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Ab initio quantum mechanical gas phase (MP2/6-&F//HF/6-31G*), continuum solvation model (IPCM-
HF/6-31G*), and molecular dynamical potential of mean force calculations were used to study the
intermolecular anhydride formation reaction between acetate and acetate pheny) estelthe corresponding
intramolecular reaction of glutaratg)( succinate 3), and 3,6-endoxa*-tetrahydrophthalate monoestd).(
Energies were calculated for the two sequential steps of the reaction: (1) the formation of a reactive bimolecular
ion—molecule complex from the separated reactahjso( intramolecular iorr-molecule complex from a

pool of extended conformationg<4) and (2) the formation of transition state from the-tanolecule complex.

The calculated reaction activation energies in agueous solution correlated very well with the experimental
values. The differences in the gas-phase energies, solvation energies, and the free energy cost to bring the
separated reactants together in a bimoleculatr-imolecule complex (for intermolecular reaction) were all
found to be important in explaining the reactivity differences of the molecules studied. In addition, both
steps contributed to the reactivity differences.

Introduction efficiency of enzyme reactions seems to be due to the preor-
ganization of the catalytic groups and substrate in the enzyme
substrate complek. Further increases in the rates of intramo-
lecular reactions have been suggested to arise from (i) the

Studies of enzyme models have often revealed how the re-
markable selectivity and efficiency in enzyme-catalyzed reac-
tions, compared to the corresponding noncatalyzed reactions, . ;
are accomplished:* These studies have provided information removal of translational and rotational degrees of free@&m,

on how different structural and environmental variables such (") thel prtc_)babgflty g fcI;rmatlct)ln Ef itr(iactlve gogfo_réérrﬁand
as enforced geometric disposition of the reacting functional (i solvation €fiects. Recently Lightstone and Bruitehave
groups in a suitable geometry, increased rigidity and strain in studied intramolecular ester hydrolysis of substituted monoesters

the structure of the model system and solvation affect the reac_computationally. They concluded that changes in rate constants

tion rate and selectivity. Although the general factors playing &€ dge tcl)q_thhe ground-statke ph?nomgna and are frelateéjfto the
important roles in regulating the reactivities in general are well €2S€ Py which a near-attack conformation (NAC) is formed from

characterized, the quantitative role of the factors in specific cases® P0°! of extended conformations. A NAC was defined to be
is often unclear. a conformation in which the distance of approach of the

Intramolecular anhydride formation by substituted monoesters nucleophilic oxygen to the carbonyl carbon is-282 A, and
has often been used as a textbook example of proximity andh€ 0Xygen approaches the carbonyl group at an attack angle

L . . o5 i i
entropy effects in intramolecular and enzymatic reactions (see®f 75 £ 15°> Thus, the orbitals of the reacting groups are
reaction 1§ properly aligned in a pretransition state where they are ready

to initiate the reaction.
COOC,H, o In this work we have used ab initio quantum mechanical and
- ) molecular dynamical methods to study the intermolecular
R . : : )
—_— >C§o + CH0 anhydride formation reaction between acetate and acetate phenyl
) ester ), and the corresponding intramolecular reaction of
€O, o glutarate ), succinated), and 3,6-endoxax*-tetrahydrophtha-
late monoester4( Chart 1) in the gas phase and in aqueous
In this reaction the enhancement of the intramolecular reaction solution. In this series of compounds the enhancement of the
is 1C® faster than that of the corresponding intermolecular reaction rate achieved by fixing the reacting groups in a
reaction?® Over the years several explanations have been given conformation resembling the transition state i$2® The
for the rate acceleration observed in intramolecular reactions. transition state energies calculated in this work for the anhy-
It is obvious that a significant part of the rate enhancement of dride formation reaction correlate well with the experiments,
changing an intermolecular reaction to an intramolecular one allowing us to use the computed results in explaining the factors
can be attributed to a decrease in translational and rotationalwhich determine the differences in the reactivities of the
entropy® By analogy, a significant part of the catalytic molecules.
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Figure 1. Structures and selected bond distances (in angstroms) of Figure 2. Structures and selected bond distances (in angstroms) of
1BIMC1, 1BIMC2, 1TS1, and 1TS2. 21IIMC1. 2IIMC2. 2TS1. and 2TS2.
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Figure 3. Structures and selected bond distances (in angstroms) of
Computational Details 3IIMC1, 3IIMC2, and 3TS.

Calculation of Reaction EnergiesThe reaction mechanism
of the anhydride formation reaction is divided here into two
sequential steps (eq 2): (1) the formation of a bimolecularion
molecule complex (Figure 1, BIMC, fot) from separated
reactants or intramolecular iermolecule complex (Figures
2—4, 1IMC, for 2—4) from a pool of extended conformations
and (2) the step from BIMC/IIMC to the transition state (TS,
Figures 1-4) of the reaction.

