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ABSTRACT: The acid-catalyzed hydrolysis of linear esters and lactones was studied
using a hybrid supermolecule—polarizable continuum model (PCM) approach including
up to six water molecules. The compounds studied included two linear esters, four f-
lactones, two p-lactones, and one O-lactone: ethyl acetate, methyl formate, -
propiolactone, f-butyrolactone, f-isovalerolactone, diketene (4-methyleneoxetan-2-
one), y-butyrolactone, 2(SH)-furanone, and 5-valerolactone. The theoretical results are
in good quantitative agreement with the experimental measurements reported in the
literature and also in excellent qualitative agreement with long-held views regarding the
nature of the hydrolysis mechanisms at molecular level. The present results help to
understand the balance between the unimolecular (A,c1) and bimolecular (A,c2)
reaction pathways. In contrast to the experimental setting, where one of the two
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branches is often occluded by the requirement of rather extreme experimental
conditions, we have been able to estimate both contributions for all the compounds studied and found that a transition from
A,c2 to Aucl hydrolysis takes place as acidity increases. A parallel work addresses the neutral and base-catalyzed hydrolysis of

lactones.

1. INTRODUCTION

As is also the case with neutral and base-catalyzed mechanisms,
the acid-catalyzed hydrolysis of esters has seldom been the
subject of computational approaches in comparison with the
exceedingly large numbers of empirical works." The somewhat
similar hydrolysis of carboxylic acid derivatives such as amides
has been studied more often®* due to their relation with the
peptide bond cleavage in proteins. In the case of lactone
hydrolysis, the disproportion is even larger, computational
works being especially scarce.

The existing mechanisms of acid-catalyzed ester hydrolysis
can be seen as the counterparts of those of neutral hydrolysis,
albeit involving the protonated ester, and are classified using the
same system.’ The increased electrophilicity of the protonated
ester group results in a decrease in the energy barrier of
reaction pathways that are not energetically available for the
neutral species, such as the unimolecular acyl cleavage
mechanism (A,c1).° Furthermore, pre-equilibrium protonation
results in an additional kinetic step that introduces further
complexity in acid-catalyzed hydrolysis mechanisms.

At acidic pH, nonactivated esters usually favor the A,c2
mechanism, whereas those species prone to giving off stable
carbocations, such as tertiary alkyl esters, hydrolyze rapidly at
low acid concentrations through the A,; 1 mechanism. A,cl is
rare and is observed mostly for esters of very bulky acids or in
strongly acidic media. In these highly concentrated solutions,
the activity of water is very low, and carbon—oxygen bond
cleavage occurs first, followed by elimination or by addition of a
water molecule. The A,;2 mechanism is very rare. In lactones,
it has only been observed by using isotopic tracers in cases in
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which the competing hydrolysis through other mechanisms was
reversible and using very harsh conditions.”®

In this work, the mechanisms of hydrolysis of some lactones
were studied. The compounds chosen (Scheme 1) were four -

Scheme 1. Compounds Studied
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lactones (f-propiolactone (BPL), f-butyrolactone (BBL), f-
isovalerolactone (BIVL), and diketene (DIK)), two y-lactones
(y-butyrolactone (GBL) and 2-furanone (FUR)), and one &-
lactone (S-valerolactone (DVL)). For use as a reference for the
lack of ring strain, and more importantly as a general model of
linear ester reactivity, two linear esters whose hydrolysis has
been widely studied were also included. The linear esters, ethyl
acetate (AcOEt) and methyl formate (COOMe), have very

Received: February 4, 2013
Published: June 3, 2013

dx.doi.org/10.1021/j04002596 | J. Org. Chem. 2013, 78, 6880—6889


pubs.acs.org/joc

The Journal of Organic Chemistry

different reactivities; AcOEt is rather unreactive, and COOMe
is very easily hydrolyzed.

A hybrid supermolecule—polarizable continuum model
(PCM) approach with up to six water molecules was used to
take into account the specific role of solvent molecules.
Calculations were also carried out in systems with few or no
water molecules in an attempt to model how hydrolysis
mechanisms can change in media in which the activity of water
is lowered.

2. COMPUTATIONAL DETAILS

2.1. Reaction Paths. Geometries were optimized at the DFT
B3LYP/6-31++G(d,p) level of theory, using the default PCM solvent
model with default parameters followed by harmonic analysis of the
structures (zero imaginary vibration modes for minima and one for
transition states). This level of theory has been used for similar
systems such the hydration reaction of the carbonyl group’ and
produces results within less than 1 kcal of the larger 6-311+
+G(2df2p) basis set. Different correlation—exchange functionals
were also found to produce equal or worse results.

For species attracting most interest (e.g., those corresponding to the
transition states of the rate-limiting steps and the corresponding
minima), optimizations were refined at the DFT/6-311++G(2dfpd)
level and were also followed by single-point energy calculations at the
MP2/6-31++G(d,p), MP4/6-31++G(d,p), and QCISD/6-31++G-
(d,p) levels of theory.

Thermochemical values were computed at 298 K using uncorrected
DFT B3LYP/6-31++G(d,p) frequencies. Intrinsic reaction coordinate
(IRC) paths were computed to link transition states with the
corresponding reactants and products. Atomic polar tensor (APT)
charges were computed when necessary. All calculations were
performed using Gaussian 09'° on a Mountain workstation.

2.2. AH in Solution. Whereas PCM calculations include the
contribution of solvation free energy to the total energy and thus
afford AG with appropriate statistical thermodynamics and solvation
terms, enthalpy values as reported by the software in PCM calculations
include the statistical thermodynamics enthalpic term plus the
solvation free energy contribution. Therefore, unlike Gpcy, Hpem
needs to be corrected for the difference between solvation enthalpies
and free energies (TAS,y, = AHy, — AGqy,).

