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DFT and ab initio calculation results for proton transfer reactions in Kirby’s acetals reveal that the mech-
anism proceeds via efficient intramolecular general acid catalysis (IGAC) and not through a ‘classical’ gen-
eral acid catalysis mechanism (GAC). Further, they show that the driving force for the proton transfer
efficiency is the proximity of the two reactive centers (r) and the attack angle (a), and the rate of the reac-
tion is linearly correlated with r2 and sin (180� � a). Acetals with short r values and with a values close to
180� (forming a linear H-bond) are more reactive due to the development of strong hydrogen bonds in
their global minimum, transition state, and product structures.

� 2010 Elsevier Ltd. All rights reserved.
For many years chemists and biochemists have utilized intra-
molecularity to understand how enzymes accomplish their signif-
icant rate enhancements. Intramolecular processes are generally
faster and more efficient than their intermolecular counterparts
due to the proximity orientation of the two reacting centers which
mimics that of functional groups when brought together in the en-
zyme active site.1

Intramolecularity is usually measured by the effective molarity
parameter (EM). EM is defined as the rate ratio (kintra/kinter) for
corresponding intramolecular and intermolecular processes dri-
ven by identical mechanisms. Ring size, solvent, and reaction type
are the main factors affecting the effective molarity. Ring-closing
reactions via intramolecular nucleophilic addition are much more
efficient than intramolecular proton transfer reactions. EM values
in the order of 109–1013 M have been measured for intramolecu-
lar processes occurring through nucleophilic addition. Whereas
for proton transfer processes values of less than 10 M were
obtained.2

Recently, we have studied the origin of the driving forces for the
significant accelerations in the rates of some important intramo-
lecular processes.3 Exploiting ab initio and DFT molecular orbital
methods, we explored the mechanistic behavior of the acid-cata-
lyzed lactonization of hydroxy-acids as studied by Menger4 and
Cohen,5 the cyclization reactions of dicarboxylic semi-esters as
investigated by Bruice,6 intramolecular proton-transfers in rigid
systems as researched by Menger4, and SN2-based ring-closing
reactions as studied by Mandolini.7 Furthermore, using the DFT
method, we have established a rationale for calculating the EM val-
ues of a variety of intramolecular processes.8 The main conclusion
to emerge from these works is that strained and/or strain-less
ll rights reserved.
proximity orientation effects (proximity of an electrophile to a
nucleophile) play a crucial role in enhancing or inhibiting the reac-
tion rate.3,8

In continuation of our investigations on the driving force
responsible for the remarkable accelerations in enzyme models
based on intramolecularity, we sought to investigate, using molec-
ular orbital methods, the mode and scope of the efficiency of pro-
ton transfer in Kirby’s enzyme model (Scheme 1).9

In this Letter, we describe our DFT and ab initio quantum
molecular orbital investigations of ground state and transition
state structures, vibrational frequencies, and reaction trajectories
for efficient intramolecular general acid catalysis (IGAC) in five of
Kirby’s enzyme model systems 1–5 (Scheme 1) which show EM
values as high as 105–1010 M.9 In order to calculate the EM values
for 1–5, the intermolecular process for 6 (Scheme 2) was also
computed.

The goal of this investigation was to (a) unravel the nature of
the driving force(s) for the unprecedented efficiency of the IGAC
in 1 (Scheme 1) and (b) locate intramolecular hydrogen bonds in
the entities along the reaction pathway (reactants, transition state,
and products) and to evaluate their role in the efficiency of the
intramolecular process.