(2) separated reactants/extended

conformationsﬂl» BIMCs/IIMCs ep? TS

In this work the reactive bimolecular (BIMC, fat) and
intramolecular ior-molecule complexes (IIMC, fi2—4) were
defined to be conformations in which the nucleophilic oxygen 4Ts1 47S2
was suitably positioned (distance less than 3.2 A and favorable Figure 4. Structures and selected bond distances (in angstroms) of
attack angle 75 15°) to attack the ester carbonyl. BIMC/  4IIMC1, 4lIMC2, 4TS1, and 4TS2.

IIMC formation free energiesAGuc(IPCM) andAGuc(MD),

step 1) were calculated with the Boltzman equation (eq 3).  calculated from the relative gas-phaskEg.9 energies, and
solvation energies of the species from continuum solvation

g AEmc/RT calculations AAGsq(IPCM), eq 4a) or molecular dynamical
potential of mean force calculationAAGso(MD), eq 4b).

|
AGy,c = —RTIn
I:Zre_AEEXT/RT (42) AE,,(IPCM) = AE s+ AAG,, (IPCM)

(4b) AE;(MD) = AE s+ AAG,(MD)

sol
In eq 3, the subscript IMC refers to the reactive-tanolecule

complexes and subscript EXT to the rest of the conformations Thus, we calculated two slightly different BIMC/IIMC formation
found in the conformational analysis. Relative aqueous phaseenergies. In addition, we needed to estimate the free energy

(free) energies used in eq 3 for the different conformations were contribution, which arises from bringing the reactants, acetate
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TABLE 1: Relative Energies of the Different Conformations and Transition States of 1 in the Gas PhaseAEq.s kcal/mol) and
in Solution (AEso((IPCM), AEs,(MD)), and Relative Solvation Energies from the Continuum Solvation Model AAG(IPCM))
and Explicit Water Simulations (AAGsq(MD))

AEgas AAGe(IPCM)2 AEs(IPCM)° AAGqo(MD) AE<o(MD)®
1TS1 2.6 223 19.7 d 17.1
1TS2 33 19.1 22.4 d 19.8
1BIMC1 ~14.4 13.2 -1.2 10.6 -3.8
1BIMC2 -14.2 14.9 0.7 10.6 -3.6
CHsCO,- + 0.0 0.0 0.0 0.0 0.0

Ph—C=0(OCHB3)

2 |PCM solvation energies were-67.2 and—5.9 kcal/mol for CHCO,~ and PR-C=0(OCH3), respectively? AEso(IPCM) = AEgas +
AAGso(IPCM). ¢ 1BIMC1 and 1BIMC2: AEso(MD) = AEgas+ AAGso(MD). 1TS1 and 1TS2:AEs(MD) values of TSs relative to BIMCs are
calculated fromAEs(IPCM) values Not calculated.

TABLE 2: Torsion Angles 71, 72, and 73, Relative Solvation Energies (kcal/molAAGso((IPCM), AAG¢(MD)), and Relative
Energies of the Different Conform ations and Transition States of 2 in the Gas Phasé\Ega9 and in Solution (AEse(IPCM),
AESO|(MD))

1 2 3 AEgas AAGeo(IPCM) AEso(IPCM)2 AAGeo(MD) AEq(MD)?
2TS1 317.8 49.3 54.4 7.8 13.3 21.1 c 17.2
2TS2 55.2 3318 82.2 8.1 13.1 21.1 c 17.2
2lIMC1 300 96.1 2165  —3.2 9.6 6.3 1.8 —-1.4
2IMC2 293.3 87.5 461  -30 5.6 25 2.2 -0.8
2EX1 175.9 59.2 56.2 —05 6.7 —7. 1.5 1.0
2EX2 65.4 173.3 63 -1.9 2.5 05 2.0 0.1
2EX3 65 173.4 2863  —1.3 2.6 1.3 1.8 0.5
2EX4 177.8 178.7 71.7 2.0 3.2 5.3 1.7 3.8
2EX5 183.6 181.4 189.9 0.0 0.0 0.0 0.0 0.0
2EX6 64.5 178.4 1813  —-1.7 6.6 4.9 1.5 -0.2
2EX7 65.2 73.8 1956  —1.1 1.8 0.7 1.2 0.2
2EX8 168.5 62.7 259.3 0.0 1.6 1.5 2.1 2.1
2EX9 68.5 67 464  —0.9 5.6 4.7 05 -0.5

3 AEso(IPCM) = AEgas + AAGson(IPCM). b 2EX1-2EX9: AEso(MD) = AEgas + AAGso{MD). 2TS1 and 2TS2:AEs,(MD) values of TSs
relative to IIMCs are calculated froMEs,(IPCM) values® Not calculated? Solvation energies of 2EX1 were excluded from the data analysis.