As Pliego and Riveros have discussed,”” one can estimate absolute
solvation enthalpies (and entropies) for ionic species from cluster-
continuum calculations (AHZ(ion)) by combining the clustering
enthalpy (or entropy) of the supermolecule, obtained through
statistical mechanics (AHG,,(supermol)), the vaporization enthalpy
(or entropy) of the solvent (AHvap(solvent)), and the solvation
enthalpy (or entropy) of the supermolecule (AHZ (supermol)) as
shown in egs 1 and 2 (the asterisk and degree symbol superscripts
refer to 1 atm and 1 mol dm™ standard states respectively).

AHZ, (ion) = AHJ(supermol) + nAH,, (solvent)

+ AHZY| (supermol) (1)
AS¥| (ion) = ASS,(supermol) + nAS,,,(solvent)

+ ASZ, (supermol) ()

Of these three contributions, the third term is unavailable from
PCM calculations, but it can be estimated according to the Born
model from the PCM solvation free energy and the temperature
dependence of the solvent relative permittivity, &.""

AH mol) = AG T Olne
con(supermol * (supermol (1 - )

solv( up ) solv( up ) . 1 2 (3)
AS;,,(supermol) = —AG:;lv(SuPermol)(ﬁ¥) @
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It should be noted that when modeling reaction pathways, we are
interested in variations of G, H, and S along the path within solution
rather than absolute changes from gas phase to solution, and thus only
AAHZ;, and AAS¥), along the path are required.

AAHZY, (ion) = AAHS, (supermol) + AAH, (supermol)

()
AASF, (ion) = AASS, (supermol) + AAS, (supermol) (6)
AAGG,w AAHgG,, and AASG, contributions are fully taken into

account in supermolecule—PCM calculations through the statistical
thermodynamics terms, and hence the only term we need to correct
for is the difference TAAS¥, (supermol) = AAHZ (supermol) —
AAG%, (supermol), which is unaccounted in PCM calculations.
Activation enthalpies were thus computed using the thermal enthalpies
at 298 K as reported by the software in PCM calculations and were
corrected by adding the TAASZ (supermol) from eq 4. AGYy, values
were estimated as the difference in single point energy between gas-
phase and PCM calculations, using using the IEFPCM solvation model
in the SMD parametrization.12 We have used (0 In €)/dT = —4.57 X
107 K" and & = 78.4 at 298 K."°

AH = AHpy + TAASY

solv(superm()l)

(7)

2.3. Acid Dissociation Constants. The computational determi-
nation of equilibrium constants in solution is a demanding task, since
the thermodynamic definition of K (eq 8) implies that an uncertainty
of only ~5 kJ mol™ will result in an error of 1 log units in pK, and
thus a 10-fold error in the equilibrium constant.

—-AG°
RT

InK =

(8)

Whereas gas-phase reaction free energies can be computed with
very good accuracy (1 kcal/mol), errors in solvation energies from
polarizable continuum models are usually several fold larger, especially
in the case of ions. Since the acid dissociation reaction is highly
unsymmetrical in terms of solvation, systematic errors of several log
units may arise from the inaccuracies in solvation energies. Moreover,
calculation of the hydration energy of the proton is difficult and a
certain controversy exists about which reference value, either empirical
or theoretical, is preferable. The most common solutions for these
handicaps include the use of thermodynamic cycles, together with
explicit solvent molecules to better account for specific solvent—solute
interactions, or the use of a relative or proton-exchange approach to
correct systematic errors by means of a homodesmic reaction. The
existing approaches and their (dis)advantages, together with a detailed
consideration of the thermodynamic standard states in these
thermodynamic cycles, have been reviewed in depth'* and thus will
only be described briefly.

In the absolute approach, AGg,, is calculated as the reaction free
energy of eq 9 (AG;rot = Gs}‘l’l + G - GZ";) using computational
estimates for GZ"J and G3, together with the free energy of the proton
in aqueous solution. The value Gi = —1129.8 kJ mol ™' was used, as
suggested by Ho and Coote,"* and includes the free energy of the
proton in the gas phase (—26.25 k] mol™)"® and its free energy of
solvation with respect to a standard state of 1 mol dm™ (—1111.46 k]
mol™).'*"!® In addition, since the number of moles on each side of
the chemical equation is different, a thermodynamic correction of +RT
In RT (+7.92 kJ mol™") needs to be included to go from the 1 atm
standard state of gas-phase free energies to the 1 mol dm™ standard
state of calculations in solution.

AH+sol = Ay + H+sol

©)

The free energy in solution for each species (Gi') is computed as
the sum of gas-phase free energy, G$*, calculated using a high-level
method, plus free energy of solvation (AG®). AG® is usually taken as
the difference in energy between gas-phase and PCM calculations
using a lower level of theory consistent with the parametrization of the
solvent in the particular PCM model of choice. This can be done using
both gas-phase and solution equilibrium geometries, to account for the

sol
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geometrical relaxation upon solvation. It has recently been pointed
that gas-phase calculations may be avoided completely since results
obtained using hi%h—level methods combined with PCM solvation have
similar accuracy.'

In the proton-exchange (PE) scheme, the acid dissociation free
energy is computed from the reaction free energy of eq 10 (pK, =
AGR:/(RT In 10) + pK,(BH")). This gives much more accurate
results due to favorable error cancellation in the solvation energies.
The accuracy of this approach depends mainly on the experimental
accuracy in the experimentally known pK,(BH') and the similarity
between BH and AH.

