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Strategies for calculating activation barriers

Gas-phase activation energies were calculated for three lithium enolate reactions by using several
different ab initio and density functional theory (DFT) methods to determine which levels of theory
generate acceptable results. The reactions included an aldol-type addition of an enolate to an
aldehyde, a proton transfer from an alcohol to a lithium enolate, and an Sy2 reaction of an enolate
with chloromethane. For each reaction, the calculations were performed for both the monomeric
and dimeric forms of the lithium enolate. It was found that transition state geometry optimization
with B3LYP followed by single point MP2 calculations generally provided acceptable results

compared to higher level ab initio methods.

Introduction

Lithium enolates are among the most important re-
agents for carbon—carbon bond formation in organic
synthesis, and they have been the subject of numerous
theoretical and experimental investigations.™!4 A major
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theoretical breakthrough was the development of pure
and hybrid Density Functional Theory (DFT) computa-
tional methods, which include electron correlation at a
fraction of the cost of MP2 and higher correlated methods.
These methods have been used extensively to provide
ground-state geometries and energies for a variety of
organic lithium compounds in the gas phase, and in
solution using microsolvation with explicit ethereal ligands
and/or continuum solvent models.!>~?®> The results of
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these calculations have generally been in agreement with
available experimental data, and often generated results
comparable to those of MP2 and higher level calculations.
Modeling of transition structures and activation energies
is a considerably more difficult problem. Electron cor-
relation effects are especially important in obtaining
accurate activation energies, making Hartree—Fock meth-
ods unreliable. Correlation is included in post Hartree—
Fock methods such as MP2, MP4, QCISD, and coupled
cluster methods, but since these methods generally scale
as n’, where n is the number of electrons, MP4 and higher
methods are not practical for most systems of interest,
and MP2 optimizations are possible only for systems of
modest size. Although DFT methods do include electron
correlation, they sometimes underestimate activation
barriers,?627 and sometimes fail to predict an activation
barrier at all. Despite these limitations, since the com-
putational effort generally scales as N*, where N is the
number of atoms in the molecule, DFT methods are
commonly used for the calculation of activation barriers
for organolithium and other main group organometallic
compounds.?®32 The purpose of this study is to compare
Hartree—Fock, DFT, and MP2 methods with the best
available transition structure calculations in the gas
phase to determine which levels of theory can be used to
obtain accurate activation energies. Although organo-
lithium compounds are generally used in solution, sol-
vation is a complex issue and was not treated in this
study. Rather, we focused on obtaining one or more
acceptable gas-phase methods that will be suitable for
use in conjunction with solvent models in the future.

Computational Methods

All geometry optimizations, transition structure searches,
and frequency calculations were performed with the Gaussian
98 or Gaussian 03 programs.?® Transition structures were
located either with the QST3 method or by further optimiza-
tion of a previously located transition structure at a different
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SCHEME 1. Aldol, Proton Transfer, and Sy2
Reactions of Lithium Enolates
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level of theory using the Opt=TS keyword. The reactants were
taken as an optimized precomplex of the lithium enolate
monomer or dimer with a coordinated acetaldehyde (aldol),
methanol (proton transfer), or chloromethane molecule (Sx2).
Three reactions of the lithium acetaldehyde enolate were
modeled: an aldol-type reaction with a second acetaldehyde
molecule; a proton-transfer reaction from methanol; and an
Sn2 reaction with chloromethane. The reactions were each
modeled via the lithium enolate monomer and dimer, as shown
in Scheme 1. Geometry optimizations were performed at the
following levels of theory for both the reactants and transition
structures: HF/6-31+G(d), B3LYP/6-31+G(d), MPW1PW91/
6-31+G(d), MP2/6-31+G(d), and for the monomers, QCISD/
6-31+G(d). Single point energies were obtained at the
MP4/6-31+G(d)/MP2/6-31+G(d), MP2/6-311+G(2df,2pd)//MP2/
6-31+G(d), MP2/6-31+G(d,p)//MP2/6-31+G(d), and MP2/6-
31+G(d)/B3LYP/6-31+G(d) levels of theory. Single point
energies were also obtained to screen the newer MPW1K,34
MPW1B95,% and MPW1BK3> DFT methods as possible can-
didates for obtaining accurate activation energies. These
energies were obtained at the MPW1PW91 geometries, except
for the aldol monomer reaction, for which the BSLYP geometry
was used as the MPW1PW91 method failed to locate a
transition structure. Harmonic frequencies of the reactants
and transition structures were calculated at the HF/6-31+G-
(d) level on HF/6-31+G(d) optimized geometries. The thermal
corrections to the free energies at 298.15 K were taken from
the frequency calculations and added to the internal energies
at each level of theory, to obtain the free energies of each
reactant and transition structure.