TABLE 3: Torsion Angles 71 and 72, Relative Solvation TABLE 4: Relative Energies of the Different Conformations
Energies (kcal/mol, AAGso((IPCM), AAGso(MD)), and and Transition States of 4 in the Gas PhaseAEg,9 and in
Relative Energies of the Different Conformations and Solution (AEg(IPCM)) and Relative Solvation Energies
Transition States of 3 in the Gas PhaseAEg.g and in (AAGso((IPCM)
Solution (AEs(IPCM), AEs,(MD)) AEgus AAGen(IPCM) AE(IPCMy:
AAGsolv AEsol AAGsolv AEsol
4TS1 6.5 1.1 7.7
b

7l 12  AEgs (IPCM) (IPCM)E (MD) (MD) 47S2 156 24 181
3TS 229 715 89 4.0 12.9 c 12.2 4lIMC1 0.3 —-0.1 0.2
3IIMC1 545 439 —0.3 2.9 2.6 -04 —-0.7 4lIMC2 0.0 0.0 0.0
3lIMC2 299.5 1329 0.0 0.0 0.0 0.0 0.0
3EX1 1824 743 24 11 3.6 01 25 ¢ ABsolIPCM) = ABgas + AAGson(IPCM).
SEX2 1709 1702 3.9 2.2 61 -09 3.0 TABLE 5: Free Energy Changes (kcal/mol) for the BIMC

2 AEso(IPCM) = AEgas + AAGso(IPCM). P 3EX1 and 3EX2: and IIMC Formation in Solution Using Continuum Solvation

AEs(MD) = AEgs + AAGso(MD). 3TS: AEs(MD) value of TS Energies AGyc (IPCM)) and Solvation Energies from
relative to IIMCs is calculated fromAEs(IPCM) values. Not Explicit Water Simulations (AGuc (MD))
calculated. molecule AGc(IPCM) AGc(MD)
and acetate phenyl ester, together in a reactive geometry of the 1= 3-2_4-8 _g-j‘ 2.2
bimolecular ior-molecule complex (Figure 1, 1BIMC1 and 3 20 39

1BIMC2). This free energy contribution, which mainly origi-

nates from Changes in rotational and translational degrees of 2 Values of1l include the estimated cratic free energy contribution

freedom and concentration effects, is also called the cratic free ©f 4~6 kcal/mol.

energy'®-12 Here we have estimated that this energy is in the extended conformations are the most stable oneg,fiMCs

range of 4-6 kcal/mol (see below for details). are the most stable conformations &mand, because of its rigid
Free energies for formation of transition states from BIMC/ structure 4 exists only in IIMC structures.

IIMCs (step 2) are calculated from the gas-phase energies Quantum Mechanical Calculations. All the geometries of

(AEge9 of the transition states and BIMC/IIMC structures and the minima and transition states were optimized at the HF/

the corresponding solvation energies calculated using the6-31G* level, and the energies were further calculated at the

continuum solvation method\Gso(IPCM)). The calculated MP2/6-3H-G* level (MP2/6-31G*//HF/6-31G*). The effect

reaction activation energieAE?yas AGso(IPCM), andAGsor of solvation on the relative energies was estimated by using

(MD), Table 6) of1 (intermolecular reaction) are calculated the isodensity surface polarized continuum model (IPCM option

from the energies of the separated reactants and TSs2-Fbr of Gaussian) as implemented in Gaussiaf94® A dielectric

the TS energies are energy differencies between the most stableonstant €) of 78.3 (water) and HF/6-31G* level were used in

conformations (extended or IMC) and TSs. In aqueous phasethe solvation calculations. In these calculations the solute cavity
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TABLE 6: Calculated Absolute and Relative Transition
State Energies (kcal/mol) of -4 in the Gas Phase AE# g,
AAFE?y,9 and in Solution (AG%,, AAG¥,), and the Absolute
and Relative ExperimentaP3 Transition State Energies AG*
(exlptl), AAG* (exptl)) in 50/50 (v/v) Water—Dioxane
Solution

AG*  AAGH

molecule AEfgs AAE.s AGisf  AAGH .2 (exptl) (exptl)
1 -26 —9.1 247(22.1) 17.014.4) 27.6 10.8
2 11.0 45 20.9(18.6) 13.2(10.9) 235 6.7
3 9.2 27 129(129) 52(.2) 202 35
4 6.5 0.0 7.7 0.0 16.9 0.0

a Energies calculated using solvation energies from explicit water
simulation in estimating the EXT to IIMC2(and 3) and separated
reactants to BIMC solvationlj are in parentheses. IPCM continuum
solvation values are used otherwise.
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HC—0_ 3
om/ HL=0, 1 0
-0 om ?
o) [e]
2a 3a
CHART 3
a) b)

., ]
H
H O, H O
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H H H H O
is determined from the electron density of the solute. A value
of 0.0004 e/at for the charge density was applied in the
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In the calculations formate and formate phenyl ester were placed
in the positions the corresponding groups have end 3.

