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Abstract: Ab initio gas phase calculations at the RHF/6+&(d) level have been used to define the geometries of

the transition states for the intramolecular displacement reactions with monophenyl esters of dlytaticc{nic

(1), and 3,6-endoxa*-tetrahydrophthalicl{l ) acids to provide the corresponding anhydrides plus phenolate. As
determined experimentally, the rate determining step was found to involve transition states in which phenoxide is
departing. Intrinsic reaction coordinate (IRC) calculations from transition state toward reactant and product sides
provided intramolecular ioamolecule complexes (IIMC) df andll and the tetrahedral intermediateltf and the

product ior-molecule complexes (IMC) of the phenoxide and anhydridé, of, andlll . Vibrational frequency
calculations were performed for all stationary states. Single point calculations using an electron correlation method
and different solvation methods were performed on optimized reactant side gas phase geometries. The transition
states formed from, I, andlll are essentially identical in bond lengths (ester carbon to leaving phenoxide 1.77,
1.79, or 1.80 A; carbonyl oxygen to ester carbon 1.20 or 1.21 A; nucleophilic oxygen to ester carbon 1.44 or 1.43
A; anda-carbon to ester carbon 1.52 or 1.53 A) and angles (characterized by the attacking oxygen, ester carbon, and
leaving oxygen 97.8 97.3, 96.7; attacking oxygen, ester carbon, and ester carbonyl oxygen®111.04, 113.7).
Transition state stabilization as a result of restricting low frequency vibrations is determined by comparing the
frequencies of the IIMC (and tetrahedral intermediate) to the corresponding TS. The total number of frequencies
does not change in going from the IIMC (or TI) to the TS for each ester. For those frequencies lower than 1000
cm™1, the number of frequencies remains constant. On comparing the ratio between the number of frequencies
below 1000 cm?! and the total number of frequencies in the transition states formed Ifrdim andlIl , we find

0.49, 0.51, and 0.55, respectively. By the criteria of superimposable TS structures and lack of evidence for frequency
changes in the TS in the direction of increasing rate, we conclude that the rate ratig8@fold in comparind/Il

and Il /lll reside in ground state phenomena. This conclusion is supported by the geometries of IIMC and TS
structures. Gas phase reaction coordinates and derived enthalpy and entropy values are provided and discussed.
Conversion of ground state intramolecular anion ester complexes (IIMC) of éstesll to their respective TSs
involves a decrease in computadd* while ASF remains invariant. In a previous investigation, the formation of
ground state conformations (NACs) of geometry that allows entrance to the IIMC and then TS was found to be
related toAH® rather thanAS’. The importance of these findings to a general concept of entropy driven kinetic
processes is discussed.

Introduction in point was the formation of five- and six-membered cyclic
anhydrides (eq 1) from the monoesters of Tablé The

Studies of intramolecular reactions have been a subfield of procedure should be of general use when an acyclic compound

organic chemistry. Derived concepts from the studies of the
intramolecular anhydride formation by the monoesters of Table

. . COOCgH;
1 have had a profound influence on the perception that the . K N cooCHs 4
principal driving forces in enzymatic reactions are entropic. The R>< _ R'><coo' e
kinetic importance of a decrease in entropy (translation) upon Soor
forming the ES complex is obvious. Further increase in rate to non-Nac NAC
enhancements of 8Qas seen with the monoester of 3,6-endoxo- c°normations
A*tetrahydrophthalate) have been attributed to a decrease in 0
entropy by restriction of motion in the enzymsubstrate (ES) R
complex? Results of this study will be discussed in terms of R>C§O + 0GHs (1)
these concepts. 0

In a previous studywe employed a novel methodology for

the computational analysis of intramolecular reactions. The casecapable of existing in many conformations undergoes a reaction
in which two reacting groups or atoms must approach each other
in a particular geometryNearAttack Conformation, NAC) in

® Abstract published irAdvance ACS AbstractSeptember 15, 1997.
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Table 1. List of the Monophenyl Esters Used and Their Relative
Rate Constants

k rel
CH,COO0" + CH;COOC H,Br(p) 1.0
COOCgH,Br(p)
I { 1 x10°M
COO”
COOC¢H,Br(p)
g ~3.6 x 10°M
COO”
Et COOC¢H,Br(p)
><: 1.8x10°M
Et Ccoo
COOC¢H,Br(p)
Il |: 23x10°M
COO"
Ph COOCH,Br(p)
><: 2.7x10°M
Ph Ccoo’
i-Pr COOC¢H,Br(p)
><: 1.3x 10°M
i-Pr Coo"
o
~8x 10'M
I
Chart 1
C ot

NAC. For cyclic anhydride formation with the monoesters of
Table 1, the geometry of the NAC was determined to dee(
infra) as shown in Chart 4. The NAC is a genuine ground
state conformation with reaction centers~a8 A separation,
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Figure 1. MM3 final energies of all local minimum conformations
minus the energy of the most stable ground state conformation. The
arrows point to the columns of the relative MM3 final energies of
conformers that meet the near attack conformation (NAC) criteria.

Assignable conformations of each monoester of Table 1 were
identified by first creating, as many as, 10 000 to 40 000 spatial
isomers (as required to identify NAC structures), using Saunders
stochastic searéf§ method through MM3(92)and discarding
duplicates and those structures containing imaginary frequencies.
The remaining structures were then individually energy mini-
mized. In this manner, we obtained, for each monoester, a
collection of the various conformations. Also obtained were
the energies and thermodynamic paramet&s H°, andS’)
for each of the various conformations. The Near Attack
Conformations (NACs) could then be identified (Chart 1).
Using the energies of the conformations and the Boltzmann
equation, we calculated the mole fraction of conformations
present as NACs for each estd?)( Figure 1 provides the
energy distribution of the conformers of the three monoesters
of concern in this study. Figure 2 is a plot of the log of the

such that bond making and breaking have not been initiated. mole fraction of conformersR) for the three esters present as
Once the NAC has been defined, the problem can be viewed asyACs vs the log of the relative rate constari3 for anhydride
consisting of two parts: (i) identifying ground state conforma- formation. One can conclude, from the slope (1.17) of the plot
tional equilibria and the formation of the NAC (by stochastic of |og P vs logk, that there is a direct relationship between the
search combined with molecular mechanics) and (ii) locating fraction of conformations present as NACs ahG*. In the

the transition state in the conversion of the NAC to a pl’OdUCt inset’ the values dP for these esters are related to the Change

(using quantum mechanics). We feel that this approach is quitejn AH° on NAC formation rather than change TAS® (Figure
sensible since molecular mechanics is designed to deal withp),

ground state energies. Without heroic measugds,initio

methods alone cannot be used to provide a useful analysis whermaterials and Methods

the ground state consists of many stable conformations. This

feature has not been generally recognized.

