takes into account the strong polarization
of the CdO bond and its ionic bond character.40 In fact,
Glendening and Hrabal41 have re-examined the role of the
resonance interactions in formamide by using natural population
analysis42 and natural resonance theory (NRT).43 They found
that the NRT representation of planar amides consists primarily
of two resonant structures, one with a formal double CdO bond
and a single CsN bond (contributing 60-65%) and another
resonant structure with a formal CdN double bond and a single
CsO bond (contributing 28-30%). This situation corresponds
to the traditionalnN f πCO

/ resonance model.
3.2. Structural Effects of N- and O-Protonation.The effect

of N- and O-protonation on the amide structure for both twisted
and untwisted amides is quite important, and follows opposite
trends. As shown by Greenberg et al.,7,8 O-protonation lengthens
the C-O bond and shortens the C-N bond, affecting untwisted
and twisted amides in a similar way. If we look at the diagram
in Figure 4, O-protonated amides are shown in the top left
corner, where the longest C-O bonds and the shortest C-N
ones occur, in agreement with the results of Greenberg et al.

On the other hand, N-protonation has the opposite effect: it
elongates the C-N bond and shortens the C-O bond, since

Figure 4. C-N versus C-O bond lengths (in Å) for twisted and
untwisted amides in the neutral state (circles) and in the two protonated
states, N-protonated (squares) and O-protonated (diamonds). The bond
lengths are in angstroms and are calculated using the B3PW91/
6-31+G(d) level of theory.

Figure 5. B3PW91/6-31+G(d) structures for twisted amide1 in three protonation states: neutral, N-protonated, and O-protonated.

Figure 6. B3PW91/6-31+G(d) structures for twisted amides2a-2c in three protonation states: neutral, N-protonated, and O-protonated.
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the proton binds to the unique lone pair of the nitrogen and
prevents thenN f πCO

/ resonance. Theτ andøN angles reflect
this change in resonance, and in the case of planar amides,øN

goes from values close to 0° to around 60° upon N-protonation.
There is also a significant elongation of the C-N bond for
twisted amides8 for compounds2a, 3a, and3b. The C-N bond
in N-protonated amides is the most “activated” bond (its length
ranges from 1.55 to 1.62 Å); these amides are shown in the
bottom right corner of the diagram in Figure 4.

As shown in Figure 4, there is an strong anticorrelation
between the C-N and C-O bond lengths as a function of
twisting in the amide bond. The longer the C-N bond, the
shorter is the C-O bond when strongnN f πCO

/ resonance
exists, as in neutral and O-protonated untwisted amides. How-
ever, in N-protonated species, there is no such effect because
of the absence of thenN f πCO

/ resonance after protonation.
Finally, protonation has a strong effect on the amide bond
structure. Whereas protonation at O tends to strengthen the C-N
amide bond, protonation at nitrogen leads to a big activation of
the C-N bond. To determine whether O- or N-protonation will
be more likely, the relative stability of each of the tautomers
should be analyzed. This is done in the following section.

4. Free Energy Results and pKa Values

4.1. Relative Stability of N- versus O-Protonation in the
Gas Phase and in Solution.The relative stabilities of the N-
versus O-protonated tautomers are listed in Table 3. Values
calculated in the gas phase and in solution are shown. For all
planar amides, the∆Gaq

NH-OH defined in eq 1 is positive,
indicating that O-protonated tautomers are more stable than
N-protonated tautomers. The∆Ggas

NH-OH values range from 14
to 18 kcal/mol. This preference for O-protonated tautomers
confirms earlier ab initio studies.44 It appears unlikely that higher
levels of theory would change this qualitative behavior. Solvent
has only a small effect on the relative affinities for the proton
between nitrogen and oxygen in these systems; i.e., the
∆Gaq

NH-OH values are in the range from 11 to 14 kcal/mol,
indicating that the preference for O-tautomers is preserved in
solution.

Twisted amides show a preference for N-protonation, as
already pointed by Greenberg et al.,8 and there is a correlation
between the degree of twist and N-tautomer stabilization.

Amides1 and2a-c, with nearly a 90° twist, have∆GNH-OH

values ranging from-18.6 to-21.4 kcal/mol in the gas phase,
and from -20.0 to -22.0 kcal/mol in solution. Again, the
solvent has only a small effect on the relative stabilities of the
tautomers. Consistent with this, the∆GNH-OH values for amides
3a and 3b are between those for planar amides and2a-c,
amides but they do show a preference for N-protonations: it is
-5.7 kcal/mol for3a and-7.0 kcal/mol for3b.

In summary, O-protonation is favored for planar amides,
whereas N-protonation is preferred for the twisted amides2a-c
and3a,b.

