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Enthalpy and Entropy in Ring Closure Reactions
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The strain and entropy effects of the lactone formation from g-bromoalkane-carboxylate
ions in ring sizes 3 to 23 is reevaluated. We find that DH‡ is the largest contributor to the
observed rates (DG‡) for ring sizes 3 to 6, while 2T DS‡ has little influence, 2T DS‡ has more
effect on the observed rates for ring sizes 8 and larger.  1998 Academic Press

Historically, a large amount of experimental and theoretical data have been
amassed toward the understanding of macrocyclization and intramolecular reac-
tions. Some may consider the field well understood. However, the exact source of
rate or equilibrium enhancements is unknown and under discussion. Recently, we
used computational methods (1, 2) to examine the intramolecular reactions of a
family of monophenyl esters, listed in Table 1 (3, 4). Because these esters have
comparably large rate enhancements as enzymes do, the theories proposed to
understand these esters have had a profound influence on the perceptions of enzyme
catalysis. Like enzymes these esters bring the nucleophile and electrophile in close
proximity of each other. If the reactants are positioned in a reactive conformation
where the transition state is easily entered (near attack conformation, NAC), then
the rate constants for the reaction are large. Our approach in investigating these
esters was to use molecular mechanics to study the ground state conformations (1)
and to use ab initio methods to study the transition states (2).

In the molecular mechanics study of the ground state, we established that an
NAC would be achieved prior to entering the transition state (TS) as expressed in
Eq. [1] (1). First the geometry of the NAC was defined, where the nucleophile and
the electrophile
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were within p3 Å of each other and in a cone of 308. Most importantly, the NAC
is a minima state where the sp2 carbon of the ester remains planar—the process
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TABLE 1
List of the Monophenyl Esters Studied and Their Relative

Rate Constants

krel

CH2COO2 1 CH3COOC6H5Br(p) 1.0

I 1 3 103 M
COOC6H4Br(p)

COO
_

II p3.6 3 103 M
COOC6H4Br(p)

COO
_

III 1.8 3 105 M
COOC6H4Br(p)

COO
_

Et

Et

IV 2.3 3 105 M
COOC6H4Br(p)

COO
_

V 2.7 3 105 M
COOC6H4Br(p)

COO
_

Ph

Ph

VI 1.3 3 106 M
COOC6H4Br(p)

COO
_

i-Pr

i-Pr

VII p8 3 107 MCOOC6H4Br(p)

COO
_

O

of bond making and breaking have not started. Once the NAC had been defined,
a conformational search (5, 6) was performed for each ester, and the energy of
each conformation was calculated using MM3(92) (7). We showed that the mole
fraction of NACs for each ester was directly correlated to the experimental relative
rate enhancements. We have also shown that change in enthalpy, not the change
in entropy, is the dominant driving force of the reaction since DH8 is directly
correlated to the mole fraction of NACs and the experimental relative rate enhance-
ments.

In the ab initio study of the transition states and the reaction coordinates, three
of the monophenyl esters, glutarate (I), succinate (IV), and 3,6-endoxo-D4-tetrahy-
drophthalate (VII), were chosen as representatives of the family of esters (2). At
a reasonably high level of theory, RHF/6-31 1 G(d) (8), the transition state geome-
tries for the rate-determining step of these three monophenyl esters were found to
be essentially identical. Using intrinsic reaction coordinate (IRC) (9, 10) calculations
in the gas phase, the nearest local minima on the reactant and product sides of the
TS were determined. For the reactant side, the intramolecular reaction of an anion
(CO2

2 ) with a neutral substrate (–CO2–Ph) provides an intramolecular ion-molecule
complex (IIMC) for the reactions of glutarate and succinate monoester and a
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FIG. 1. Reactivity profile for lactone formation. Reproduced from Ref. (11).
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FIG. 2. DH‡ profile for the formation of lactones. Reproduced from Ref. (11).