The molecular mechanical energetics of the formation o
NACs for anhydride formation with the esters of Table 1 was
the subject of our previous studyln this report, we describe
our ab initio quantum mechanical investigations of transition
state structures, vibrational frequencies, and gas phase reactio
trajectories for conversion of representative monoesters (of (5) Saunders, MJ. Am. Chem. S0d.987, 109, 3150.
glutaric, succinic, and 3,6-endoxtt-tetrahydrophthalic acids) (6) Saunders, MJ. Comput. Cheml989 10, 203.
to anhydrides. Before proceeding we would like to briefly 11‘(1723/i\gg‘ger’ N. L. Zhu, Z-Q. S.; Chen, KJ. Am. Chem. S0d 992
review the procedures and findings of our previous stuity, ¢ y

(8) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.
so far as the three esters of the present study are concerned. Am. Chem. Socl985 107, 3902.

To simplify and reduce computational time, monophenyl
¢ esters, corresponding to the mopdoromophenyl esters em-
ployed in the kinetic studies, were used in all the calculations.
These monophenyl esters are of glutarftesiccinatel( ), and
3,6-endoxcA*-tetrahydrophthalatdl{ ) (Chart 2). The semiem-
pirical AM18 calculations were performed using the AMPAC
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Figure 2. Plot of the log of the relative rate constaritg for anhydride
formation from esters, Il , andlll vs the log of the mole fractiorP)

of NAC formation. (For simplicity in determinin®, computations of
the distribution and stabilities of conformers were carried out with
monophenyl esters, corresponding to the mpAwomophenyl esters
used in the kinetic studies.) Inset: Plots of the MM3 enthalpy and MM3
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at the restricted Hartred=ock (RHF) level of theory. All
optimized structures are in the gas phase. Initial geometries
for theab initio calculations were found using AM1 by creating
reaction coordinates from the near attack conformation (NAC)
to the tetrahedral intermediate and reaction coordinates from
the tetrahedral intermediate to the leaving of the phenoxide
group. Molecular geometries were reoptimized by using the
energy gradient method at the RHF/643&(d) level of theory.
Transition states were located at the RHF/6-&Kd) level.
Intrinsic Reaction Coordinate (IRC) calculations were performed
at the RHF/6-31G(d) level of theory toward the reactant and
product sides. Reactant and product side structures were
optimized. The anhydride products were optimized with
symmetry, and the phenoxide was optimized v@ghsymmetry.

All stationary points were characterized by vibrational frequency
calculations, and all frequencies were corrected by ©89.
Thermodynamic properties were calculated using the HF/6-
31+G(d) calculated frequencies at 298.15 K. Single point
calculations using various solvation methods, with the dielectric
constant of watere( = 78.3), and density functional theory
(RHF/6-31G(d)/SCRF-SCIPCM, B3LYP/6-31G(d), B3LYP/
6-31+G(d)/SCRF-SCIPCM, AM1/SM2.1) were performed on

entropy, assuming an equilibrium between the favored ground state reactant side gas phase RHF/6+%3(d) geometries for the

conformation and the lowest energy near attack conformation (NAC)
vs the log of the probability of being in a NAC.

= Q10 @2
QU .
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Chart 2

015 C9 C3 o4
glutarate
= o7
X clxs c“s o0
o Nes” Nc”
L,
S]
succinate
A ﬁ‘z o)
L C20_  Cli
019 C9
©0

N}
3,6-endoxo-Ad4-tetrahydrophthalate

packagé€®. The ab initio molecular orbital calculations were
performed using Gaussian@2r Gaussian 94 or SPARTAN-2

(9) Ampac 5.0 Semichem, Shawnee, KS, 1994.

(10) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W_;
Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M.
A.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley,
J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J,;
Stewart, J. J. P.; Pople, J. Saussian 92Gaussian, Inc.: Pittsburgh, PA,
1992.

(11) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Petersson,
G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L,;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. &aussian 94 Gaussian, Inc.:
Pittsburgh, PA, 1995.

(12) Spartan 4.0 Wavefunction, Inc., Irvine, CA, 1995.

reaction ofl, Il , andlll .

Results

Computational efforts in this study have been directed toward
the elucidation of the transition states for the intramolecular
reactions of the monophenyl esters of glutard)e guccinate
(1), and 3,6-endoxav*-tetrahydrophthatell ) esters to form
the corresponding anhydride (eq 1). By intrinsic reaction
coordinate (IRC) calculations, the structures preceding the
transition state intramolecular ior-molecule complex (IIMC)
and tetrahedral intermediate (¥Iand following the transition
state (ior-molecule complex, IMC) are also determined. All
products, and extended structures for glutarate and succinate
monoesters, are also calculated. In all reactions, the rate
determining step was found to involve transition states in which
phenoxide is departing. This is in agreement with previously
published experimental findingds.