4.2. pKa Values.Planar amides show a sufficiently low pKa

that ensures they remain unprotonated at a wide range of pH
values. However, twisted amides can have very different pKa

values. On the basis of the hydrolytic profile as a function of
pH, Wang et al.3 estimated a value of 3.7 for the pKa of 2c. In
addition, they gave values of-0.3 and 0.5 for compounds
analogous to3a and3b, but with an additional phenyl ring as
in 2c. Also, Pracejus has measured an apparent pKa of 5.3 for
amide4.45

The theoretical pKa’s were obtained for the molecules and
the model systems according to the protocol described in section
2.3. To validate the method, a series of tertiary amines with
known experimental pKa values were studied. The theoretical
and experimental values are compared in Table 4 and Figure 8

Figure 7. B3PW91/6-31+G(d) structures for twisted amides3a,b in three protonation states: neutral, N-protonated, and O-protonated.

TABLE 3: Relative Free Energy (∆GNH-OH) of the
N-Protonated Species versus the O-Protonated Species
(in kcal/mol) in the Gas Phase and in Solution

species gas phase solution

Untwisted Planar Amides
formamide 18.8 13.4
acetamide 16.7 13.7
propamide 15.5 11.8
butamide 14.3 12.5
4 16.2 14.0

Twisted Pyramidal Amides
1 -19.4 -22.0
2a -19.7 -21.0
2b -21.4 -21.7
2c -18.6 -20.0
3a -4.8 -5.9
3b -6.0 -7.0
3c -4.1 -5.7
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for this series of amines and for compounds2b and2c. In the
case of tertiary amines, we obtain pKa values that are within
0.7 unit of the experimental mark; the mean absolute error is
0.4 pKa unit. Particularly encouraging is the result obtained for
quinuclidine (see Figure 1), an amine with a cage structure
analogous to that of amides1 and2a-c. For quinuclidine, we
obtain a pKa value of 11.4, in very close agreement with the
experimental value (pKa ) 11.0). Good agreement is also
obtained for the twisted amides2b and2c. The experimental
estimates for the pKa values of2b and 2c are 5.3 and 3.7,
respectively, which compare well with the calculated values of
5.8 and 2.9. However, it should be noted that these experimental
values are only estimates, as described in the Introduction. For
the rest of the twisted amides, the values are 6.7(1), 6.5 (2a),
0.8 (3a), and 1.9 (3b).

The calculated values indicate interesting qualitative trends.
First, the calculations show a tendency for twisted amides to
have higher pKa’s than untwisted amides. The fully distorted
amides (τ close to 90°) 1 and 2a,b show values between 5.8
and 6.7, whereas undistorted amides such as formamide show
values between 1 and 3, although one has to take into account
that the protonation state of reference in untwisted amides is
the O-protonated tautomer. Following this trend, amides with
intermediate twisting,3a and 3b, have lower pKa values, 0.8

and 1.9, respectively. The values for gas-phase and solution free
energy differences for equilibrium 2 can be found in Table 4.
These free energy differences measure the relative proton affinity
of each species with respect to TMA. In the gas phase, the
numbers are positive for the fully twisted amides1 and2a-c
and negative for the intermediate twisted amides3a,b. After
solvent corrections have been included, all numbers are negative,
indicating the larger proton affinity of TMA in solution with
respect to any of these amides. However, in terms of relative
proton affinities between twisted and partially twisted amides,
the results are similar in the gas phase and in solution. In both
cases, partially twisted amides show lower proton affinities than
fully twisted amides. The origin of this shift in proton affinities
can be easily explained in terms of thenN f πCO

/ resonance
model. Amides with a high degree of bond twist do not show
the nN f πCO

/ stabilizing effect for the neutral state, and
therefore, they have larger proton affinities in the gas phase
and larger pKa’s in solution than partially twisted amides, for
which there is a certain degree ofnN f πCO

/ resonance.
Another remarkable trend observed is the important effect

that a phenyl group has on the calculated pKa’s. On going from
2a to 2c, a significant lowering in the pKa is observed, from
6.5 to 2.9. This effect is confirmed when comparing the results
obtained for amides3a,b (0.8 and 1.9, respectively) with the
estimates inferred by Brown et al.3,4 for analogous compounds
but with a phenyl group attached to them. Based on the
hydrolytic profile as a function of pH, their estimates of the
pKa for 3a,b-Phe were-0.3 and 0.6, respectively. Thus, their
numbers are lower by 1-1.5 units than the calculated pKa values
of 3a,b, consistent with the effect expected from phenyl
substitution when comparing2a and2c.

Finally, we compare the results between twisted amides and
amines of similar size. For instance, if we compare the pKa

values for quinuclidine and amide2a, we observe that the pKa

of quinuclidine is between 4.5 and 5 units larger than that of
2a. If we compare the free energies for the following equilib-
rium,

we obtain values of-6.3 and-6.7 kcal/mol in the gas phase
and in solution, respectively. This indicates that the lower proton
affinity of these twisted amides compared to that of structurally
related amine compounds has only a small solvent effect, and
that the carbonyl group destabilizes the N-position for pro-
tonation.

