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Using density functional theory (DFT) at the B3LYP level with the 6-31G(d,p) basis set, a general equation
is derived relating activation energy with the distance between the two reactive centers (rgy), and the
hydrogen-bonding angle (cgv) in an intramolecular proton transfer process. The strong correlation
between the values of r¢y and oy with the activation energy, AG*, which reflects the experimental reac-
tion rate, provides an excellent tool to predict reaction rate based on calculated geometrical parameters
for a certain system (AH*, AG* vs rey and o). The slope of the equation can be used as an indicator of
the mode by which the two reacting centers orchestrate in an intramolecular process.

© 2010 Elsevier Ltd. All rights reserved.

The chemistry of intramolecular processes has been important in
modeling the extraordinary efficiency of enzymes. Both are similar
in that the reacting centers and are held together (covalently with
intramolecular systems, and non-covalently with enzymes).!
Although Menger, in his spatiotemporal theory, invoked the distance
between reactants as a key element of reactivity,? an idea later ex-
panded by Bruice in his related ‘near attack conformation’ concept,?
the notion of ‘proximity’ has never been quantified adequately. De-
spite decades of attention on intramolecularity, the details of how
intramolecular rates depend on distance/angle relationships between
a nucleophile and an electrophile remain unclear. In this Letter, geo-
metric aspects of intramolecular reactivity are addressed including
the derivation of an equation that strongly correlates reaction rate
with distance/angle for 18 intramolecular proton transfer processes.

Recently, we have investigated the mechanistic pathways for
some intramolecular processes that have been utilized as enzyme
models. Exploiting ab initio and DFT theoretical calculation meth-
ods, we have explored: (a) acid-catalyzed lactonization of hydroxy-
acids as studied by Cohen* and Menger;? (b) Sy2-based cyclization
as researched by Brown, Bruice, and Mandolini;>* (c) proton trans-
fer in rigid tricarboxylic amides as investigated by Menger;? and
(d) addition of nucleophiles to a C=C double bond as explored by
Kirby,® and arrived at the following conclusions: (1) the driving
force for rate enhancement in intramolecular processes can be
due to proximity and/or steric effects, depending on the nature
of the system, and the accelerations in rate for intramolecular reac-
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tions are a result of both entropic and enthalpic effects. (2) In Sy2-
based ring-closing reactions leading to three-, four- and five-mem-
bered rings the gem-dialkyl effect is more dominant in those
involving formation of an unstrained five-membered ring, and
the need for directional flexibility decreases on increasing the size
of the ring being formed. In addition, the demands on directional
flexibility decrease on increasing the volume of the nucleophile in-
volved in the Sy2 ring-closing reaction. Furthermore, it has been
concluded from these studies that understanding the mechanisms
by which systems execute their reactions is a stepping stone for
the design of chemical entities (prodrugs) that might have the abil-
ity to undergo cleavage reactions in physiological environments at
rates that are completely dependent on the structural features of
the host (inactive linker).”

In this Letter, DFT quantum molecular orbital investigations of
ground state and transition state structures, vibrational frequen-
cies, and reaction trajectories for the intramolecular proton trans-
fer reactions in processes 1-18 are described.

The aims of this study were to: (a) unravel the nature of the
driving force(s) affecting the efficiency of the proton transfer in
the three different systems described in Schemes 1a and b, and
(b) establish a correlation between proton transfer rate and the ‘at-
tack’ parameters, that is, the distance between the two reacting
centers and the hydrogen-bonding angle.

Computational efforts were directed toward elucidation of the
transition and ground state structures for the proton transfer pro-
cesses in 1-18 due to the importance of intramolecular hydrogen
bonding on the stability of the ground states, the derived transition
states, and consequently, the corresponding products.?
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Scheme 1a. Intramolecular proton transfer reactions in 1-8, where GM and P are
the reactants and products, respectively.

The three intramolecular proton transfer reactions shown in
Schemes 1a and b, and cited here to illustrate the general utility of
the rate/geometry relationship are: (a) proton transfer between
two oxygens in Kirby’s acetals;® (b) proton transfer between nitro-
gen and oxygen in Kirby’s enzyme models,® and (c) proton transfer
between carbon and oxygen in rigid systems as studied by Menger.?