Structures Formed from Glutarate Monoester (I). The
first step was to locate a transition state. From the AM1 reaction
coordinate calculations, the rate determining transition state (TS)
is formed from a tetrahedral intermediate. Starting with the
AM1 TS, ab initio molecular orbital theory at the RHF/6-3G-
(d) level yielded one transition state with one imaginary
frequency of 296.3cm~! (Chart 3). The energy and selected
geometrical parameters of this transition state are listed in Table
2. This particular intramolecular reaction can only have two
possible transition state conformations: (i) the center methylene
(C6) is puckered toward the ester carbonyl or (ii) the center
methylene (C6) is puckered away from the ester carbonyl. Only
the transition state characterized by the center methylene (C6)
puckering toward the ester carbonyl was found. Also, the
transition state is early insofar as departure of the leaving
phenoxide oxygen (015) to C5 is 1.77 A (Chart b initio
optimization of the AM1 tetrahedral intermediate at the RHF/
6-31+G(d) level resulted in the lengthening of the bond between
attacking carboxylate oxygen and carbon (€5) such that
the tetrahedral intermediate does not exist as a minimum on
theab initio energy surface. IRC calculations from the transition
state to the reactant side also did not find a tetrahedral
intermediate which corresponded to the single imaginary

(13) DeFrees, D. J.; McLean, A. D. Chem. Phy4985 82, 333.
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Chart 3 Chart 4

IMC

TS

Table 4. Total Energies and Selected Bond Lengths, Angles, and
Table 2. Total Energies and Selected Bond Lengths, Angles, and Dihedrals for the Transition State (TS), IIMC, and Product Side

Dihedrals for the Transition State (TS), IIMC, and Product Side lon—Molecule Complex (IMC) Formed from the Succinate
lon—Molecule Complex (IMC) Formed from the Glutarate Monophenyl Ester
Monophenyl Ester TS IIMC IMC
TS liMC IMC RHF energy (Hartrees) —683.43692 —683.46504 —683.45543
RHF energy (Hartrees) —722.46225 —722.49565 —722.48865 0O(3)-C(1) 1.317 1.242 1.354
0(2)-C(1) 1.320 1.242 1.361 C(6)—0(3) 1.440 2.690 1.354
C(5)-0(2) 1.440 2.708 1.361 C(6)—C(5) 1.523 1.506 1.509
C(9)-C(5) 1.529 1.508 1.502 O(7)-C(6) 1.205 1.188 1.180
0O(10)-C(5) 1.211 1.187 1.184 O(12)-C(6) 1.793 1.349 3.023
0O(15)-C(5) 1.765 1.346 4.056 0C(5)-C(6)-0(3) 104.54 75.79 109.86
0C(9)-C(5)-0(2) 112.44 86.49 117.65 0O(7)—-C(6)—0(3) 116.98 108.94 121.42
00O(10)-C(5)-0(2) 113.73 102.56 117.24 0O(7)—-C(6)—C(5) 125.79 125.36 128.58
OC(15)-C(5)-0(2) 97.76 88.24 93.42 0O(12)-C(6)-0(3) 97.27 89.67 82.30
0O(10)- C(5)-C(9) 120.35 124.78 125.11 00(12)-C(6)-C(5) 93.98 111.99 68.23
0O(10)- C(5)-C(15) 112.06 122.71 133.86 00(12)-C(6)-0(7) 112.50 122.25 119.91
0O(15)-C(5)-C(9) 96.70 111.79 41.71 7{C(13)-0(12)-C(6)—0(7)] 30.44 20.51 34.33
7[C(16)-0(15)-C(5)-0(10)] —22.33 —-16.23 —13.57

either the transition state or the final products. The energy and
Table 3. Total Energies for the Phenoxide, Glutarate, Succinate, ~ Selected bond lengths and angles of the IMC are also listed in
and 3,6-Endoxa*tetrahydrophthalate ([2.2.1] System) Anhydrides  Table 2.

and the Extended Structures of Glutarate and Sucéinate Structures Formed from Succinate Monoester (I1). The
compound RHF energy (Hartrees) ab initio transition state structure (Chart 4) at the RHF/6-8&k
phenoxide —304.99536 (d) level of theory was found starting from the AM1 derived
glutarate anhydride —417.46115 TS structure. Selected geometrical features of the transition
succinate anhydride —378.43012 state are listed in Table 4. This structure is characterized by
[2.2.1] system anhydride —605.88757 one imaginary frequency at 298.6m L. The bond length of
Zﬁggggg gh“;?irna;fe :Zgg'figﬁg the breaking bond (012C6) is 1.79 A. This was the only
i transition state found. Similar to the AM1 calculations wlith
2 All energies in Hartrees. the AML1 calculations ofl located a tetrahedral intermediate

(TI). Starting with the AM1 Tl structuregb initio optimizations
frequency of the transition state. Observations of the geometryat the RHF/6-3%+G(d) level did not yield a tetrahedral
changes along the calculated IRC show the attack of carboxylateintermediate. Further efforts to locate a tetrahedral intermediate,
oxygen (02) on carbon (C5) to be concerted with departure of starting from the five-membered ring geometry of the TI
the phenolate leaving group (O15). The optimized IIMC ground generated fromlll, failed. An IRC calculation from the

state is characterized by a short attack (@52) distance of  transition state to the reactant side also did not result in a
2.71 A (Chart 3) and by the center methylene carbon (C6) tetrahedral intermediate between TS and IIMC. The IIMC was

optimized with an attacking oxygen (O3) to carbonyl carbon
(C6) distance of 2.69 A (Chart 4). Selected bond lengths,
angles, and dihedral angles are listed in Table 4. IRC calcula-
When calculated separately, the anhydride and the phenoxideions were also performed toward the product side yielding an
final products, are higher in energy than the transition state ijon—molecule complex of anhydride and phenolate anion (IMC)
(Table 3). IRC calculations from the transition state to the that is lower in energy than the transition state and the products.
product side yielded an iermolecule complex (IMC) of In addition to the selected IMC geometrical parameters, Table
anhydride and phenoxide that is lower in energy compared to 4 lists all the energies for the optimized structures of the

puckering away from the ester carbonyl. The IIMC energy and
selected geometrical features are listed in Table 2.
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Chart 5

TI m™MC

Table 5. Total Energies and Selected Bond Lengths, Angles, and tetrahedral intermediate. This intermediate is identified by the

Dihedrals for the Transition State (TS), Tetrahedral Intermediate newly formed carboxyl to carbon bond (©811) of 1.55 A

(T1), and Product Side lonMolecule Complex (IMC) Formed from f ~.

the 3,6-EndoxaA*tetrahydrophthalate Monopheny! Ester and th(_a carbon to phenOXIde bond (€1119) Of. 1.46 A (.Chart .
5). Being characterized by only real frequencies, this intermedi-