Calculations of the BSSEs were done for the two IIMCs and
two extended conformations of both and 3 at the MP2/
6-31+G*//HF/6-31G* level. On the basis of these calculations,
the BSSE was estimated to favor IIMCs by 3.2 kcal/moRin
and 2.9 kcal/mol irB. The BSSE for the formation dfBIMC1
and 1BIMC2 (Figure 1) from the separated reactants was
calculated to be 2.9 and 3.3 kcal/mol, respectively. The relative
energies of the extended conformations and IIMCs, and the
complexation energy df reported include the BSSE correction.

Molecular Dynamical Calculations. The relative solvation
energiesAAGs,(MD) for all the ab initio gas phase conforma-
tions of 2 and3 and for the formation of the bimolecular ien
molecule complex ol from the separated reactants acetate and
acetate phenyl ester were calculated by carrying out potential
of mean force (PMF) calculations. F& and 3 the PMF
calculations were performed as a function of torsion angles
72, andt3 and forl as a function of distance between the
carbonyl carbon of acetate phenyl ester and the attacking oxygen
of acetate. Values of angleq, 72, andz3 were taken from
the gas-phase geometries, and all the other geometric parameters
were free in the PMF calculationsAAGso(MD)s were
calculated as a difference between the corresponding PMF
calculations in the gas phase and in water. SihA&so,(MD)
values of2 and3 calculated using this protocol depend on each
other we carried out additional simulations, which formed closed
cycles between several conformations. These cycles were found
to produce solvation energies close to zero confirming that the
calculated solvation energies are reliable. In addition, the
relative free energy for each perturbation was calculated as the

determination of the solute boundary. All the ab initio quantum average from forward and reverse simulations. The PMF
mechanical calculations were performed with Gaussian94 calculations were done using the thermodynamic integration (T1)
programi® The nature of the optimized transition states and method. The water (TIP3® simulations employed periodic
selected minima was characterized by vibrational frequency poundary conditions and were run at constant temperature
calculations. Frequencies were not used to make thermody-(300K) and pressure (1 atm). A time step of 0.2 fs and SHAKE
namic corrections to energies since such effects are at least partly|gorithni?20to constrain all bond distances to their equilibrium
included in the relative energies of extended conformations andy5yes were used. In the casedfhe solute was placed in a
IMCs calculated with the Boltzman equation (eq 3). TIP3P water box with dimensions 625 x 26 x 32 A3, In

QM Conformational Analyses in the Gas Phase.Since the case o8 the box size was-24 x 26 x 31 A3. In the PMF
molecules2 and 3 have a flexible carbon chain and therefore .- 1ations of and3 each perturbation from = 1 to 2 = 0

can adopt_ a number of different conformations we perfor_med (and from = 0 to 2 = 1) were divided into 201 windows
conformational analyses for the two molecules. Conformational
analyses were done in two stages. First, systematic conforma
tional analyses were done using model compoundsarfd 3.

In the models2a and3a (Chart 2), the phenyl ring a2 and3

was replaced by a methyl group. In the case dlie torsion
anglesrl, 72, andt3 were rotated by steps of @esulting in
total of 27 degenerate pairs (due to symmetry) of initial
structures which were geometry optimized at the HF/6-31G*
level. In the case 08 torsion anglegl andt2 were rotated.
Detailed results from these calculations are available in the
Supporting Information. In the second step of the conforma-
tional analyses all the minima found in the first step were used
as starting points in the full geometry optimization2afnd3. for 1 and2.

In the IIMCs of 2 and 3 there exists an intramolecular All the MD calculations were done with the AMBER version
hydrogen bond between the hydrogen of the phenyl ring and 4.12* using the Cornell et al. force field and torsional
the carboxylate oxygen (Chart 3a). Since the hydrogen bond parameters developed in this work fior-3 (See Supporting
does not exist in the other conformations, the intramolecular Information). The atomic charges 2f 3, acetate, and acetate
basis set superposition error (BSSE) favors the IIMCs relative phenyl ester were calculated with the RESRethod at the
to the other conformations. The BSSE which is due to the HF/6-31G* level. The charges fd and 3 were fit to two
intramolecular hydrogen bond was estimated by calculating the conformations of each molecule. In the fit one molecule was
intermolecular BSSE between formate and formate phenyl esterin an extended conformation’X(, 72, t3 ~ 180°) and another
as a model system with the counterpoise procedure (Chatt 3b). was IIMC.

each consisting of 400 steps of equilibrium and 400 steps of
“production. The total length of one PMF calculation was thus
321ps. In the PMF calculations for the formation of BIMC of