Computational efforts were directed toward the elucidation of
the transition and ground state structures for the proton transfer
processes in 1–5 due to the importance of intramolecular hydrogen
bonding on the stability of the ground states, the derived transition
states, and consequently, the corresponding products.9

Using the quantum chemical package GAUSSIAN-9810, we have
calculated the ab initio HF/6-31G and the DFT B3LYP/6-31G (d,p)
kinetic and thermodynamic parameters for the IGAC in processes
1–5 (Scheme 1) and for the intermolecular processes 6 and 7
(Scheme 2). The intermolecular process 6 was chosen as an inter-
molecular proton transfer process for calculating the effective
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Scheme 1. Proton transfer reactions in 1–5, where GM and P are the reactant and the product, respectively.
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molarity values of the corresponding intramolecular processes
1–5, and process 7 was employed to represent proton transfer dri-
ven by ‘classical’ general acid catalysis (GAC) for comparison with
that driven by IGAC (see for example process 1).

Using the HF and DFT calculated enthalpic and entropic
energies for the global minimum structures (GM) of 1–6 and the
derived transition states (TS) (Table S1, Supplementary data), we
have calculated the enthalpic activation energies (DDH�), the
entropic activation energies (TDS�), and the free activation energies
in the gas phase (DDG�) and in water for the corresponding proton
transfer reactions. The calculated kinetic parameters are summa-
rized in Table 1. Table 2 lists the values of the O1–H2 distances
and the attack angles O1H2O3 (Fig. 1) for the reactants and the cor-
responding transition states for processes 1–5. Figures 2 and S1
(Supplementary data) illustrate the DFT calculated global mini-
mum (GM), transition state (TS), and product (P) structures for
the proton transfer processes in 1–6.

Careful examination of the optimized global minimum struc-
tures for processes 1–3 and 5 (1GM, 2GM, 3GM, and 5GM) revealed
the existence of intramolecular hydrogen bonding between the
carboxyl hydroxy group O3–H2 and the ether oxygen O1 (Figs. 2
and S1). On the other hand, no intramolecular hydrogen bond
was found in the global minimum structure of 4 (4 GM) (Fig. 2).
This is because the carboxyl group in 4 GM prefers to engage in
hydrogen bonding with a molecule of water rather than intramo-
lecularly, since the latter will be energetically expensive due to
the high energy barrier for rotation of the carboxyl group around
the cyclohexyl moiety.11 It should be emphasized that Fife and
coworkers reported that the benzaldehyde acetal 4 shows no IGAC
by the neighboring carboxyl group.12 Further, inspection of Table 2
indicates that the distance between the two reactive centers
(O1–H2) varies according to the conformation in which the global
minimum structure resides (GM). Short O1–H2 distance values
were achieved when the values of the attack angle (a) in the GM
conformations were high and close to 180�, whereas small values
of a resulted in longer O1–H2 distances.

The optimized structures for processes 1–5 (1TS-5TS and 1P-5P)
shown in Figures 2 and S1 indicate the development of intramolec-
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Scheme 2. (a) A representative intermolecular proton transfer reaction of an acetal (Kirby’s system) with acetic acid in water; (b) a representative general proton transfer
reaction of an acetal (Kirby’s system) in water. GM, TS and P are reactant, transition state and product, respectively.

Table 1
HF and DFT (B3LYP) calculated kinetic and thermodynamic properties for the proton transfer in systems 1–7