TS n IMC ate is a genuine energy minimum. The energy and selected
RHF energy (Hartrees) —910.89306 —910.89989 —910.91324 geometrical parameters of the tetrahedral intermediate are listed
8((313)1;_(3(%1()3) 12%8 iggé iggg in Table 5. IRC calculations were also performed toward the
C(11)-C(9) 1527 1545 1511 product side to yield an ionmolecule complex (IMC) which
0(12)-C(11) 1.206 1.239 1.180 is lower in energy than the transition state and the products.
0O(19)-C(11) 1.796 1.459 2.999 The IMC’s energy and selected bond lengths and angles are
0C(9)-C(11)-0(3) 106.28 101.56 110.20 listed in Table 5
00(12-C(11)-0(3) 117.36 112.70 121.70 _ '
00(19)-C(11)-0(3) 96.68 100.53 82.17 Geometries of Extended Ground State Structures of
0O(12)-C(11)-C(9) 124.83 120.30 127.98 Esters land Il. AM1 optimized structures for a fully extended
5883);581);88)2) 1322-2% 11%-‘5 15‘1%28% glutarate and a fully extended succinate esters, both in the
7[C(20)-0(19)-C(11)-0(12)] 3002 _41.70 3489 staggered position, were used as starting structuresbfaritio

molecular orbital calculations. Each optimized structure at the
HF/6-31+-G(d) level was characterized by only real frequencies
succinate monophenyl ester, the IIMC, the transition state, andand positive eigenvalues (Chart 6). Their energies are listed in
the product IMC. The final products (anhydride and phenoxide) Table 3. The extended structurelofias a higher energy than
are higher in energy than the transition state, and their energiesits [IMC by 2.0 kcal/mol, and the extended structurdlohas

are listed in Table 3. a higher energy than its IIMC by 2.5 kcal/mol. All attempts to
Structures Formed from 3,6-EndoxoA“-tetrahydrophtha- optimize a relaxed structure of the 3,6-endaxbtetrahydro-

late Monoester (lll). Two transition states each with one phthalate ester resulted in a tetrahedral intermediate (Chart 5).

imaginary frequency at 279.@nd 233.8cm *, respectively, Vibrational Frequencies. Frequency calculations were

were found at the RHF/6-31G(d) level of theory (Chart 5). — yortormeqd for all stationary points. All frequencies were
Structure TS1 is lower in energy than TS2 by 8.7 kcal/mol. nitormiy scaled by 0.89 because calculaédnitio frequencies
Because TS2 _has a S|gn|f|c§1ntly higher energy than TS1, no g generally about 16-15% larger than the experimental
further calculations were derived from TS2 (e.g., IRC calcula- |5 es13.14 For the transition states (TS) and the intramolecular
tions). TS is characterized by a bond [ength (€au9) of ion—molecule complex (IIMC), the frequencies are shown in
1.80 A (Chart 5) for departure of phenoxu_je. T_he energy and Figure 3 with only one imaginary frequency for each TS. The
selected geo_metncal featurt_es .Of TS1 are listed in Table 5 .Thenumber of frequencies below 1000 chfor the IIMC and the
AM1 calculations withlll optimized to a tetrahedral intermedi- TS structures for the reactions bfll , andlll are in Table 6.

ate. Because of failures to optimizeaminitio level tetrahedral The ratios between the low frequencies and the total frequencies

|n_termed|ate directly f_ror_n the AM1 structur_e forand I_I , ho for both IIMC and TS are also in Table 6.
direct attempts to optimize the tetrahedral intermediate at the
ab initio levels were made withl . However, IRC calculations (14) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JABInitio

from the transition state to the reactant side did result in a Molecular Orbital Theory Wiley: New York, New York, 1986.
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Chart 6 Table 6. The Number of Frequencies for the IIMC and the TS for
the Intramolecular Reactions of Glutaratg, Succinatel(), and
3,6-EndoxoA*tetrahydrophthalatdl{ ) Monophenyl Esters

. Ratios
number of frequencies -
below 1000 cm?* IIMC TS
compound IIMC or TI TS total  total  total
I 35 35 72 0.49 0.49
Il 32 32 63 0.51 0.51
1] 461 46 84 0.55 0.55

aEsterlll yields to a Tl instead of an IIMC.

glutarate ) )
their respective extended structures. In the B3LYP/SCRF-

SCIPCM solvation model, the calculations for the extended
structures of andll did not converge, and thus, their energies
are not reported. Because the AM1/SM2.1 solvation model was
parameterized to reproduce experimental hydration free energies,
single point calculations were also performed with the AM1/
SM2.1 method. For these calculations, #ieinitio geometries
were used for the calculations. The free energy of solvation
from the AM1/SM2.1 calculations were then added to the gas
phase HF/6-31G(d) energies.

succinate Discussion
35000 [ Gas Phase Reaction Coordinate Reaction coordinates play
i a role in the understanding of reaction mechanisms. Let us
000F = = = = = = dissect theab initio gas phase stationary points of the reaction
= = = = - coordinate for the monophenyl ester intramolecular reaction (eq
25000 [ 2). The structures of the extended conformations, intramolecular
L extended = I[IMC —> TS —> IMC —> Anhydride + C;H,0 (2)
F conformation or TI
2000.0 {
—_ L - - - - ion—molecule complexes (IIMC) or tetrahedral intermediate
?‘5 15000 F = = ; = = (T1), and the transition state (TS) of the reaction for glutarate,
2 - E = Z E E succinate, and 3,6-endoxi-tetrahydrophthalate monophenyl
é’ 10000 = E S = = = esters are shown in Charts-8. Selected bond distances are
S L B = = = also shown in these charts. The reaction coordinates for the
g E = S = = E reactions of (a),1l (b), andlll (c) are shown in Figure 4. The
o 5000 L= = = = = activation energy in going from the intramolecular ton
= = £ = = molecule complex (IIMC) or tetrahedral intermediate (TI) to
oor T - = = = the TS decreases in going from reactions & 1l tolll . For
S the reactions of andll , the extended conformations are higher
500.0 F in energy than the IIMC but lower in energy than the TS. To