Using the DFT molecular orbital method, the ground and transi-
tion state properties of the intramolecular proton transfer in which
compounds 1-18 are engaged were calculated (see calculation
methods, Supplementary data).® Utilizing the calculated DFT enthal-
pic and entropic energies for the global minima (GM) of 1-18 and the
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Scheme 1b. Intramolecular proton transfer reactions in 9-18, where GM and P are
the reactants and products, respectively.

derived transition states structures (TS) (Table S1, Supplementary
data) the enthalpic activation energies (AH*), the entropic activation
energies (TAS?), and the free activation energies (AG*) for the corre-
sponding proton transfer reactions have been calculated. The calcu-
lated data are summarized in Table 1 and include the calculated DFT
distance between the two reacting centers in the ground state (rgy)
and in the transition state (rrs), as well as the calculated DFT hydro-
gen-bonding angles oy and ors as defined in Figure 1.



R. Karaman / Tetrahedron Letters 51 (2010) 5185-5190 5187

Table 1
DFT (B3LYP/6-31G (d,p))-calculated kinetic and thermodynamic properties for the
proton transfers in 1-18

System X-H---0 rom (A) rs(A) ocm (°) prs(°) AHF  TAS'  AGH
1 O-H---0 1.70 1.37 170 170 27.78 -2.68 30.46
2 O-H---0 1.69 1.37 149 144 31.38 -3.71 35.09
3 O-H---O 3.66 1.37 48 131 41.09 1.04 40.05
4 O-H---0 1.74 1.37 147 153 29.04 -5.12 34.16
5 O-H---0 1.72 1.37 171 162 29.30 0.03 29.27
6 O-H---0 1.69 1.37 143 143 33.09 -1.25 3434
7 O-H---0 3.60 1.37 14 131 4429 -2.23 46.52
8 O-H---0 1.96 137 147 150 3432 -342 37.74
9 N-H---0 1.72 1.54 146 140 23.62 0.07 23.55

10 N-H---O 2.04 1.54 125 125 2473 -3.34 28.07

11 N-H--.-0 3.33 1.54 123 — 2541 -4.15 29.56

12 N-H---0 1.73 1.54 144 145 22.54 0.90 21.64

13 N-H---O 3.33 1.54 124 — 23,59 —-4.15 27.74

14 N-H--.-0 1.92 1.54 122 122 29.33 0.61 28.72

15 N-H---0 2.51 1.54 107 133 3471 -2.00 36.71

16 C-H---0 225 1.54 109 137 11.87 -0.25 12.12

17 C-H---0O 226 1.54 112 131 7.16 048 6.68

18 C-H---0 1.73 1.54 153 149 0.00 -0.57 0.57

rem and rrs are the distances between the two reactive centers in the ground and
transition states, respectively (Fig. 1). AH* is the activation enthalpic energy (kcal/
mol). TAS* is the activation entropic energy in kcal/mol. AG* is the activation free
energy (kcal/mol). «gy is the hydrogen-bonding angle in the ground state structure
(Fig. 1). orrs is the hydrogen-bonding angle in the transition state structure (Fig. 1).

Figure 2a and b and S1 (Supplementary data) show the DFT-cal-
culated global minimum (GM) and transition state (TS) structures
for 1-18 (Schemes 1a and b). Inspection of the GM structures for
the proton transfer reaction occurring between the carboxyl hy-
droxy group and the B or y ether oxygen in processes 1, 2, 4-6,
and 8 (1GM-2GM, 4GM-6GM, and 8GM) reveals that the two moi-
eties are engaged, intramolecularly, in hydrogen bonding whereas
the interaction with the solvent (water) molecules is via the other
ether oxygen (Fig. 2 and S1a). This engagement results in the for-
mation of seven-membered rings for 1GM and 5GM and six-mem-
bered rings for 2GM-4GM and 6GM-8GM ( Fig. 1a and Sal).
Further, the DFT-calculated hydrogen-bonding length (rgy) for
1GM-2GM, 4GM-6GM, and 8GM was found in the range of 1.69-
1.96 A and the attack angle o (the hydrogen-bond angle, ccn)
was in the range of 143-171° (Table 1). On the other hand, the
GM structures in processes 3 and 7 (3GM and 7GM) were found
to participate in intermolecular hydrogen bonding with a molecule
of water rather than in an intramolecular manner. This is due to
the fact that the rgy value in both structures is relatively long
(Fig. S1a). Thus, the preference for intermolecular over intramolec-
ular engagement might be attributed to the high energy barrier for
rotation of the carboxyl group around the cyclohexyl moiety.'®