1 the C—O distance was varied in steps of 0.025 A with 1000
steps of equilibrium and 1000 steps of production. In the gas-
phase calculations the distance was varied from 2.7 to 19.0 A
and in water from 2.7 to 9.7 AAAGs(MD) was calculated
from the energy differences between the ab initio QM gas-phase
minimum distance 3.15 A and the endpoint energies. The size
of the water box in these simulations wa85 x 37 x 37 A3,
Otherwise, the simulation conditions were similar to those used
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Results and Discussion bond is formed between the nucleophilic oxygen and the ester
G i d Gas-Ph E iesTwo bimolecul carbonyl, while there still exists a covalent bond between the
€OMELres an as-Fhase Lnergies/wo bimolecular carbonyl carbon and the oxygen of the leaving phenoxide. The

ion—molecule complexes (1BIMC1, 1BIMCZ2) and two transi- o . -
) . geometry optimizations of the tetrahedral intermediate at the
tion states (1TS1, 1TS2) were found for the reaction of acetate [\« 215+ |evel and IIMC at the HF/6-31G* showed that

with acetate phenyl estet)(corresponding to the anti (1BIMCL1 both structures exist at the two computational levels. The

and 1TS1) and syn (1BIMC2 and 1TS2) orientations of the tetrahedral intermediate was calculated to be 3.1 kcal/mol higher

molegules (Figure 1). In the gas phasg 'th complexation in energy than IIMC at the MP2/6-31G*//HF/6-31G* level.
energies of 1BIMC1 and 1BIMC2 from the infinitely separated Thus, the tetrahedral intermediate exists as an intermediate in
reactants are-14.4 and—14.2 kcal/mol (Table 1AEga), the reaction

respectively. 1TS1 has t_ransition state energyjdfe. keall Solvation Energies from Explicit Water and Continuum

mol (as compared to the isolated reactants), which is 5.9 kealf Solvation Calculations. The solvation free energy difference
mol more favorable than that of 1TS2. 1TS1 is 11.8 kcal/mol AAG.(MD h ¢ . f BIMC f%; h
higher in energy than 1BIMC1, the most stable of the gas-phase( SO'V(d )) upon the orrlnatllondo be 1 0 krov t Ie PME
structures ofL. separated reactants was calculated to be 10.6 kcal/mol (

Conformational analysis produced 11 different degenerate Zngeli%)éljtr)r]roi??vsz)é?)tlsgirIth?eke(;(alllir;?\l/vlgt(t;epi/lalis Ez;ijgt?:r?s
pairs of conformations for glutarate monoest&). ( The : 9 P

. Table 1,AAGsq(MD)). The corresponding energies from the
extended conformations (2EX1-2EX9) Bfare 1.3-5.2 kcal/ ( . SOM .
mol less stable than 2IIMé:1 the more)stable of the two IIMCs continuum solvation calculationaAGso(IPCM)) are 13.2 and

(Figure 2, Table 2). The structures of the IIMCs differ in the 14.9 kcal/mpl for 1BIMC1 gnd 1BIM_C2’ respgctlvely. i
conformation of the carbon chain. In 2IIMC1, which is 0.2 Acompz_mson of the relative solvation energies (_)f the various
kcal/mol more stable than 2IIMC2, the chain is puckered toward conformations of (Table 2) shows that the energies from the
the oxygen of the leaving phenoxide, whereas in 2IIMC2 the €xplicit water simulationsAGse(MD)) are smaller than the

chain puckers away from the oxygen. Two TSs, 2TS1 and 2TS2 €nergies from the continuum calculationSAGso(IPCM)).
(Figure 2), were found for the intramolecular reaction2of However, the trend that the extended conformations are better

Again, 2TS1, in which the carbon chain is puckered toward Solvated than the two 1IMCs and that 2EX5 has the most

the oxygen, is the more stable (by 0.3 kcal/mol) of the isomeric favorable solvation energy is reproduced with both models. A
transition states. The breaking-© bond is slightly longer probable reason for the_d_n‘ference in the _solvatlon energies is
(1.794 vs 1.764 A) in 2TS1 than in 2TS2. the _fact that in the explicit water simulations, only the three

In the case of succinate monoest@rfour different degener- ~ Orsion angles were set to the gas phase values and the rest of

ate pairs of conformations were found. The two degenerate the molecule was allowed to adapt to the_environment. Thus,
pairs of the extended conformations are 2.7 (3EX1) and 4.2 the structure of the molecule and especially t_he carboxylate
kcal/mol (3EX2) less stable than 3IIMC1 (Table 3). In analogy group, which has a large solvatlon_ free Energy, 1S solvatedlwell
to 2, the two IIMCs (Figure 3, 3IIMC1, 31IMC2) differ by the in each conformation. In contrast, in the conthuum calculatlon.s
puckering of the carbon chain. 3IIMCL, in which the chain is gas-phase structures were used without allowing the geometries