AH* + B = A + BH" (10)

In this work, we opted for a proton-exchange or relative method (eq
10), using acetyl acetate as a reference (pK, = —3.90 + 0.03%°) and
also included the absolute method for comparison. We have used the
compound method CBS-QB3>"** for gas-phase free energies and
B3LYP/6-31+G(d) for the solvation free energies, using the IEFPCM
solvation model in the SMD parametrization.'> AG® was computed as
the difference in energy between the aqueous-phase energy of the
solution equilibrium geometry and the gas-phase energy of the gas
equilibrium geometry. A very similar approach has been successfully
applied in a study of the a-carbon acidity of lactones and
cycloketones.>

3. RESULTS AND DISCUSSION

As is often the case, f-lactones are an example of particular
behavior and also of the large mechanistic influence of small
changes in structure. Unlike unactivated linear esters, such as
ethyl acetate, which require concentrations exceeding 90% of
mineral acid for the A,c1 mechanism to be observed,***
BPL,%® BBL,”?® and DIK* are known to follow the Apcl
mechanism under relatively milder conditions (20% H,SO,) in
which water is more abundant. The tertiary alkyl nature of the
alkyl-oxygen carbon in BIVL governs its reactivity in acidic
media, and it thus provides an example of the A,; 1 mechanism.
Larger primary lactones (GBL, FUR, and DVL) and linear
esters (AcOEt and COOMe) follow the A,c2 pathway.

3.1. Basicity of Esters. Since the protonation of the
carbonyl oxygen precedes any reaction in all the proposed
reaction schemes, the determination of the acid dissociation
constants of protonated esters is of interest and was
investigated first.

Esters are weak bases that only undergo protonation in
strongly acidic media, and hence their pK, values have been
defined in the literature in terms of Hammett’s acidity function,
thus assuming that the acidity function for esters is linear with
respect to Hy. Esters, however, are not well-behaved Hammett
bases,® and more rigorous approaches have been used, such as
Bunnett and Olsen’s correction for nonlinearity between acidity
functions or development of a new acidity function de novo.>’

In general, alkyl esters have very similar acid dissociation
constants, with very early experiments proposing acidity
constants around a standard value of pK,(AcOEt) =
—7.03"** More modern works using NMR measurements
give values of pK,(AcOEt) = —3.5 + 0.3,>° with moderate
variation for other simple alkyl aliphatic chains. Very similar
results were also obtained using UV-titration, pK,(AcOEt) =
—3.0 to —3.3.%° These estimates have been confirmed more
recently using *C NMR spectroscopy pK,(AcOEt) = —3.90 +
0.03,%° and we have used this value for the proton-exchange
calculations.

The protonation pre-equilibrium is quite important as
regards acid-catalyzed hydrolysis, and variations in reactivity
can sometimes be explained by differences in the protonation
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free energy. For instance, esters with electron-withdrawing
substituents, such as haloesters, are weakly basic and show little
acid catalysis. Also, the contribution of this initial step to the
overall entropy and enthalpy of activation is not known, since
the experimental activation parameters are measured for the
global reaction.

Although great steps have been taken in the last years in the
form of ingenious thermodynamic cycles and high-level
calculations, the accurate (i.e., within +1 pK unit) prediction
of acid dissociation constants in silico for any class of molecules
is still a formidable challenge."* In addition to the well-known
difficulties of how to describe solvation of very different species
(ions vs neutral species), esters are extremely weak bases, so
much so that the levels of theory used in this work predict that
the protonated carbonyl ester is not a minimum in the potential
energy surface when surrounded by an explicit solvation shell.
Therefore unconstrained geometry optimization at the MP2
and B3LYP levels of theory with a range of basis sets in implicit
solvent leads to proton transfer from the carbonyl oxygen to
the surrounding hydration shell.

This is in contrast with the experimental evidence, which
clearly suggests that protonated carbonyl esters are actual
intermediates that exist physically, at least in the strongly acidic
solutions used to determine their acid dissociation constants, in
which water has very low activity. In addition, the mechanistic
analysis of kinetic evidence such as the rather low activation
entropies,’ suggests that the protonated carbonyl is a physical
intermediate in pre-equilibrium with the reactants. Thus, we
have performed calculations only in implicit solvent.

The values obtained for the gas-phase dissociation free
energy (AGSs,), the difference in solvation free energy between
AH" and A (AAG™ = AGY! — AG®L.) and the absolute and
relative pK, values are reported in Table 1.

Table 1. Energies of Dissociation and pK, of the Esters
Studied with AcOEt as a Reference (pK, = —3.9%°)

—pK,
—AGE:, (K mol™?)  AAG™ (k] mol™!) absolute relative

COOMe 7719 274.0 11.5 5.7
AcOEt 822.4 239.8 8.6 ref

BPL 782.6 250.6 13.7 9.0
BBL 800.7 236.6 13.0 8.3
BIVL 815.6 2252 12.4 7.6
DIK 765.9 248.4 17.0 12.3
GBL 828.6 228.3 9.6 4.8
FUR 820.8 238.6 9.1 4.4
DVL 859.0 213.2 6.9 2.1

The comparison of the theoretical estimation for AcOEt with
the experimental value of —3.90 shows that the absolute
approach affords results with large systematic errors for the
protonation reaction of esters and underlines the need to use a
relative or proton-exchange method. In good agreement with
the literature, relative trends within the studied compounds
suggest that the basicity decreases (lower pK, values) as the
inherent reactivity increases: the more electrophilic the ester
carbon, the smaller the negative partial charge on the acyl
oxygen and thus the lower the basicity. As regards the p-
lactones, this decreased basicity has been studied both
theoretically and empirically in the gas phase and has been
attributed to the lower sp* character of the ester carbon in four-
membered lactones.*> The electron-donating effect of sub-

dx.doi.org/10.1021/j04002596 | J. Org. Chem. 2013, 78, 6880—6889
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Scheme 2. Ay 1, Aycl, and A, 2 Mechanisms of Neutral Hydrolysis
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Table 2. Energy Barriers for the Rate-Limiting Step in the Mechanisms of Acid-Catalyzed Lactone Hydrolysis

AH (kJ mol™) AG (25 °C) (kJ mol™)