System Medium HF HF HF B3LYP B3LYP B3LYP B3LYP calculated log EM

DH� TDS� DG� DH� TDS� DG�

1 Gas phase 26.25 �0.47 26.72 27.78 �2.68 30.46 —
Water — — — 21.47 �2.68 24.15 10.58

2 Gas phase 30.64 �1.9 32.54 31.38 �3.71 35.09 —
Water — — — 26.64 �3.71 30.35 6.04

3 Gas phase 33.08 �3.79 36.87 29.04 �5.12 34.16 —
Water — — — 26.22 �5.12 31.34 5.30

4 Gas phase 38.89 �3.03 41.92 41.09 1.04 40.05 —
Water — — — 40.15 1.04 39.11 �0.41

5 Gas phase 31.31 �1.77 33.08 29.3 0.03 29.27 —
Water — — — 21.22 0.03 21.19 12.72

6 Gas phase 44.83 �1.64 46.47 44.60 �2.82 46.82 —
Water — — — 35.73 �2.82 38.55 0

7 Gas phase 55.96 �3.61 59.57 52.59 �3.93 56.52 —
Water — — — 49.21 �3.93 53.14 �10.72

HF and B3LYP refer to values calculated by HF/6-31G and B3LYP/6-31G (d, p) methods, respectively. DH� is the activation enthalpic energy (kcal/mol). TDS� is the activation
entropic energy in kcal/mol.
DG� is the activation free energy (kcal/mol). EM ¼ e�ðDGz

inter
�DGz

intra
Þ=RT .

Table 2
HF and DFT (B3L) calculated properties for the proton transfer in 1–5

System HF/GM HF/GM HF/TS B3L/GM B3L/GM B3L/TS

O–H (Å) O–H–O (�) O–H–O (�) O–H (Å) O–H–O (�) O–H–O (�)

1 1.67 169 170 1.70 170 170
2 1.71 143 144 1.69 149 144
3 1.77 139 153 1.74 147 153
4 3.62 45 131 3.66 48 131
5 1.72 170 162 1.72 171 162

HF and B3L refer to values calculated using HF/6-31G and B3LYP/6-31G (d, p) methods, respectively. GM and TS refer to global minimum and transition state structures,
respectively.
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Figure 1. The angle of attack O1H2O3 (a), usually described in terms of the
linearity of the H-bond with the two oxygens (O1 and O3), and the distance
between the two reacting centers H2–O1 (r) in systems 1–5. R is an alkyl or aryl
group.
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ular hydrogen bonding in the products and also in the transition
states leading to them. It should be emphasized that the mini-
mized transition state and product structures for process 4 (4TS
and 4P) involve intramolecular hydrogen bonding. This is contrary
to that observed in the corresponding global minimum structure (4
GM).

Inspection of Tables 1 and 2 reveals that the free activation en-
ergy (DG�) in the gas phase and in water needed to execute proton
transfer in systems 1–5 is largely affected by both the distance be-
tween the two reactive centers r (O1–H2), and the attack angle a
(O1H2O3). Systems having low r and high a values in their global
minimum structures, such as 1 and 5, exhibit much higher rates
(lower DG�) than those with high r and low a values, such as 4. Lin-
ear correlation of the calculated DFT activation energies (DG�) with
sin (180 � a) values gave strong correlations with relatively high
correlation coefficients, R = 0.96 when the calculations were
carried in the gas phase, and 0.97 when they were derived in water
(Fig. 3a). However, correlation of the corresponding calculated HF
values gave a poor correlation coefficient (R = 0.77). On the other
hand, the calculated DFT r values (1/r2) were found to correlate
much better with the calculated DFT DH� values than with the cor-
responding calculated DFT DG� values (R = 0.96 vs 0.82, Fig. 3b).
Figure 2. DFT optimized structures for the global minimum (GM) and transition
When the calculated DFT enthalpy energies (DH�) and activation
energies (DG�) were examined for correlation with both r and a
values, improved correlation coefficients were achieved with the
calculated DH� values (R = 0.98 vs 0.88, Fig. 3c).

In a similar manner, correlations of the DFT calculated DH� and
DG� values with the angle O1H2O3 (b) developed at the transition
state furnished strong correlations with a high correlation coeffi-
cient (R = 0.99 for the calculated values in the gas phase and
R = 0.98 for those calculated in water as the solvent, Fig. 3d).

The combined results suggest that the structural requirements
for a system to achieve a high intramolecular proton transfer reac-
tion rate are (1) a short distance between the two reactive centers
(r) in the ground state (GM) which subsequently results in strong
intramolecular hydrogen bonding and (2) the attack angle a in
the ground state and consequently the angle b in the transition
state should be close to 180� in order to maximize the orbital over-
lap of the two reactive centers when they are engaged along the
reaction pathway. Among the five systems that were investigated
theoretically, systems 1 and 5 were the most reactive due to the
fact that they both fulfill, to a high extent, the two requirements
(a = 170� and r = 1.7 Å). System 4 has the lowest rate as a result
of having an angle of attack and distance between the two reactive
centers far removed from the optimal values (a = 48� and r = 3.7 Å).