puckered toward the oxygen of the leaving phenoxide, is 0.3 to relax resultin_g in more unfovar_able solvation gnergies f_or
kcal/mol more stable than 3IIMC2. However, only one transi- complex formation. This also applies to the solvation energies
tion state, 3TS (Figure 3), was found. In 3TS the breakirgdC of 1 and3.
bond is 1.797 A, and the five-membered ring formed in the N the case 08 the MD simulations predict that the extended
intramolecular attack is almost planar with slight puckering conformation 3EX2 is the most favorably solvated conformation
toward the oxygen of the leaving group (torsior-C—C—C (Table 3,AAGso(MD)). However, all theAAGsq(MD) values
= 229’) On|y one TS was found in this case probab|y because are within 1 kcal/mol. In contrast, IPCM calculations prediCt
the energy required for the interconversion of the ring confor- that 3IIMC1 has the largest solvation energy and that 3EX2 is
mation of a five-membered ring at the transition state is very solvated 2.2 kcal/mol worse than 3IIMC1.
low. The IPCM model was used to calculate the relative solvation
Due to the rigid structure 3,6-endoxd-tetrahydrophthalate ~ energies between the IMCs and the transition stat@sGson-
monoester4) has only two ground-state lIMCs (4IIMC1 and (IPCM), Tables £4). In all the cases the transition states are
41IMC2), and two transition states (Figure 4, Table 4, 4TS1 solvated worse than the IMCs. The differences are the largest
and 4TS2). Although the IIMCs are within 0.3 kcal/mol in  for 1. In this case the transition states ha&&so(IPCM)s
energy, the transition state 4TS1 is 9.1 kcal/mol more favorable which are 4.2-9.1 kcal/mol smaller than those of BIMCs. In
than 4TS2. The €0 distance is 1.805 A in 4TS1 and 1.962 the case o these differences are 3:5.7 kcal/mol, in the case
A'in 4TS2. The high energy of 4TS2 is due to the short distance of 3 2.9 and 4.0 kcal/mol, and in the case 4flL.2 and 2.5
(3.0 A) between the negative charge bearing oxygen of the kcal/mol. Even though there are some inherent uncertainties

leaving phenoxide and the exocyclic oxygen. in the use of the continuum solvation model, i.e., the use of
In general the optimized geometries2#4 of this study are ~ gas-phase geometries, implicit treatment of solvent, and the use
close to those calculated earlier at the HF/6-&F level ® For of solute cavity, calculated relative solvation energies for the

example, the breaking-€0 bonds of the transition states are BIMC/IIMC to TS reaction clearly show that the solvent
within 0.03 A and in IIMCs distances between the attacking destabilization of the transition states decreases in the series
oxygen and the carbonyl carbon are within 0.1 A at the HF/ > 2> 3 > 4.

6-31G* and HF/6-3+G* level. However, in the case ef a Free Energies of lon—Molecule Complex Formation (Step
notable difference is observed between the HF/6-31G* results 1). To compare the calculated reaction energylofith that

of this study and the earlier HF/6-3G* results. Two IIMCs obtained from experiment, we need to estimate the free energy
were found here fo4, while only the corresponding tetrahedral contribution (cratic free enerdfy 19 which arises from bringing
intermediates were observed in the earlier calculations at thethe reactants, acetate and acetate phenyl ester, together in a
HF/6-31+G* level. In the tetrahedral intermediate a covalent reactive geometry of the bimolecular iemolecule complex
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(1BIMC1 and 1BIMC2). Here we have estimated that this 20
energy is in the range of46 kcal/mol. These numbers come 18 1
from our earlier estimate of the cratic free energy contribution :i:
to position N-methyl acetamide and methanol together in a 12 |
reactive geometry. This estimate, 445.4 kcal/mol, was based 10
on MD calculations in explicit water and the use of a recent

approach of Hermans and Wafgo calculate the cratic free
energy. In addition, simple geometric considerations produced
a value in the same range. The numbers used are close to 7 -
kcal/mol calculated for the cratic component of the free energy 0 2 4 6 8 10 12 14
for binding of benzene in a cavity in a mutant form of T4 AAG"(exp)/kcal/mol

I X . . :
lysozymel? It is also in agreement with the earlier estimates Figure 5. Correlation between the relative experimentaAG (exptl),

for the gain in entropy when an intermolecular reaction is ycal/mol) and the relative calculated TS energitA Gy, kcal/mol).
changed to an intramolecular oh&:2® Also, a number inthis  AAG#, values ofl—4 calculated using continuum solvation energies

range has been estimated based on the fusion energies of smadre drawn with squares and thoselef3 using solvation energies from
moleculed® and from the data for the binding of ligands to explicit water simulations with dots. Note that f8rthe calculated
protein receptord’ In the latter case the binding free energy €nergies are the same with both computational methods.

gained by covalently linking two moieties into the same ligand . ) . .
was 4-7 kcal/mol. The IMC formation free energy of which formation energies. However, the IMC formation energies
includes the cratic free energy contribution, and2sf4 in increase the calculated reaction activation energies of bnly
solution calculated using the Boltzman equation (eq 3) are @1d2. In the case o8 and4 the IIMCs are the most stable

reported in Table 5A4Gnc(IPCM) and AGc(MD)). ground state conformations. In addition to IMC formation
For 1 the IMC formation free energies calculated for the more energies our calculations suggest (see below) that formation of

stable BIMC in solution are 2-84.8 kcal/mol (Table 5AGuc- TSs from IMCs is also responsible for the reactivity differences