place the gas phase reaction coordinates (Figure 4) in proper
perspective, they may be compared to those f@ &tack of
HO™~ and CHCOO™ on dichloroethané® In the reaction of
HO™ and dichloroethane, the reactants are higher in energy than
the transition state. However, in the reaction of£C®0O and
Figure 3. Plots of the frequencies for both intramolecular on  dichloroethane, the reactants are slightly lower in energy than
molecule complex (IIMC) and transition state (TS) for the glutarate, the transition state due to resonance stabilization of the negative
succinate, and 3,6-endox®*-tetrahydrophthalate monophenyl ester charge in CHCOO™. Because of similar resonance stabiliza-
reactions. As observed, the transition states have one imaginarytion, the extended ground state structuresloand Il are
frequency. substantially lower in energy than their respective TSs and only
Solvation and Electron Correlation Calculations. Single slightly higher than their intramolecular iemolecule com-
point calculations with different solvation methods with a Plexes (IIMCs). As for the product side, the ismolecule
dielectric constant of water were performed on the optimized complex (IMC) for the anhydrides fromandll are higher in
RHF/6-31G(d) structures derived from II, andlll . Only energy than the IIMC, while the IMC for the formation of the
reactant side structures, including the TS, were chosen, and theanhydride fromlll is lower in energy than the TI. Al final
resulting activation barriers are reported in Table 7. The HF Products are higher in energy than their respective transition
solvation model resulted in larger barriers than the gas phaseStates.
barriers, with the extended conformations foand Il being Structural Identity of TSs Formed from I, Il, and lll. ~ The
lower in energy than their respective IIMCs. For Comparing transition states in the formation of anhydrides from the
the values from the B3LYP/SCRF-SCIPCM calculations, gas Monophenyl esters of glutarit)( succinic (1), and 3,6-endoxo-
phase single point calculations were also performed with the A*tetrahydrophthalicl(l') acids are essentially identical, as
B3LYP method. Like the RHF gas phase calculations, the ™ (15)Mmaulitz, A. H.; Lightstone, F. C.; Zheng, Y.-J.; Bruice, T.®oc.
B3LYP gas phase IIMCs fdrandll are lower in energy than  Natl. Acad. Sci. U.S.AL997, 94, 6591.

glutarate TS +
glutarate IIMC -
succinate TS -
succinate IIMC 1
[221] system TS 1
[221] system TI -
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Table 7. Activation Barriers to the TS Based on Solvation Single Point Calculations and Electron Correlation Single Point Calculations with
the 6-31+G(d) Basis Set on the Optimized RHF/6-8&(d) Structures

HF/SCRF- B3LYP/SCRF- AM1/
SCIPCM B3LYP SCIPCM SM2.1
ester process (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
I extended _. 1g 30.83 9.60 NA 33.34
conformation
IIMC —TS 27.62 11.65 17.67 33.78
I extended _. yg 26.83 6.62 NA 26.66
conformation
IIMC —TS 26.16 8.56 15.32 29.69
i Tl —TS 6.72 1.92 3.81 5.84

2The data are not available because the single point calculations for the extended conformations did not converge.

A 1214
@ I%ducts i ‘\
,'T_s\\ 1 e
1 A I - = ~
1 \ 120.17 : -
& ! ‘6.57 ! ‘
igb 20,96/ Vo %
]
; ‘\_/ glutarate
—— 196 ' IMC succinate
extended ~ <~ \_II[MC [2.2.1] system
glutarate
)
I/Ed““s Figure 5. An overlay of the transition states of anhydride formation
' of the monophenyl esters of glutaric, succinic, and 3,6-endiko-
,’_T§\\ ,'18.80 tetrahydrophthalic acid. The black figure is the transition state of
% J \iLel ! succinate; the middle gray figure is the transition state of 3,6-endoxo-
k 17.641 ‘\ ) A*tetrahydrophthalate; and the light gray figure is the transition state
N (- of glutarate. Where the ester moiety overlaps, the structure is shown
—248 ! Mc in black as the succinate. The shown bond lengths are color coded
extended "~ —f with the figure.
succinate TS for reactionl (O2—C5—010) is slightly smaller (113°5.
This difference is most likely attributed to glutarate forming a
A © six-membered anhydride ring while both succinate and 3,6-
{ Products endoxoA“-tetrahydrophthalate form five-membered anhydride
s J rings. As both the distances and the angles are concerned, the
028"\ N transition states formed for reactions bf I, and il are
B — \ 11902 essentially identical. Phenoxide departure is concerted with
2 n \ize6 ! carboxylate attack for reactions bfandll, and departure of
D phenoxide is early for reactions bfll, andlll .
b Vibrational Frequency Changes upon Reaching the TS.
1 6-ondoxo A-tetsahydsonhibal In the arguments of entropy as being the driving force for
O-ondoxo-Atewabydrophine e > enzyme catalysis and intramolecular reactions, it has been
Reaction Coordinate proposed that the restriction or dampening of low frequency

Figure 4. Gas phase RHF/6-31G(d) reaction coordinate for the  vibrations allows the attainment of more favorable entropy of
reactions of (a) glutarate monophenyl ester, (b) succinate monophenylactivation? However, little has been done to calculate and verify
ester, and (c) 3,6-endoxtv*-tetrahydrophthalate monophenyl ester. Al these speculations. One might feel comfortable believing that
energies are energy differences (kcal/mol) between states. when two molecules, each having three degrees of translational
shown in Figure 5. The bond length between ester carbon andmotion and three degrees of rotational motion, meet and form
leaving phenoxide are 1.77, 1.79, and 1.80 A in the TS structuresa complex, the complex will have converted the six extra degrees
formed froml, Il andlll , respectively. The carbonyl oxygen of motions to new vibrations at the interface of the two
carbon bond lengths are 1.20 or 1.21 A. The newly forming molecules, increasing the total number of vibrations. Why then
bond between the nucleophilic oxygen and the ester carbon havewvould moving from the complex to the transition state dampen
lengths of 1.44 or 1.43 A, and the bond lengths between the or restrict the existing vibrations? This concept seems to be
a-carbon and the ester carbon are 1.52 or 1.53 A. The bondwidely accepted. Figure 3 is a graphical representation of the
angles for the transition states are also very similar. Comparing calculated frequencies pertinent to the reactions, of, and