In order to examine whether the reaction mechanism for sys-
tems such as 1 occurs via efficient intramolecular general acid
catalysis (IGAC) or via ‘classical’ general acid catalysis (GAC), we
also conducted calculations for processes 6 and 7. Where process
6 involves intermolecular proton transfer from acetic acid to the
acetal, process 7 is similar to that of 6, except that acetic acid is re-
placed with a molecule of water as a proton donor to the acetal
(Scheme 2). Comparison of the calculated DFT activation energies
in water for processes 6 and 7 with that of 1 indicates that IGAC
for 1 is much more efficient than GAC for 6 and 7 (DG� value for
1 is 24.15 kcal/mol, and for 6 and 7 are 38.55 kcal/mol and
53.14 kcal/mol, respectively). This result suggests that the proton
state (TS) structures in intramolecular proton transfer reactions of 1 and 4.
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that catalyzes cleavage of the acetal group of 1 must be supplied by
the carboxyl group. Thus the mechanism in systems such as 1 is via
IGAC and not via GAC. This conclusion is in perfect agreement with
that drawn by Kirby.9

The effective molarity parameter is considered as an excellent
tool to describe the efficiency of a specific intramolecular process.
Since absolute EM values for processes 1–5 are not available9, we
sought to introduce our computational rationale for calculating
these values based on the DFT calculated activation energies
(DG�) of 1–5 and the corresponding intermolecular process 6
(Scheme 2).

Using Eq. (1)–(4), we have derived Eq. 5 which describes the EM
term as a function of the difference in the activation energies of the
intra- and the corresponding intermolecular processes. The values
calculated using Eq. 5 for processes 1–5 in water are listed in Table
1.

EM ¼ kintra=kinter ð1Þ

DGzinter ¼ �RT ln kinter ð2Þ

DGzintra ¼ �RT ln kintra ð3Þ

DGzintra � DGzinter ¼ �RT ln kintra=kinter ð4Þ

EM ¼ e�ðDGz
inter
�DGz

intra
Þ=RT ð5Þ

where T is 298�K and R is the gas constant.
Inspection of the EM values listed in Table 1 reveals that 5 is the

most efficient process among 1–5 (log EM >12), and the least
efficient is process 4 with log EM <1. Although the EM values of
1–5 were not determined experimentally, Kirby and coworkers
estimated the experimental EM value for process 1 in the order
of 10.10 The DFT calculated value for 1 is 3.8 � 1010, which is in
agreement with the experimentally estimated value.9

In summary, we conclude that the proton transfer reactions in
1–5 occur via an IGAC mechanism which is driven by the following
factors: (a) the distance between the two reacting centers (the car-
boxylic proton and the ether oxygen), (b) the attack angle a, and (c)
the strength of the net hydrogen bonding between the carboxyl
group and the acetal ether oxygen. In addition, the results confirm
that the proton transfer rate is dependent and linearly correlated
with the distance between the two reactive centers and the attack
angle. This result is in accordance with Menger’s ‘spatiotemporal
hypothesis’4 and is in agreement with our previous studies on
other proton transfer reactions.3 Further, these results prove and
support the conclusions of Kirby drawn on the dependence of the
EM value on the strength of hydrogen bonding within the transi-
tion state of a proton transfer process.9

Further work is underway to explore the feasibility of a specific
acid catalysis (SAC) mechanism for processes 1–5. This will be exe-
cuted by calculating the thermodynamic and kinetic properties of
the entities involved in the SAC pathway and by comparing them
with those in the IGAC route.
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