(IPCM)) when the continuum results are used and-@.2 kcal/ of 1-4.

mol (AGwc(MD)) when the solvation energies from explicit Comparison of the Calculated and Experimental Reaction
JIMCUY. . 9 | €XP Energies. The calculated transition state energies in the gas
water simulations are used. Formation of IIMC fiis 2.3

# i i #
kcal/mol endothermic when continuum results and slightly phase AE'qz) and in aqueous solutionAG'so) and the

. experimental TS energieAG(exptl)) for the anhydride forma-
exothermic 0.4 keal/mol) when MD results are used. How- tion reaction ofl—4 are summarized in Table 6. The calculated

ever, in the case d3, the IIMC is predicted to be-4.0 kcal/ - .
’ . ! relative gas-phase TS energi@sANEyas MP2/6-3H-G*//HF/
mol (continuum) and-3.2 kcal/mol (MD) more stable than the 6-31G*)gof ZE4 can be seengto follcsxthe experimental order

extended conformations. Interestingly, based on ab initio gas- C : i

. . . of reactivity in solution AAG#(exptl)). However, both the
phase energies and AMl'SMZ_'l solvation energies, the IIMC calculated absolute and relative numbers are smaller than the
of 2 has been reported to be slightly more stable and the IIMC corresponding experimental values. The TS energyl @

of 3, ”3§i°azm°' more stab[eh tEe corrlesp?nhqmg e;(te?]ded negative because a stable ion-molecule complex is formed in
structures, both in agreement with the results o t, s work. Thus, gas phase. The energy barrier from 1BIMC to 1TS1is 11.8
the extended conformations and IIMC are predicted to be close | .o /mol (Table 1), only 0.8 kcal/mol larger than the barrier of

in energy for2. In the case oB the IIMC is the most stable 5 " 1,4 jhcjusion of solvation energies increases the TS energies
conformation in the gas phase and the inclusion of solvation p i\ in terms of absoluteAG

; - A . #o) as well as the relative
energies either from the continuum or MD calculations does (AAG*s,) numbers. The increase is the largest Towhich

not change the situation. Partigl support for the existence of ;55 41so an unfavorable solvation and cratic free energy
an |IMC structure for3 in solution can be found from the  conyibytion for the formation of BIMC from the separated
experimental work of Bruice and Turn#r They suggested that  aactants.

the change of the solvent changes the conformatich fofm Figure 5 shows almost linear correlation between the relative
cisoid to transoid”. It is also in line with the observation that .5 lated aqueous phas®/XG,) and relative experimental

X-CH,—~CH,—Y molecules (X and Y are electronegative (AAG#exptl)) TS energies of—4. The correlation equations
groups) favor gauche conformations (the “gauche effect”) in 5. AAG(exptl) = 0.585DDE, + 0.042 (2 = 0.972, IPCM

the gas p_hase and in solutlé‘h.F_or example, 'Fhe _observed solvation energies), andAG(exptl) = 0.718DDEqy — 0.225
conformational preference of succinate monoanion is about 70%(r2 = 0.979, MD solvation energies.) It must be noted that the
gauche% Furthermore, measured vicinal NMR proton  cqrrelation between the experimental and calculated numbers
proton coupling constants suggest that gauche conformation isjs ot quantitative (slope is not 1) and that the calculated absolute
the major one foB in aqueous solutiod: Calculations of this g energies in Table 6 are clearly smaller than the experimental
work suggest that owing to the favorable intramolecular nympers. These differences can be due to a number of reasons.
interactions between the carboxylate group and phenyl ring the irst, the experimental values are for the compounds which have
gauche preference is larger for succinate monophenyl eter (' para bromo substituted phenyl rings and the experiments were
than for succinate monoanion. carried out in 50/50 (v/v) waterdioxane solutio:3 Instead,

The probability of formation and the enthalpy of formation in this work we used compounds which have bromine replaced
of a near-attack conformation (NAC), as obtained from the by hydrogen and water as a solvent. It is known experimentally
calculations with the MM3 method, have been suggested to that both these changes decrease the reaction rate of anhydride
explain quantitatively the reaction rates in the intramolecular formation. This consideration, however, would tend to increase
anhydride formation reaction.The calculated IMC formation  the discrepancy between the absolute reaction activation ener-
free energies ol—3 (Table 5) of this work are in qualitative  gies. Second, additional differences can originate from the
agreement with this suggestion: the order of reactiviti-o8 modeling of the transition states of the solution reactfoi?:33
(1 < 2 < 3) follows the reverse order of the calculated IMC Here we used gas-phase geometries and continuum solvation