Ay2 Ayl Aycl A2 Ay2 Ayl Axcl Ay2
COOMe 183.2 257.4 231.6 85.7 164.3 245.7 228.9 93.6
AcOEt 186.4 227.8 182.3 96.0 171.3 204.3 177.8 114.3
BPL 119.7 190.4 101.9 95.4 108.8 192.1 103.0 98.1
BBL 109.5 126.6 105.3 94.8 119.4 113.6 1112 98.5
BIVL N/A 89.0 112.5 97.1 N/A 70.7 123.8 101.1
DIK N/A 165.4 85.4 88.5 N/A 145.6 922 93.0
GBL 1289 204.1 189.2 87.1 123.6 179.2 173.6 86.6
FUR 142.9 224.3 183.1 104.9 145.9 200.4 167.0 112.1
DVL 150.9 172.5 170.4 73.7 145.0 171.8 1822 83.6

stituentes in the ring increases the basicity of the f-lactones, as
observed in the BPL—BBL—BIVL series. COOMe is a weaker
base, due to the lack of electron-donating alkyl substituents.
The y lactones are approximately as acidic as AcOEt, whereas
DVL is significantly more basic, in keeping with its increased
reactivity in acidic medium with respect to GBL.>*

When attempting to estimate the basicity of the alkyl oxygen,
we found that the protonated ester is not a minimum not only
regarding proton transfer to the solvent but also regarding ring
cleavage (as in the A c1 hydrolysis), and thus estimates cannot
be given for alkyl-oxygen basicity.

The fact that protonated esters in a solvent cluster are not
minima in the potential energy surface at the DFT-B3LYP and
MP2 levels of theory potentially has very important
implications; for instance, it means that the acid-catalyzed
transition states correspond to general acid catalysis by
hydronium ions rather than reactions by a protonated
intermediate in equilibrium with the reactants (see below).
However, further work using high-level ab initio methods
beyond DFT will be needed to analyze how the delicate
interplay between level of theory and implicit and explicit
solvation influences these results and whether they can be
related to experimental conditions with high and low water
activity.

3.2. Reactant complex. Finding global minimum
structures for solvated structures using a cluster-continuum
approach is challenging since many possible arrangements for
the explicit solvent molecules are possible and even if only a
few solvent molecules are present, this parameter space soon
becomes too vast to explore. Aqueous solution is particularly
arduous, given both the directionality of hydrogen bonding and
the high energies involved for these noncovalent interactions.
Organic molecules such as esters require additional efforts,
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since they feature two oxygen atoms that can interact with the
solvent through hydrogen bonds. This interaction is usually
weaker than the one among water molecules, and hence
minima may be located, corresponding to highly bound water
clusters that show very little interaction with the solute. If not
enough explicit molecules are present in the solvation shell to
maintain this level of solvent—solvent interactions along the
reaction path under study, this may result in spurious
(de)stabilization of certain intermediate species.

Often in the literature, IRC calculations are used to find the
reactant and product complexes that each particular transition
state connects, and these are taken to be in great proximity to
the true global minima. Whereas this avoids a toilsome search
and the possibility of finding unrealistic minima featuring
strong solvent—solvent interactions that are not featured in the
transition state due to the limited number of solvent molecules
present, it also can lead to overestimations of the reactant
energy.

Since various, very different reaction paths are studied in this
work, we have analyzed the ones reached from the different
IRC calculations and also tested additional solvent arrange-
ments by hand and have chosen the one showing the lowest
free energy. Whereas the free energy differences among the
minima considered were small (<5 kJ mol™), this choice has
some effect in the absolute prediction (see below) but none in
the mechanistic diagnosis.

3.3. AaL1, Apcl and Ay 2 mechanisms. The Ay 1, Axcl,
and A,;2 mechanisms are simple and are thought to take place
in a single, rate-limiting step, excluding fast proton transfers and
rapid addition of water to carbocations or eliminations (Scheme
2). The more common A,c2 is more complex and will be
discussed separately (see below).

dx.doi.org/10.1021/j04002596 | J. Org. Chem. 2013, 78, 6880—6889
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For ease of comparison, Table 2 reports the enthalpy and
free energy differences between the reactants and the transition
state for the rate-limiting step for all the compounds and
mechanisms studied. Since the cleavage step in the unim-
olecular mechanisms (A, 1 and A,c1) and the addition in the
bimolecular A,:2 pathway preclude any further reaction, a high
barrier blocks the entire pathway, and thus only this step was
included in this comparison, even if this is step is not ultimately
rate-limiting within its pathway. In analogy with the
experimental situation, the water + hydronium + ester cluster
(Figure 1) was chosen as a reactant, rather than the protonated
ester, such that the inherent basicity of each ester was taken
into account.

Figure 1. Equilibrium geometry for the encounter complex of
COOMe, H;0%, and five solvent molecules.

In summary, only the tertiary BIVL favored A, 1. The fS-
lactones BPL and DIK showed similarly low barriers for the
Aycl and A,c2 mechanisms, whereas BBL favors A,c2 by a
small margin (Figure 2). The larger lactones and the linear
esters follow the usual A,c2 pathway.

—=— AAL2
== -AALL

AACL
——nAC2

Free energy (kJ/mol)

Reaction Coordinate

Figure 2. Variation in the free energy (25 °C)
reaction paths for the acid hydrolysis of BBL.

along the various

A, 2 was disfavored for all the compounds, in keeping with
the fact that, experimentally, it has never been observed to be
predominant. As occurred in neutral hydrolysis, no transition
states could be located for the bimolecular alkyl cleavage of
BIVL and DIK. Also, in a similar fashion to what occurred with
the neutral B,; 2 mechanism, the activation entropies for A, 2
were quite high, even positive in some cases, whereas, in
analogy with the neutral counterpart, small negative values
would be expected.

3.3.1. The Ay 1 Mechanism. Table 3 reports the enthalpy
and free energy differences between the reactants and transition

states and intermediate species in the reaction path for the A,; 1
mechanism. Since the reaction products following the
unimolecular cleavage (TScyy) are carbocations that may
undergo further reactions, such as elimination or addition of a
water molecule, we included the carbocation (CAT) and the
transition state corresponding to the attack of water (TS,p)
and elimination (TSg;) in cases for which this mechanism
shows higher availability.