the angle characterized by the attacking oxygen, the ester carbonlill . The frequencies of interest are the frequencies for the IIMC
and the leaving phenoxide oxygen, the TS for reactibas an (and tetrahedral intermediate) compared to the corresponding
angle (O2-C5—015) of 97.8; for reactionll , an angle (O3 TS. The total number of frequencies does not change in going
C6—012) of 97.3; and for reactiorll , an angle (O3 C11— from the 1IIMC (or TI) to the TS for each ester (Table 6).
019) of 96.7. The angle comprised of the attacking oxygen, Knowing that the lower frequencies contribute more to the
the ester carbon, and the ester carbonyl oxygen for the TS forentropy of the structures and following the Page and Jencks
reactiondl (O3—C6—07) andlll (O3—C11-012) are almost criterig? of frequencies lower than 1000 c#) the number of
identical, 117.0 and 117.4, respectively. This angle for the lower frequencies remains constant from the IIMC or Tl to the
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transition state (the imaginary frequency characterizes the a)
transition state). The other implication from the Page and Jencks
speculations are that the larger the experimental rates, the more
frequencies will have to be dampened out. Since we cannot
compare the absolute number of frequencies between com-
pounds, we have taken the ratio between the number of low
frequencies (below 1000 cry) and the total number of
frequencies. The ratios of the IIMCs (TI) or the TS low
frequencies to the total number of frequencies for the anhydride
formation ofl, I, andlll are 0.49, 0.51, and 0.55, respectively. b)
The trends of these ratios is that the faster the reaction, the more
low frequency vibrations. So, whether the frequencies are
compared within a monophenyl ester or the ratio of low
frequencies to total frequencies is compared between esters, we
do not observe any dampening or restriction or freezing out of
the low frequency vibrations.

Reactant Side Structures. The number of transition states
in the reactions ofl andlll are limited by the rigidity of their
systems. In the case df, there is only one possible transition
state because the five-membered anhydride is planar. In the
case oflll , the two possible transition states have been found. c)
However, in the case df, the flexibility of the six-membered
anhydride that is being formed may allow more than one
possible transition state structure. Using an IRC calculation
from the TS to the reactant side, structures were located along
the slope of the reaction coordinate between the IIMC and the
TS. A large conformational change is observed in going from
the IIMC to the TS in the reaction df Figure 6a shows that
the IIMC has a puckered six-membered ring with the C6
methylene puckered toward the leaving phenoxide and-a C5 d
C9-C6-C3 torsion angle of 88.5. As the reaCt'c_m proceeds Figure 6. (a) The optimized IIMC ofl where the C6 methylene is
toward the TS, the C6 methylene starts puckering away from pckered toward the leaving phenoxide. The torsion angle 6fC%-
the leaving group (Figure 6b). At this point, the methylene c6-C3is—88.5. (b) A structure along the upward slope between the
hydrogens of C9 and C6 are nearly eclipsed, and the@%- IIMC and the TS where the C6 methylene is changing to pucker away
C6—C3 torsion angle is-24.1°. Figure 6c¢ is the transition state  from the leaving phenoxide. The torsion angle of-@3—-C6—C3 is
where C6 is puckered away from the leaving group, and the —24.T. (c) The optimized TS where the C6 methylene is puckered
C5-C9-C6—C3 torsion angle is 20% This conformational ~ away from the leaving group. The torsion angle of-@3-C6-C3
change is caused by the electrostatic attraction between theS 204.
acidic a-carbon (C9 and C3) hydrogens and the developing .
partial negative charge on the leaving phenolate oxygen. Thedistances are-0.4 A shorter than those found in the NACs.

distances between the C9 and C3 hydrogens to the phenolaté\/S0; there is the presence of a hydrogen bond between a
oxygen are 2.41 and 2.40 A, respectively. Because of this carboxylate oxygen and aortho-hydrogen of the esterified

oxygen-hydrogen interaction, this transition state would be pher:jc_)l. Th“ﬁ' hlcl:\\‘/lAC an(ljd”l:')vlcmf Wﬁre pllaced r?long the reactior&
stablized and is most likely the lowest energy transition state. c00rdinate, the lIMC would be further along the reaction towar

In the IIMC, the oxygen of the phenolate is less negative than the .TS' In the case dil th? nearest local minimum to the
when in the transition state; thus, little stabilization would be TSisa tet.rah.edral |ntermed|atg. .
gained from interacting with the C9 and C3 hydrogens. If there In examination of the energy difference between the transition
is an IIMC where C6 is puckered away from the leaving group, state and th_e mtram_olecular iemolecule complex (IIMC) or

a smaller conformational change would be required to enter the tétrahedral intermediate, one should note bkt and AEr

TS. Thus, most likely, the calculated TS is the same TS for (Table 8) decrease in the orderlot Il > Il . On the other
other possible IMCs. hand, (Figure 7YAS?%8is rather invariant with change of ester.

. . The free energies for the reactionsla@ndll are also listed in
o o s e Table & The expermentalAGS or the reacions of, I
o . . and Ill are as follows: betweeh and Il is 3.27 kcal/mol;
carboxylate oxygen is in the correct allgnme_nt W'.th the ester betweenll andlll is 3.28 kcal/mol® Though the computed
carbonyl carbon_ for nucleophilic attack were identified (Chart AAHR2% and AAGR2% betweerl andll are comparable to the
1) and char_actenzed. They haV(_a been referred MeasAttack experimentahAG, the difference betweeRAHR2% (AAGR?)
Conformatiors (NACs). The distance between carboxylate and AAG* in comparingll and Il is large. Though the
oxygen and ester carbonyl carbon for the NACS ¢8.20 A), .

experimental solution values &G* do not correlate directly
Il (3.08 A), andill (2.93 A). and other monoesters of Table 1.\, e gas phasAGgr?%8 trends are comparable. One must
is ~3 A3 Forl andll of this current study, the nearest local

. h " h e is th keep in mind that in the gas phase calculations, the lowest
minimum ot € transition state on the reactant side Is the ground state is the IIMC. The carboxylate oxygen to carbonyl
intramolecular ior-molecule complex (IIMC). These IIMCs

. S ) carbon distances in the IIMC geometries arising frbif2.71
have the geometrical characteristics of a NAC but differ by the A) and Il (2.69 A) and the carboxylate oxygen to carbonyl
distances for the carboxylate oxygen to ester carbonyl carbon, '