HO-HEH

AAG*/keal/mal

oNnN b~ O
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SCHEME 1 succinate§), and 3,6-endoxa*-tetrahydrophthalate monoester
(4) theoretically using ab initio quantum mechanical (QM) gas
phase (MP2/6-3tG*//HF/6-31G*), ab initio QM continuum
solvation model (IPCM-HF/6-31G*) and molecular dynamical
calculations. In this series of compounds the rate enhancement
achieved by changing an intermolecular reactionldb an
intramolecular reaction of structurally rigid is 1. The
calculated transition state (TS) energies for the anhydride
formation reaction in the aqueous phase correlated well with
Stepl Step2 the corresponding experimental energies.
—> IMC — TS A significant part of the rate enhancement of changing an
intermolecular reaction of to an intramolecular one¢4) is
model in estimating the solvation energies for the IMC to TS due to decrease in rotational and translational freedom. It was
transformation. Since the solvation energies depend on theestimated here that the free energy contribution which arises
cavity radius and dielectric constant changes in these parameter$érom bringing the reactants, acetate and acetate phenyl ester,
would have changed the solvation energies as well. As can betogether in a reactive geometry of compléxthe cratic free
seen from Table 6 the solvation free energies contribute in an energy) is 4-6 kcal/mol. The anhydride formation reaction can
important way to the TS energy differences. Additional be divided into two sequential steps: (1) the formation of a
solvation energy calculations at the MP2 level and with larger ground-state bimolecular iermolecule complex from separated
basis sets were found to decrease both the absolute and relativeeactants or intramolecular iermolecule complex from a pool
solvation energies (data not shown). This suggests that cor-of extended conformations and (2) the formation of transition
relation between the calculated and experimental values wouldstate from ior-molecule complex. The gas phase and solvation
be more quantitative if higher level calculations were used in energies of the both steps are important in determining the
solvation calculations. It must be noted that hybrid QM/MM relative reaction rates of the anhydrate formation 1o4.
calculations or geometry optimizations with continuum solvation However, depending on the compound the relative importance
model could be used to include the effects of solvent on the of the steps and the energy contributions are different.
geometries and energies of the ground and transition states. Bruice et ak° have studied intramolecular anhydride forma-
However, because of the large number of conformations tion reaction of the molecules similar to the ones studied in
considered in this study we decided to use computationally lessthis work using partly different computational methods and
expensive approaches. Third, the ab initio quantum mechanicalapproaches. Especially because they used near-attack confor-
levels used (MP2/6-3tG*//HF/6-31G* and HF/6-31G*- mations (NAC) and we intramolecular ieimolecule (IIMC)
(IPCM)) are not high enough that quantitative results could be complexes as intermediates in the reaction mechanism (reaction
expected. However, since the correlation between the experi-1, Scheme 1), the direct comparison of the results is not
mental and calculated numbers is very good, we think that the straightforward. However, the following two main conclusions
major factors affecting the reactivities df-4 are modeled can be drawn from the comparison of the two works. First,
reliably enough allowing us to use the results in explaining the the results of both studies showed that the ease of formation of
differences in the reactivities of the molecules. the reactive conformations (NAC or IIMC) has direct effect on
The differences in the gas-phase energies, solvation energiesthe rate of intramolecular reactions. Second, whereas Bruice
and the cratic free energy contributions were all found to be et al. concluded that the step from NAC to transition state (TS)
important in explaining the reactivity differences af-4. has no effect on the relative reaction rates of different
However, depending on the molecule, the relative importance anhydrides, our calculations show that also this step (from IIMC
of the contributions were found to be different. On the basis to TS) affects the reaction rates and that 2sr4 both steps
of the calculated IMC formation and reaction activation free have parallel effects on the relative rates.
energies in solution we constructed a semiquantitative reaction
scheme (Scheme 1) depicting the origin of the relative differ-  Acknowledgment. M.P. gratefully acknowledges the support
ences in the rates of the anhydride formatiorief4. from the Academy of Finland. P.A.K. is grateful to the NIH
For 1 the formation of BIMC from separated reactants is the for support (GM-29072).
step (step 1) which is mainly responsible for its lower reactivity
compared to intramolecular reactions »f4. Unfavorable S - )
BIMC formation energy ofL is due to the loss of translational  Nitio quantum mechanical conformational analyse<af 2,
and rotational freedom (cratic free energy) and solvation effects. 3 @nd3, energies from the potential of mean force calculations
For 1 the formation of TS from BIMC (step 2) further decreases ©f 2 and3, and the RESP charges and torsional parameters of
the relative reaction but to a lesser extend than step 1. 1., 2, and3. Supporting Information is available free of charge
Formation of IIMC is slightly unfavorable f, whereas IIMC ~ Via the Internet at http:/pubs.acs.org.
is the most favorable ground state conformation3@nd the
structurally rigid4. Thus, for2—4 it is the IIMC to TS part of
the reaction (step 2) which, for the most part, determines the (1) Menger, F. MAcc. Chem. Re<.993 26, 206-212.
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