The A, 1 reaction has positive activation entropies, in
keeping with the fact that one bond is broken and none are
formed. Interestingly, both the addition of water to the
carbocation and elimination to afford an unsaturated ester had
barriers (with reference to the reactants as starting point) that
are somewhat higher than that of the unimolecular cleavage
itself, which makes the step kinetically rate-limiting. However,
some other unexplored mechanisms may provide faster
decomposition alternatives, especially in experimental con-
ditions where buffer species or dissociated mineral acids may
play an important role.

The stabilizing effect of the substituent on the alkyl carbon
from primary to tertiary is evident in the BPL—BBL—BIVL
series.

Ayl is observed in the hydrolysis of esters whose leaving
group is capable of yielding stable carbocations, and thus
mainly for esters of tertiary alcohols, such as tert-butyl acetates.
Among the compounds of choice, BIVL (Figure 3) is the only
one that clearly (more than 30 kJ mol™) favors this A, 1 over
the alternatives (Table 2).

1.72A

J
J

Figure 3. Equilibrium geometry for the A, 1 transition state for BIVL.

3.3.2. The Ajc1 Mechanism. The values reported in Table 4
show very high theoretical energy barriers for the A,c1 cleavage
of the linear esters that decrease with decreasing ring size in
lactones. Activation enthalpies were very high, and the
thermoentropic contributions were close to zero, in keeping
with the unimolecular nature of the mechanism.

The species formed following the unimolecular carbon—
oxygen bond cleavage (TSciy) were the corresponding acyl
cations. Since these carbocations are intermediates that
undergo addition of a water molecule, we included the

Table 3. Energy Barriers for the A, 1 Acid Hydrolysis of Some Lactones

AH (k] mol™) AG (25 °C) (k] mol™)
TScrv CAT TSap TSk, TScry CAT TSap TSg,,
BBL 126.6 122.5 126.8 100.7 113.6 102.4 126.0 103.8
BIVL 90.8 85.5 68.9 79.5 70.7 56.9 84.0 76.0
6884 dx.doi.org/10.1021/jo4002596 | J. Org. Chem. 2013, 78, 6880—6889
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Table 4. Energy Barriers for the A,c1 Acid Hydrolysis of
Some Lactones

AH (k] mol™) AG (25 °C) (kJ mol™)
TSciy CAT TSap TSy CAT TSxp
BPL 101.9 97.3 116.2 103.0 99.6 111.6
BBL 105.3 101.5 115.5 1112 113.8 118.5
BIVL 112.5 109.5 1247 123.8 126.4 129.5
DIK 85.4 77.6 94.8 922 82.6 100.3

carbocation (CAT) and the transition state corresponding to
the attack of water (TS,p) in cases for which this mechanism is
lower in energy.

The acyl cation moiety was not hydrogen-bonded to its water
hydration shell, and a lack of specific interactions with the
solvent can be deduced from the large distance to the solvent
molecules (Figure 4). Since they lay at such high energy, their

Figure 4. Structure of the A cl cleavage transition state and its acyl
cation product.

hydration step is predicted to be partially rate-limiting as
regards the global progress of the reaction, although other
unexplored mechanisms may provide faster decomposition
alternatives.

3.4. The Apc2 Mechanism. The A2 mechanism is the
most usual acid-catalyzed hydrolysis pathway. Like its neutral
and base-catalyzed analogs, it takes place in two steps (Scheme
3): an addition reaction leads to the tetrahedral intermediate,
which in turn decomposes. Whereas the breakdown kinetics of
the intermediate has received less attention since this step is
usually not rate-limiting, the addition step and the nature of the
intermediate have attracted much discussion, especially
regarding whether the reaction takes place by the base-
catalyzed addition of water on the protonated carbonyl (which
yields a neutral tetrahedral intermediate) or by the direct attack
of water, affording a charged intermediate.

The calculated differences in free energy and enthalpy for the
addition step (TS,p), the intermediate (DIOL), the cleavage
reaction (TScry), and the single-step concerted reaction
(TSyn1) are reported in Table S.

3.4.1. Addition. Rather than by direct addition (Scheme 4,
AD.1), it has been suggested that the attack of a water molecule
on the protonated carbonyl is base-catalyzed by an additional
water molecule (Scheme 4, AD.2). Thus, the reaction would

yield a unprotonated partially esterified orthoacid as the
tetrahedral intermediate and a hydronium ion instead of the
protonated orthoacid. The evidence for this proposed
mechanism ranges from reaction symmetry (if the breakdown
in the tetrahedral intermediate is acid-catalyzed, then the
opposite must occur in the addition reaction) to the very high
acidity of the protonated diol that is the tetrahedral
intermediate.

The transition states found in this work correspond to such a
mechanism featuring water as a general base catalyst (AD.2 in
Scheme 4), and no uncatalyzed reaction was observed. Two
molecules were observed to be involved in the rate-limiting
step, in keeping with the empirical evidence suggesting that the
acid hydrolysis of most esters under acidic conditions is second-
order in water.®

As reported in Table S, the f-lactones afforded relatively high
barriers for this mechanism. This is possibly related to the low
basicity of their carbonyl oxygen, which is the required
protonation site for this mechanism. The free energy barriers
were quite high for FUR and AcOEt, in keeping with their low
general reactivity, whereas COOMe, and especially GBL
(Figure S) and DVL, are higly reactive.

3.4.2. Intermediate. The tetrahedral intermediates formed
(DIOL in Table 5) can be seen as partially esterified orthoacids.
As occurs in neutral and alkaline hydrolyses, these species lay at
a fairly high energy, with the exception of DIK. This is due to
the presence of two methylene carbons in the ring of DIK: the
square geometry of f-lactones enforces 90° angles, and DIK has
two sp” carbon atoms, whose preferred bond angle is 120°.
Transition of the sp* carbonyl carbon to sp® hybridization is
thus especially favored in DIK.