2.71 and 2.69 A for reactions and Il , respectively. These (16) Bruice, T. C.; Pandit, U. KJ. Am. Chem. Sod.96Q 82, 5858.
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Figure 7. A plot of the ab initio calculatedAHg?® and TAS:?*® vs - - >
the log of the relative rate constark)( Reaction Coordinate
] . Figure 8. Reaction coordinate cartoon for the intramolecular reactions
Table 8. Energy Differences between the Transition State and in polar solvent for esters X, Y, Z. The conformation pool is the
:n':ramolc;e_ctjlar_rllo&kMoll;ecu:e Complex (IIMC) or Tetrahedral equilibrium of conformational local minimas, including the global
ntermediate (T1) (kcal/mol) minimum. The NAC is the near attack conformation. The IIMC is the
ester AER? AHg?%82 ASR?982 AGg?982 intramolecular ior-molecule complex, which corresponds to the gas
| 20.96 19.80 _56 21.37 phase nearest _Iocal minimum on the reactant s_lde_ to the transition state
I 17.64 16.28 —4.25 17.55 (T_S). The IMC is the |0|°rmqlecule complex, WhICh is the nearest local
1 b 4.28 3.43 0.63 3.24 minimum on the product side to the transtion state. Products are the
- — - anhydride and the phenoxide. The marked characteristics of the cartoon
2 The subscript R refers to the reaction side energy differeficester are the superimposable transition states structures and the common

Il has a Tl not an IIMC. characteristics of NACs.

carbon bond length in the TI fromil ( 1.55 A) decrease ina  Chart 7

similar trend as the decreasing valuea\&r (Table 8). Simply o
put, the carboxylate oxygen and carbonyl carbonllbf is H2C—'é--o—R
constrained to be closer thdnor Il because of the caged &
structure. This restrictive cage facilitates the formation of a C/
tetrahedral intermediate in the gas phase. However, in the

determination of the experimentalG*, the ground state is a  common value allows one to observe (Figure 8) the differences
collection of conformations mostly in the low energy extended in the average Boltzmann energies of the “Conformation Pool”
state. The calculations which include solvation effects present of reactants. The mole fraction of NACs in the Conformation
a more correlated picturesifla infra). Reaction coordinates ~ Pool would then dictate the changes in rate constants in going
computed byab initio methods in solution show the extended from esters X to Y to Z.

conformation to be of energy below the transition state and ldentification of NACs for a particular ester is not synony-
IIMC. So, along the reaction path from extended structure to mous with identification of the transition states for reaction (i.e.,
TS, the IIMC would be a necessary structure. Combining the €ach NAC does not give rise to one particular TS). As an
results of the ground state studies using molecular mecianics €xample, there are five identified NACs among the eight
and the reaction coordinate studies dly initio methods, we  conformations oflll (Figure 1) but only two TSs (Chart 5).

arrive at eq 3 and the cartoon reaction coordinate of Figure 8 TS2 s less stable than TS1 kg kcal/mol. Thus, the important
pathway involves five NACs to TS1. For estér, there are

Conformation . six NACs among 108 ground state conformations (Figure 1).
Fool NAC Mk 18 —{ bach—> Produs &) One NAC is of r%uch higher energy than the others, but there
isonly one TS. Seemingly, different NACs can converge along
for reactions in polar solvents. Considering Figure 8, for a given the free energy landscape to a common TS, possibly passing
ester the energy difference between the (MM3 derived) NAC through the same I[IMC.

(Figure 1) anddb initio derived) IIMC (or TI) is unknown such Product Side Structures. We now turn our attention to the
that the energy difference between NAC and TS cannot be product side which involves TS> IMC — products. In the
calculated. gas phase, the products of eachl pfl , andlll are higher in

In fashioning a cartoon showing the reaction coordinates for energy than the transition state and the product side-ion
a series of esters becoming anhydrides plus phenolate, we willmolecule complex (Figure 4). The energy for the products is
start with the transition state energies normalized to a constantthe sum of the energies for the anhydride and phenoxide. The
value (Figure 8). This has been done to emphasize (i) the five-membered anhydrides formed in the reactiondloand
portions of the transition state structures which are involved in 1l are planar (Chart 8). The two%garbons limit the flexibility
bond making and breaking (Chart 7) and are structurally in puckering. The six-membered anhydride formed friom
superimposabteidentical bond lengths and angles (Figure 5) not so limited such that two energetically equivalent conforma-
and (ii) the loop portion of the structure of Chart 7 which depicts tions, puckered up and puckered down, are formed (Chart 8).
the essentially strain-free five- and six-membered rings. The Table 9 reports the RHF, enthalpic, entropic, and free energies
actual transition state energies are, of course, quite differentof the ion—molecule complex relative to the transition state.
because the empirical formulae of the three transition states ardVhen comparing the energies of IIMCs (or TI) to IMCs, the
different. Normalization of the transtion state energies to a reaction of I (3.39 kcal/mol) andll (6.03 kcal/mol) are
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Chart 8 on the activation barriers, single point calculations using
different solvation methods with a dielectric constant of water
were performed on the optimized gas phase HF/G()
structures formed in the reactionslofl , andlll . From Table
7, the HF solvation model (HF/6-31G(d)/SCRF-SCIPCM)
produced, as expected, larger barriers than the gas phase barriers.
Also, as expected, the extended structurdsaofdll were more
stable in the solvation calculations than their respective IIMCs.
Single point calculations were also performed using a method
to include the electron correlation in both gas phase and
solvation, B3LYP/6-3%+G(d) and B3LYP/6-31+G(d)/SCRF-
SCIPCM methods, respectively. Here, the gas phase B3LYP/
6-31+G(d) calculations estimate very low barriers of activation
where the barrier from the Tl to the TS in the reactionlbfis
only 1.92 kcal/mol (Table 7). Nonetheless, the solvation
estimation with an electron correlation method (B3LYP/6-
31+G(d)/SCRF-SCIPCM) seems to be in the best agreement
with energy barriers calculated from experimental reaction rates.
These experimental barriers are (i) 23.47 kcal/mol for the
reaction ofl, (ii) 20.19 kcal/mol for the reaction df , and (iii)
. . . 16.92 kcal/mol for the reaction dfl ,'8 which are the sum of

succinate anhydride (top) 3’6'6“‘10;‘;’;1‘3 &:fciagcy)dg"phthalaw AH* andAS. The calculated solvation barriers ax&* (which