Similarly, inspection of the GM structures, 9GM-15GM, for the
proton transfer reaction from nitrogen to the B or y ether oxygen
in 9-15, revealed that all of the geometries, except 11GM and
13GM, exhibited a conformation in which the ammonium group
forms a hydrogen bond with the neighboring alkoxy oxygen. This

\ I'GM 1 l‘Ts
Oem /a Oits X=C,00rN

Figure 1. Representation of an energy profile describing an intramolecular process.
rem is the distance between the two reactive centers and ogy and oqs are the
hydrogen-bonding angles in the global minimum (GM) and transition state (TS)
structures, respectively. P is the product.

engagement results in the formation of six-membered rings for
9GM-10GM, 12GM, and 14GM, and a five-membered ring for
15GM (Fig. 2a and S1a). The DFT-calculated rgy values for 9GM-
10GM, 12GM, and 14GM-15GM were in the range 1.72-2.51A
and the attack angle o (the hydrogen-bond angle, acy) was in
the range 107-146°. On the other hand, no intramolecular hydro-
gen bonding occurred in the GM structures of 11 and 13 (11GM
and 13 GM). The distance, rgy, between the ammonium proton
and the ether oxygen in 11GM and 13 GM was 3.33 A (Fig. Sla
and Table 1). The GM structures for 11 and 13 were found to inter-
act in an intermolecular fashion with a water molecule where the
latter hydrogen bonds with both the ammonium and the ether
groups.

Examination of the optimized global minimum structures,
16GM-18GM, in processes 16-18 where a proton is transferred
from a carbon to an oxygen indicates that the three structures
are engaged in intramolecular hydrogen bonding. This engagement
furnishes five-membered rings for 16GM and 17GM and a six-
membered ring for 18GM (see Fig. 2a and S1a). The calculated
rcm values for 16GM-18GM were in the range 1.73-2.26 A and
the attack angle o (the hydrogen-bond angle, O---H-0) was in
the range 109-153° (Table 1).

Furthermore, Table 1 indicates that the distance between the
two reactive centers (rgy) varies according to the conformation
in which the GM resides. A short rgy distance is achieved when
the value of the hydrogen-bonding angle (ogy) is high and close
to 180°, whereas oy values far removed from 180° were obtained
when the rgy distance was relatively long. When the rgy and oy~
calculated DFT values listed in Table 1 were examined for linear
correlation a strong correlation was obtained with a correlation
coefficient of R=0.96 (Fig. 3a). In addition, Table 1 shows that
the free activation energy (AG*) needed to execute a proton trans-
fer in the three systems, 1-8, 9-15, and 16-18, was largely depen-
dent on both the distance between the two reactive centers, rgy,
and the hydrogen-bonding angle, ogy. Systems having GM struc-
tures that exhibit short rgy and high ogy values (close to 180°)
such as 1 and 5, 9 and 12, and 18 are characterized with higher
rates (lower AG¥) than those having long rey and low oy values,
such as 3 and 7, 15, and 16. Linear correlation of the calculated DFT
enthalpic energies (AH*) with rgy values gave good correlations
with correlation coefficients (R) of 0.93 for systems 1-8, 0.90 for
9-15, and 0.91 for 16-18. Furthermore, the calculated enthalpic
(AH*) and free activation (AG*) energies were found to correlate
very well with 12y, x sin(180 — ocm). The correlation coefficients
(R) for the correlations with AH* are 0.98 for 1-8, 0.92 for 9-15,
and 0.92 for 16-18 (Fig. 3b), and those with AG* are 0.95 for 1-
8, 0.89 for 9-15, and 0.98 for 16-18 (Fig. 3¢).

Comparison of the slopes for the three curves illustrated in Fig-
ure 3b and c reveals that 16-18 have the highest slope whereas 1-
8 have the lowest. Furthermore, it was found that the order of the
slope values (S) for AH* and AG* versus 1%, x sin (180 — oeu) in
systems 1-18 was: Sy6-18 > S9_15 > S1_8, and when the S values were
plotted against rrs values, very strong correlations were obtained (
Fig. 3d). This result indicates an early transition state for the proton
transfer between two oxygens (systems 1-8) and a relatively late
transition state for transfer of a proton from nitrogen to oxygen
(systems 9-15) and from carbon to oxygen (systems 16-18).