3.4.3. Cleavage. The breakdown transition states were
symmetrical to those for the addition reaction and feature a
hydronium-catalyzed cleavage step (Scheme S, CLV.2) rather
than a concerted mechanism (Scheme S, CLV.1). This is in
agreement with recent results for the hydrolysis of COOMe
using a large number of water molecules (up to 15) in the
hydration shell."

For the larger lactones and the linear compounds, the
cleavage step is kinetically significant, since the barrier for the
breakdown is very similar to that for the addition. This is more
evident for haloesters, which are very weak bases that are not
protonated even in 100% sulfuric acid. In general, haloesters do
not undergo significant acid-catalyzed hydrolysis, compared
with fast B2 hydrolysis, since the A,-2 pathway is blocked by
the low pK, values, although general acid catalysis is still
possible. Interestingly, the hydrolysis rate of haloesters with
poorer leaving groups is increased in acidic medium. Since the
Bac2 and Apc2 mechanisms share the tetrahedral intermediate,
this can interpreted as a switch from a B2 (co)rate-limiting
cleavage step to an A,c2 acid-catalyzed cleavage, even if the
addition step is insensitive to the acid catalyst because of the
low basicity of the ester group.

3.4.4. Single-Step Hydrolysis. As was the case in the neutral
mechanism, a single-step hydrolysis mechanism was also
observed (TSyyy), in which nucleophilic addition, acyl-oxygen
cleavage, and protonation of the alkyl oxygen by a hydronium

Scheme 3. A,2 Mechanism of Ester Hydrolysis
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Table S. Energy Barriers for the A,c2 Hydrolysis of Some Lactones

AH (k] mol™) AG (25 °C) (kJ mol™)

TS DIOL TS e TSunt TSap DIOL TSciy TSunt
COOMe 85.7 62.5 77.1 152.6 93.6 80.3 88.1 161.9
AcOEt 96.0 79.0 103.6 166.1 114.3 107.7 106.7 171.7
BPL 95.4 62.0 60.6 122.6 98.1 75.0 77.3 1232
BBL 94.8 65.5 62.3 128.8 98.5 782 84.7 1312
BIVL 97.1 66.3 68.7 133.4 101.1 77.1 88.8 135.4
DIK 88.5 38.1 422 1182 93.0 50.7 63.8 115.0
GBL 87.1 69.8 82.1 142.1 86.6 73.3 89.0 139.1
FUR 104.9 88.2 100.3 162.5 112.1 92.9 1145 162.8
DVL 73.7 63.4 68.0 143.1 83.6 79.7 89.9 153.6

Scheme 4. Possible Addition Steps in the A2 Hydrolysis
Mechanism
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ion take place simultaneously. This pathway can be seen as an
acid-catalyzed version of the fully concerted single-step neutral
hydrolysis mechanism (designated TSyy; in the parallel work
dealing with neutral and base-catalyzed hydrolyses). This is,
together with the A,c1 mechanism, the only pathway we have
found featuring alkyl-oxygen protonation, although this occurs
synchronically with formation of a partial negative charge on
the oxygen atom during C—O bond cleavage. This is in keeping
with the very low basicity of the alkyl oxygen (see above). This
reaction path is higher in energy than the catalyzed addition
(Table 2) by about 25 k] mol™" in the case of the more strained
compounds and up to 70 kJ mol™" in the case of the linear
esters and the larger lactone.

3.5. Comparison with the Experimental Results. Table
6 reports the actual hydrolysis mechanism for each compound,
as deduced from experiments, and the pathway predicted to be
most favored by the theoretical approach used in this work. The
experimental and theoretical activation parameters, when
available, are also reported. Experimental activation parameters
for acid-catalyzed hydrolysis reactions were computed from the
catalytic term, ky;/K,, and thus include the contribution of both
the protonation pre-equilibrium and the rate-limiting step. For
consistency, the values reported in Table 6 are referred to the
unprotonated reactants (hydronium + water cluster + ester).
Whereas our results suggest that the cleavage step in the
unimolecular pathways (A,c1 and Ay l, see above) may not

Scheme 5. Observed Cleavage Steps in the A,:2 Hydrolysis
Mechanisms
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the rate-limiting step since the subsequent addition/elimination
steps are also significant, it is not clear whether this conclusion
extrapolates to experimental conditions, and thus we report the
barrier for the initial unimolecular cleavage.

3.5.1. Preferred Mechanism. In general, the results are in
good qualitative agreement with the experimental mechanisms:
no esters are known to follow the A,;2 mechanism, which was
disfavored in all the cases studied; linear esters and larger
lactones are correctly predicted to follow the A2 mechanism,
and BIVL is hydrolyzed by the A,; 1 pathway.

The behavior of the other S-lactones, which experimentally
follow the A1 pathway, is more complex. The A,c1 and Ayc2
hydrolyses are predicted to have very similar barriers, with
differences ranging from —1 to +12 kJ mol™"). This can be
reconciled with the fact that most kinetic evidence points in the
direction of, mostly, pure A,cl if the influence of the
availability of water molecules is taken into account (see
below).