Y P is ~AH* Table 7), and thus, it is not surprising that the

Table 9. Energy Differences between the Transition State and the Calculated solvation barriers are slightly smaller than the
Product Side lorMolecule Complex (IMC) (kcal/mol) experimental barriers. Also, the barriers for reactiont afd
Il are calculated from their IMCs. Because the single point

ester AER? AHp?%82 AS298a AGp298a i |
| 16.57 16.03 18.33 2149 calculations for the extended conformations were unable to
I 11.61 10.90 _14.04 15.09 converge, barriers from the extended structures for reattion

I 1266 11.90 ~13.36 15.88 and Il _are not av_ailable. But, similar to the HF/6-_B(B(d)
: . : solvation calculations, the extended structure energies from the
2 The subscript P refers to the product side energy differences. B3LYP/6-31+G(d) solvation method would be expected to be
] ] ) o ) lower in energy than the [IMCs. Presumably, when comparing
endothermic, while the reaction dfi is highly exothermic  the activation barriers from the IIMC with those from the

(—7.38 kcal/mol, Figure 4). Because these calculations are of extended structures, the energy difference is attributed to the
unsubstituted phenyl esters, we would expect that the reactionsenergy from the extended structure to the 1IMCs.

of I and Il would not necessarily be thermodynamically
favorable. However, we might anticipate that the reaction of Conclusions

Il would be thermodynamically favorable. This is consistent . . o .
In previous investigatiofisthere were determined for each

with the experimental kinetics studfeshere the reactions of . . .
both the unsubstituted monophenyl esters of glutarate and theester (Table 1) (i) the rate constants for intramolecular displace-

succinate were too slow to be measured. However, when thement of phenoxide to form anhydride (effective molarities vary

leaving group i-BrCeH40™, the reactions are accelerated to between_ 1_€)and 16 M) gnd ) bY use Of molecular mechanics
a measurable level. With theBrCsH,0~ ester of 3,6-endoxo- and statistical mechanics, the distribution of ester ground states

A“-tetrahydrophthalate, the reactions were so rapid that theyan,OI the energies, enthalpies, and entropies.of each conformer
could not be followed. Th@-methoxyphenyl ester was used (Figuré 1). It could be shown thatG* was linearly related

to decrease the rates to manageable levels. The reaction ratéS'oPe™ 1.0) to the log of the mole fractio) of conformations
of the p-methoxyphenyl ester of 3,6-endoxd-tetrahydro- present as Near Attack Conformations (NACs). FurtherHog

phthalate was correlated with the pabromophenyl ester of was shown to be dependent upon th.e enthalpy of NAC formation
glutarate and succinate usiogo relationship. In terms of the (AH) rather than the entrqp)AG) (Figure 2). Thg conclu5|0n'

change in free energy (Table 9), the trend is similar to that of was reached that the stability of NAC conformations determine
the AE. Again, the reaction of succinate is endothermic, and the rate constants, and this stability is enthalpically controlled.

3,6-endoxcA“_tetrahydrophthalate is exothermic. On the other The present study also supports this p05|t_|o_n.

hand, glutarate seemingly will have a thermodynamic equilib-  1"e mc;nophenyl esters of glutarig (succinic (1), and 3,6-
rium between the IIMC and the IMC with a very large kinetic €NdoxoA’-tetrahydrophthalicl(l ) acids are representative of
barrier. The geometry of the IMC with a six-membered the esters of Table 1Ab initio gas phase calculations at the

anhydride complexed to the phenoxide is noticeably different RHF/6-31G(d) level were employed to locate the transition
from the five-membered IMCs. The distance between the States and,.by the intrinsic reaction coordln_ate calculations,
anhydride carbon to the phenoxide oxygen is greater for glutaric '9€ntify the immediate reactafiintramolecular ior-molecule

anhydride IMC (4.06 A) than for either the succinic anhydride (17) Because AM1/SM2.1 was parameterized to reproduce the experi-
IMC (3.02 A) or the 3,6-endoxa*tetrahydrophthalate anhy-  mental solvation free energies, AM1/SM2.1 solvation calculations were also
dride IMC (3.00 A). performed on the gas phase HF/6+33(d) geometries. The calculated free
. . . energies of solvation were added to the gas phase HF58d) electronic
Solvation and Electron Correlation Calculations. The gas energy. These AM1/SM2.1 solvated energies show that the IIMCisf
phase HF/6-31G(d) calculations resulted in the reaction slightly lower in energy than its extended structure (Table 7).IFothe

coordinates shown in Figure 4. Since this is an ionic reaction IIMC is ~3 kcal/mol lower in energy than its extended structure. Because
’ ' we anticipated that experimentally in water the extended structure should

we expect that solvation may have a large effect on the pe jower in energy than the IIMC, the AM1/SM2.1 solvation estimation
calculated reaction barrier. To estimate the solvation effects does not seem to be a good method for this system.
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complex (IIMC) and tetrahedral intermediate (THnd product entering the transition states. Therefore, changes in rate
{ion—molecule complex of anhydride and phenoxide (IFIC) constants must be due to ground state phenomena (Figure 8),
structures and their energies. The transition states for theand from the previous MM study, the difference in rate constants

formation of anhydrides fronmi, I, andIll , which involve can be related to the ease by which an extended ground state
departure of the leaving phenoxide, are essentially identical can become a NAC for any given ester (Figure 1).

when comparing bond distances and bond angles for the
nucleophilic oxygen to carbonyl carbon and for the carbonyl

carbon to leaving phenoxide oxygen, carbonyl oxygen, and
o-carbon (Figure 5). Thus, though the experimental rate
constants increase by230-fold on going from to Il and from

Il to lll, the transition state structures for the three reactions
are superimposable. Freezing out of low frequency vibrations
in the transition states do not play a role in the increase in rates.
Aside from the conversion of a single real frequency to an

imaginary one (Figure 3), the frequency calculations do not

reveal the disappearance of any low frequency vibrations upon JA970982G
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