In order to explore in depth the mode and action of the proton
transfer in the systems studied, the values of (ors — agm) were
examined for linear correlation with the enthalpic (AH*) and the
free activation energies (AG'). The correlation results indicate a
relatively good correlation with correlation coefficients of
R =0.86-0.99. Proton transfer for systems having low (o1s — ogm)
values were faster than those having higher (oirs — ogm) values.
For example, the (ars — oigm) value for process 1 is 0 and its activa-
tion energy is 30.46 kcal/mol, whereas for process 7 the (ot1s — digm)
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Figure 2a. DFT-optimized global minimum (GM) structures in the intramolecular proton transfer reactions of 2, 6, 9, 15, 16, and 18.

Figure 2b. DFT-optimized transition state (TS) structures in the intramolecular proton transfer reactions of 2, 6, 9, 15, 16, and 18.

value is 117 and its AG* is 46.52 kcal/mol (Table 1). This is intui-
tively feasible as one would expect that a low energy barrier is
needed when the structures of the starting geometry and the tran-
sition state are quite similar.

In summary, we have introduced a general equation that relates
activation energy to hydrogen-bonding angle and distance be-
tween the two reactive centers. The strong correlation between
the values of the calculated AG*, which reflects the experimental
reaction rate, and geometrical parameters provides an excellent

tool to predict reaction rate based on a calculated GM for a certain
system [AG* vs 12, x sin (180 — acwm)]. The slope of the equation (S)
can be used as an indicator of the mode by which the two reacting
centers are orchestrated in an intramolecular process.

Careful examination of the correlation equation depicted in
Figure 3c reveals that the term sin (180 — /gy is decreased in sys-
tems having a relatively linear hydrogen bond between the proton
and the two acceptors that results in reduced activation energy.
Therefore, the proton transfer rate in an intramolecular process is
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Figure 3. (a) Plot of the DFT-calculated rgy versus agy in 1-18, where rgy is the distance between the two reactive centers and oy is the hydrogen-bonding angle. (b) Plot of
the DFT-calculated AH? versus 2y x sin(180 — agw) in 1-18, where oy is the attack angle and rgy is the distance between the two reactive centers in the GM structure. (c)
Plot of the DFT-calculated AG* versus 12y, x sin(180 — ou) in 1-18, where agy is the attack angle and rgy is the distance between the two reactive centers in the GM
structure. (d) Plot of the slope (S) versus rrs where S is the slope of AG* versus r2,, x sin(180 — o) for 1-18 and rrs is the distance between the hydrogen and the heteroatom.

determined based on the linearity of the hydrogen bonding in the
reactant and the greater the deviation from linearity the lower is
the rate.

The DFT calculation results have revealed that the proton trans-
fer rate in systems 1-18 is quite responsive to geometric disposi-
tion, especially in relation to the distance between the two
reactive centers, rgy, and the angle of attack, ogy. Requirements
for a system to achieve a high intramolecular proton transfer rate
are: (1) a short distance between the two reactive centers (rgm)
in the ground state which subsequently results in a strong intra-
molecular hydrogen bonding, and (2) the difference between the
hydrogen-bonding angle ogy in the ground state and the angle
ots formed in the transition state should be minimal. This maxi-
mizes the orbital overlap of the two reactive centers when they
are engaged along the reaction pathway.

To lend more credibility to the DFT calculation results, the DFT-
calculated log EM values for processes 1, 2, and 9 (10.58, 5.21 and
3.07, respectively) were examined for correlation with the experi-
mental values (10 for 1, 3.48 for 2, and 4 for 9). A linear correlation
with a coefficient of 0.94 was obtained.®

It is tempting to extrapolate our results to enzymes. Accord-
ingly, we propose that enzymes achieve their remarkable catalytic
activity by imposing a range of contact distances within the space
of hydrophobic pockets at the active site.! These contact distances
and space can be varied according to the nature of the enzyme. For
enzymes that are involved in catalysis of proton transfer processes,
such as chymotrypsin, the distance and the space are fit such that a
proton (an electrophile) can approach a nucleophile more easily
when a strong hydrogen bond is formed in the transition state,
and subsequently in their corresponding products. This proposal
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expresses the notion of Menger’s spatiotemporal control and Kir-
by’s explanation of an efficient proton transfer in enzyme-cata-
lyzed reactions.>®
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