Experimental work reported in the literature shows that the
A, 1 reaction is very sensitive to the dielectric constant of the
medium, and its rate is decreased in media with organic
cosolvent, sometimes to such a point that the mechanism
switches to the standard A,:2, which is slower in more polar
media. This is consistent with the highly charged transition
states found for A,; 1 hydrolysis, with computed electric dipole

o
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b
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Figure S. Equilibrium geometries for TS,p, DIOL, TSy, and TSyy; in the Ajc2 mechanism for GBL.
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Table 6. Comparison of the Experimental

and Theoretical Activation Parameters for the Acid Hydrolysis of the Compounds

Studied
A*HC (K] mol ™) A*S° (J mol™! K7) A*G° (25 °C) (k] mol™") mechanism
exptl caled exptl caled exptl caled exptl calcd
COOMe 60 + 2 86 -89 +7 25 87 +3 94 Anc2 A2
AcOEt*® 68 + 1 96 -94 + 1 -58 96 + 1 114 A2 Anc2
BPL?* 95/102 —-11/-20 ~103 98/103 Ancl Anc2/Apcl
BBL* 95/105 —-19/-30 ~105 99/111 Axcl Anc2/Apcl
BIVL3® 91 36 ~88 81 Ayl Ayl
DIK* 88/85 —-15/-22 ~96 93/92 Axcl Anc2/Aycl
GBL* 65+1 87 —96 + 3 -3 94 +2 87 A2 Anc2
FUR 105 27 112 Anc2 Anc2
DVL* 47 +1 74 —113+5 -37 81 +2 84 Anc2 Anc2

moments around 20 D, compared with the much lower values
for the alternative A2 addition (around 5—6 D).

The theoretical structures of the acyl cations are in good
agreement with the general crystallographic values for this
functional group: a C—C bond at around 140 pm and a C=0
at about 110 pm37’38 (Figure 4).

The solvent kinetic isotope effect (SKIE) reported in the
literature for the A,-2 mechanism is around ky/kp & 0.6. This
inverse SKIE is in keeping with a mechanism preceded by a
protonation pre-equilibrium such as the pathway proposed
here. We have determined theoretical SKIE values for COOMe,
GBL, and DVL of 0.66, 0.73, and 0.27, respectively, in good
agreement with the experimental values of 0.77, 0.67, and 0.41.

3.5.2. Accuracy. The calculated relative pK, values for the
esters are in reasonable agreement with the values for alkyl
esters. In addition, the values obtained for the lactones can shed
some light on the reactivity of these compounds. Of the three
ring sizes studied, the f-lactones are the least sensitive to acid
catalysis, and very high acid concentrations are usually needed
to observe an increase in the reaction rate. At the opposite
extreme are the y- and §-lactones, which react readily in mildly
acidic media. This can be partially explained in terms of their
acid dissociation constants: the higher the acidity, the lower the
concentration of the highly reactive protonated ester and hence
the lower the catalytic effect of hydronium ions.

Regarding the activation parameters, the free energies show
errors from —7 to +15 k] mol™" (the mean unsigned error is 7
k] mol™"). Whereas they are reasonably accurate when
considering the diversity of the studied mechanisms, our
results are insufficient to predict reaction rates within the so-
called chemical accuracy (+1 kcal mol™). All the more, the
reactant configuration used as a free energy reference
corresponds to an encounter complex between a hydronium
ion, the ester, and five water molecules and is in all likelihood
higher in energy than the standard states of 1 mol dm™
concentration for protons and ester and unit activity for water.
Thus, all the reported results are expected to somewhat
underestimate the theoretical activation free energy. Quantify-
ing the free energy cost of forming the reactant complex from
the ester and H;0" at 1 mol dm™ concentration is not a
straightforward calculation.

Corrections have been carried out to take into account the
role of solvation entropies of the supermolecule and improve
PCM estimations of AH by adding a thermoentropic
contribution, TAASZ (supermol). Since most entropic effects
arise within the first solvation shell (AASS,(supermol)) and
are well modeled with the statitiscal thermodynamic terms from
the quantum chemistry calculations, AS¥ (supermol) is fairly
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constant for all reactant and transition state assemblies, and the
thermoentropic corrections to AH are very small with values
within +2 kJ mol™ (See Supporting Information). Activation
enthalpies, in the few cases where experimental values are
available for comparison, show large positive errors of which
the origin is unclear.

The use of the larger 6-311+G(2dfpd) basis set did not
result in a clear improvement in the activation free energies
(the mean unsigned error is 7 kJ mol™), see Supporting
Information) The post-HF single point energies (MP2/6-31+
+G(d,p), MP4/6-31++G(d,p), and QCISD/6-31++G(d,p)) on
DFT-B3LYP/6-31++G(d,p) geometries afforded poor results
(see Supporting Information). This is possibly due to the
strong dependence of hydrogen-bond lengths and energies on
the level of theory and the basis set used. The increased
accuracy of the higher levels of theory is lost in the error
induced by using DFT-B3LYP/6-31++G(d,p) geometries.

3.6. Hydrolysis in Strongly Acidic Media. Because of the
electronic effects involved, the increased reactivity of activated
esters is more evident in neutral hydrolysis mechanisms, milder
in alkaline reactions, and much weaker in acid-catalyzed
reactions. Therefore, acid hydrolysis is by far the least sensitive
to increases in inherent reactivity.6 As a consequence, in the
experimental study of the hydrolysis of activated esters high
concentrations of acid are needed in order to accelerate the
acid-catalyzed reaction to a point where it is faster than the
much enhanced neutral reaction.

The A,c2 reaction requires the simultaneous availability of
several water molecules: the nucleophile, the base catalyst, and
those necessary for solvating the hydronium ion formed. By
contrast, the A,cl transition state is unimolecular and shows
little interaction with the surrounding water molecules. As a
result, the A,:2 pathway is disfavored in situations where few
water molecules are present, whereas the contribution of the
A,cl mechanism is less affected, since water does not play a
significant role in the limiting steps other than generic
hydration. It is not unexpected, then, for the A,2/A,c1 ratio
to fall as the concentration of acid increases and water becomes
more scarce.

This is precisely what has been reported in the literature: the
hydrolysis of primary and secondary alkyl esters in very
concentrated acid solutions switches from the standard A,:2
mechanism to A,cl when the concentration of mineral acid
reaches 70—80% and few water molecules are available to
simultaneously hydrate the ester and assist the rate-limiting
nucleophilic attack.