tetrahedral intermediate for the reaction of 3,6-endoxo-D4-tetrahydrophthalate
monoester. The IIMC is not an NAC. The IIMC is a true complex where the
molecular orbitals have overlapped. In the gas phase the IIMC is the most stable
conformation on the reactant side. Overall, the trend is that the activation energy
barriers decrease going from IIMC to TS in the order of reactions for I . IV .
VII. Here, the differences in the activation energies reflect the differences in the
geometries of the IIMCs and the TI. We also showed that the activation barriers
between esters were highly dependent on DDH298, while DT DS298 is rather invariant
with change in ester. Again, the entropy has little to do with the driving forces of
these monophenyl esters.

How do our findings compare with others? One particular article that has had a
strong impact on the field (cited 238 times to date) is a review by Illuminati and
Mandolini (11). In this review, they use lactone formation from g-bromoalkane-
carboxylate ions (Eq. [2]) and the various proposed effects to explain the rate
enhancements that were experimentally observed. Here, we would like to reevaluate
their analyses of the strain and entropy effects.
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FIG. 3. DS‡ profile for lactone formation. Reproduced from Ref. (11).
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FIG. 4. Energy profiles for lactone formation. The line represents DG‡. The gray columns represent
DH‡ and the black columns represent 2T DS‡.
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We agree with Ruzicka’s (12) belief that the probability of the ends meeting
each other for the reaction would decrease as the chains got longer. We do not
necessarily agree that this probability is completely determined by entropy. None-
theless, the general belief is that there are large entropy effects which drive intramo-
lecular ring closure reactions. Figure 1 shows the effect of ring size on the intramolec-
ular rate constant. From ring size 3 to 5 the enhancement is over 105; from ring
size 5 to 8 there is a decrease of 106 in rate enhancement.

In the review (11), the basis of the discussion of strain and entropy effects are
two graphs. Illuminati and Mandolini show a plot of DH‡

intra vs ring size (Fig. 2)
and say that this has the general shape of the reaction profile. For the discussion
of entropy effects, Illuminati and Mandolini use the corresponding entropy profile
(Fig. 3) to make their point that the lactonizations are entropy driven. A direct
comparison of enthalpy and entropy from the Illuminati and Mandolini’s data is
made difficult because the aspect ratio for the two figures are not the same. So, let
us first change the aspect ratio such that both figures are the same. Then because
DH‡ is in kcal/mol whereas DS‡ is in eu, let us multiply DS‡ by the temperature of
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the experiments (508C) so that DH‡ and 2T DS‡ can be plotted in the same figure
(Fig. 4). Here, we can see that DH‡ and T DS‡ have similar and comparable trends.
Observe that for ring sizes 3 to 5, there is a considerable decrease in DH‡, while
T DS‡ only has minor changes. This is a major difference between the plots. Notice
that the entropy for the formation of the five-membered lactone is positive.1 Illumi-
nati and Mandolini explain this interesting result in terms of solvation entropy in
their article (11) and in Mandolini’s original paper (13). Now, concentrating on the
ring sizes from 5 to 8, DH‡ increases 6 kcal/mol while the 2T DS‡ increases about
5 kcal/mol. From ring size 8 and up, there is a compensation effect where when
the DH‡ decreases, the 2T DS‡ increases and when the DH‡ increases, the 2T DS‡

decreases. These effects are clearly observed in Fig. 4. Overall, the largest contribu-
tor to the observed rates (DG‡) for ring sizes 3 through 6 is the change in enthalpy.
In this range, the 2T DS‡ only changes 2 kcal/mol while the DG‡ changes by 6–7
kcal/mol. Only ring sizes of 8 and larger are more affected by the change in 2T DS‡.
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1 Interestingly, the DS‡ for the formation of the five-membered lactone is 25.6 eu in the original
paper (13), while it is p0.4 eu in their other article (Ref. 11). Using their original numbers of DH‡ being
15.9 Kcal/mol and kintra being 170 s21 at 508C, we have verified that the DS‡ value of p0.4 eu is correct.