5. Discussion: Mechanistic Implications

The calculations have shown that, in neutral or slightly acidic
media, there is a high probability for twisted amides to be found
in their N-protonated state. This is expected to have implications
for the hydrolysis mechanism of twisted amide compared to
undistorted amides. Planar amides undergo very slow hydrolysis
in neutral media,46 although the reaction can be substantially
accelerated by general and specific acid-base catalysis. This
is why the breakdown of an amide bond requires enzymatic
catalysis in biological systems.47 The inherent stability of the
amide bond has been explained by the resonance stabilization
occurring between the p-type N lone pair and the carbonylπ
orbitals. This leads to a partial double bond character for the
C-N bond, in accord with theoretical analysis by Glendening
and Hrabal41 using natural population analysis and natural
resonance theory. As a consequence, the inherent stability of
the amide bond can be substantially altered if the amide

Figure 8. Experimental versus theoretical pKa. Data are taken from
Table 4.

TABLE 4: Estimated Values of pKa for Tertiary Amines
and Twisted Amides

pKa

molecule ∆Ggas ∆Gsolv theor exp

Tertiary Amines
triethylamine 8.3 0.7 10.3 11.0
tripropylamine 10.5 0.8 10.4 10.7
triallylamine 7.7 -2.0 8.3 8.3
dimethylcyclohexylamine 8.2 0.9 10.5 10.7
dimethylbenzylamine 4.8 -1.0 9.0 9.0
diethylbenzylamine 7.1 -1.3 8.8 9.5
quinuclidine 8.8 2.2 11.4 11.0

Twisted Amides
1 6.3 -4.2 6.7
2a 2.5 -4.5 6.5
2b 5.9 -5.5 5.8 5.3
2c 1.0 -9.4 2.9 3.7
3a -4.0 -12.2 0.8
3b -3.0 -10.7 1.9

2a-H+ + quinuclidine798
∆G

2a + quinuclidine-H+ (8)
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resonance is broken. This can be accomplished if the amide
reactant is twisted, as in compounds1, 2a-c, and3a,b. Early
kinetic experiments1-3 supported this idea and determined that
twisted amide2c was hydrolyzed faster by a factor of 107 than
planar amide analogues. The activation of the C-N bond in
twisted amides is in accord with structural analyses of twisted
amides. Both X-ray data and ab initio studies have shown that
there is substantial elongations of the C-N bond upon twist-
ing.3,4,7,8In addition, our theoretical investigations have shown
that the twisting of the amide bond with nitrogen pyramidal-
ization decreases the barrier with respect to alkaline hydrolysis
of model planar amides by about 8-9 kcal/mol, a factor on the
same order as that observed experimentally.1-3 Interestingly,
Kirby et al.5,6 found that amide1 hydrolyzes much faster. Brown
et al.3,4 observed that the degree of rate acceleration of twisted
amides is pH dependent; i.e., compound2c showed an an
increase in rate by a factor of 107 under basic conditions, with
respect to untwisted analogues, while the rate acceleration was
up to a factor of 1011 under acid-catalyzed conditions. This
suggests that a different mechanism is involved in the latter, in
accord with the observation of Kirby et al.

Another factor related to the additional activation of the C-N
bond under acidic media is the differential protonation of twisted
amides with respect to untwisted ones. In the case of undistorted
amides, the protonated species are not very likely at a wide
range of pH, since these amides have small pKa values.
Moreover, at low pH, when protonated, the O-protonated
tautomer is preferred, which strengthens the C-N bond.
However, as established by the gas-phase calculations of
Greenberg et al.7,8 and by our results in solution, twisted amides
have a very different protonation scheme, with preference for
the N-protonated tautomer, which leads to a weakening of the
C-N bond. This, along with the high pKa values between 5
and 7 for certain twisted amides (compounds1, 2a, and2b),
can lead to substantial populations of N-protonated amides in
only slightly acidic media, with the resulting activated states
of the C-N bond. In this regard, recall that1 has one of the
highest pKa’s of the series investigated in the present paper and,
as reported by Kirby et al.,5,6 hydrolyzes extremely fast. The
mechanistic consequences of such protonation would be sig-
nificant, and for a full understanding of the mechanism, further
theoretical characterization of the resultant transition states and
intermediates will be necessary.

6. Conclusions

Density functional theory was used in combination with
dielectric continuum methods to estimate the pKa values for a
series of twisted amides. To avoid the inherent difficulties in
calculating absolute pKa’s, we have employed a protocol based
on the calculus of a relative pKa. Trimethylamine was taken as
the reference molecule, and the relative pKa’s for a series of
tertiary amines and twisted amides were evaluated. Good
agreement was found between theory and experiment for the
systems for which experimental data exist. Our calculations
confirmed that twisted amides have higher pKa’s in solution
than untwisted amides, and that the preferential protonation site
is at the nitrogen in twisted amides. In addition, we estimated
the pKa values for highly twisted amides for which experimental
data are not available, due to their fast hydrolysis which makes
experimental measurements very challenging. They showed the
highest pKa values (between 6 and 7) in the series. This suggests
that at neutral or slightly acidic pH, there will be a significant
population of the N-protonated twisted amides, with the resultant
activation of the C-N bond for the hydrolysis. This could be

an important contribution to the faster hydrolysis rates of twisted
versus undistorted amides. Theoretical studies to determine the
details of the mechanism are in progress.
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