Accordingly, the discrepancy between the predicted coex-
istence of A,c2 and A,c1 mechanisms in the hydrolysis of the
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Table 7. Energy Barriers for the Hydrolysis of Some Lactones with Few Water Molecules

AG (25 °C) (IJ mol™)
one solvent H,O minimal H,O

Ayl Apcl A2 Apc2 Ayl Ayl Apr2 Apc2
COOMe 210.6 184.1 112.5 99.1 221.6 159.0 117.7 108.7
AcOEt 113.7 142.4 117.1 117.2 112.7 88.1 115.9 126.4
BPL 1019 S1.4 68.0 92.8 88.3 426 87.6 207.4
BBL 60.2 45.7 50.9 79.8 39.0 38.3 80.3 210.3
BIVL 22,6 582 64.3 89.0 7.2 49.0 51.0 211.7
DIK 88.0 17.4 68.3 61.8 354 209.3
GBL 158.6 107.0 112.1 105.9 154.1 774 119.0 215.8
FUR 180.8 1134 130.0 139.7 222.4 103.5 141.6 241.0
DVL 149.0 107.8 132.4 109.6 123.0 85.4 118.3 2182

P-lactones can be understood in the same terms. The acid-
catalyzed reaction of the highly reactive BPL, BBL, and DIK is
unfavored by their low basicity and occluded by their fast
neutral hydrolysis. Thus, catalysis by hydronium ions cannot be
observed at acid concentrations with H, > —1, which is
equivalent to 20% sulfuric acid.**">** At these high acid
concentrations, the activity of water is significantly decreased
(ag,0 < 0.75), which doubly disfavors the A,-2 mechanism.

Our results suggest that at low concentrations of acid, in
which the acid-catalyzed reaction is occluded by the neutral
mechanism and cannot be observed experimentally, bimolec-
ular hydrolysis is similarly rapid or even faster than
unimolecular cleavage. However, under the experimental
conditions (concentrated mineral acid), the barrier for A2
is increased, and the kinetic parameters measured correspond
to the now major A1 pathway.

In order to model these empirical observations, the energy
barriers were calculated for the pertinent mechanisms in the
nearly complete absence and total absence of explicit solvent
molecules.

3.6.1. One Explicit Water Molecule. Table 7 shows (i) the
calculated activation free energies when one extra water
molecule is included, for a total of one water molecule for
unimolecular reactions and two water molecules (nucleophile
plus catalyst) for bimolecular pathways and (ii) the results
obtained when only the absolutely essential water molecules are
included (one for bimolecular mechanisms, none for
unimolecular ones). The self-consistent reaction field PCM
solvation is maintained in all calculations.

In the intermediate situation, the primary and secondary f-
lactones have clearly switched to the unimolecular pathway,
midsized lactones now showing similar barriers for A,-2 and
Aycl and the linear esters still maintaining the A,c2.

3.6.2. No Explicit Solvent. When only the strictly necessary
water molecules are present, the situation changes further. The
acidic tetrahedral intermediate in the A,-2 mechanism is so
high in energy and so far behind such a towering energy barrier
that for all the molecules studied (with the obvious exception of
tertiary BIVL), the A,cl mechanism is the lowest-energy
reaction pathway. The energy barrier for this pathway is
nevertheless higher than that of standard well-solvated A2
hydrolysis, in accordance with the experimentally observed
lower reaction rate once the change in the mechanism has
occurred. The barrier for the A,:2 addition in the case of
AcOEt is exceptionally favored, in comparison with the
lactones, although still higher in energy than the A,cl
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transition state. This effect could be related to the favored
trans configuration of the ester bond.

Thus, the change from the bimolecular to the unimolecular
acyl cleavage mechanisms can be interpreted as being
influenced by exogenous and endogenous parameters: solvation
and ring strain, respectively. If the activity of water is lowered,
the availability of the A,:2 mechanism decreases. Also, the
presence of a strained ring increases the tendency of the
lactones to undergo unimolecular ring-cleavage. Accordingly,
the acid-catalyzed hydrolysis of BPL, BBL, and DIK can be seen
as an extreme version of this trend, in which the decrease in
water activity necessary for the change in the mechanism takes
place at very low acid concentrations. Since DIK is the most
reactive f-lactone, it is also the one showing the largest
unimolecular contribution. On the opposite side are AcOEt,
which requires very high concentrations of acid before the A,¢1
mechanism can be observed, and COOMe, for which the
formation of the A1 transition state is highly disfavored under
all conditions because of the lack of substituents than could
stabilize the acyl cation.

4. CONCLUSIONS

The various possible mechanisms of the acid-catalyzed
hydrolysis of lactones have been modeled using density
functional theory and a hybrid supermolecule—PCM approach.
Good qualitative and quantitative agreement with experimental
results in the literature has been found for a wide range of
substrates and mechanisms, confirming the predicting ability of
this approach.

The present results help us to understand the balance
between the unimolecular (Ajcl) and bimolecular (A,c2)
reaction pathways. In contrast to the experimental setting,
where one of the two branches is often occluded by the
requirement of rather extreme experimental conditions, we
have been able to estimate both contributions for all the
compounds studied and found that they undergo a transition
from A,c2 to Ascl hydrolysis as acidity increases. The
intrinsically more reactive f-lactones are more refractory to
acid hydrolysis, and thus the A,c2 region cannot be measured
in kinetic experiments since it is occluded by the faster neutral
hydrolysis. As intrinsic reactivity decreases (e.g, the larger
lactones), the transition zone moves to higher acidities and can
be detected in kinetic experiments by modifying the
experimental conditions.

In addition, it has been found that protonated esters within
an explicit solvation shell are not minima in their respective
potential energy surfaces at the present levels of theory. This
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finding, and especially its relationship with the nature of the
pre-equilibrium protonation reaction as a function of water
activity, should help guide future experiments and theoretical
work.
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