Results and Discussion

The calculated activation internal energies (AU¥) and
free energies (AG¥) for the aldol reaction of the lithium
acetaldehyde enolate monomer and dimer are shown in
Tables 1 and 2, respectively. The MP2 optimized transi-
tion structures are shown in Figure 1. Optimization of
the monomer at the QCISD/6-31+G(d) level located a
transition structure with a partially formed C—C bond
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TABLE 1. Calculated Activation Barriers for the Aldol
Reaction of the Lithium Acetaldehyde Monomer at
298.15 K«

JOC Article

TABLE 3. Calculated Activation Barriers for the
Proton Transfer Reaction of the Lithium Acetaldehyde
Monomer at 298.15 K¢

level AU? AG* C—C dist TS level AU* AG* C—Cdist TS C—O dist TS
HF/6-31+G* 11.1 15.6 2.160 HF/6-31+G* 16.1 13.0 1.390 1.250
B3LYP/6-31+G* 0.047 4.49 2.401 B3LYP/6-31+G* 6.23 3.10 1.375 1.290
MPW1PW91/6-31+G* no transition structure found Mgg}%‘g%ll/eéh;/(/}* gg; igg 1.351 1.300

- — -31+ . .
MPW1K/6 ?il-i'G(d)// 0.348 4.10 MPW1PW91/6.81+G(d)

B3LYP/6-31+G(d) MPW1B95/6-31+G(d)/ 7.37 4.24
MPW1B95/6-31+G(d)/ —0.284 4.16 . : ’

MPW1PW91/6-31+G(d)

B3LYP/6-31+G(d) MPW1BK/6-31+G(d)// 8.60 5.46
MPW1BK/6-31+G(d)// —0.124 4.32 MPW1PW91/6-31+G(d) '

B3LYP/6-31+G(d) MP2/6-314+G* 8.62 5.48 1.350 1.310
MP2/6-31+G* 0.46 491 2.406 MP2/6-311+G(2df,2pd)/ 9.71 6.58
MP2/6-311+G(2df,2pd)// —0.29 4.15 MP2/6-31+G*

MP2/6-31+G* MP4/6-31+G*// . 8.81 5.68
MP4/6-31+G*// 2.15 6.60 MP2/6-31+G*

MP2/6-31+-G* QCISD/6-31+G* 106 744 1376 1.280
QCISD/6-31+G* 5.01 9.45 2.248 ¢ Energies are in kcal/mol and bond distances are in A.

« Energies are in kcal/mol and bond distances are in A.

TABLE 2. Calculated Activation Barriers for the Aldol
Reaction of the Lithium Acetaldehyde Dimer at 298.15 K¢

level AU* AG*F C—C dist TS
HF/6-314+G* 17.1 21.3 2.006
B3LYP/6-31+G* 5.76 10.0 1.956
MPW1PW91/6-31+G* 2.69 6.94 2.029
MPW1K/6-31+G(d)/ 3.76 7.80
MPW1PW91/6-31+G(d)
MPW1B95/6-31+G(d)/ 3.23 7.47
MPW1PW91/6-31+G(d)
MPW1BK/6-31+G(d)// 3.93 8.17
MPW1PW91/6-31+G(d)
MP2/6-314+G* 6.72 11.0 1.984
MP4/6-31+G*// 7.49 11.7

MP2/6-31+G*

a Energies are in kcal/mol and bond distances are in A.

P T

FIGURE 1. Optimized transition structures [MP2/6-31+G-
(d)] for the lithium acetaldehyde enolate aldol reaction: (left)
monomer; (right) dimer—gray, carbon; white, hydrogen; red,
oxygen; violet, lithium.

of 2.248 A. Using the QCISD energy as the best available,
it was observed that the Hartree—Fock calculation
overestimated the activation energy by about 6 kcal/mol.
In contrast, the B3LYP method underestimated the
barrier by nearly 5 kcal/mol, and the MPW1PW91
method failed to locate a barrier at all. The activation
internal energy with the BSLYP method was less than
0.05 kcal/mol, and nearly all the calculated free energy
barrier came from the thermal contributions to the
enthalpy and entropy. The single point MPW1K, MPW-
1B95, and MPW1BK DFT calculations each generated
slightly negative AU* values. The MP2/6-31+G(d) calcu-
lation fared only slightly better than B3LYP, and the
MP2/6-311+G(2df,2pd) single point calculations resulted
in an apparent negative internal energy of activation.
However, the single point MP4/6-31+G(d)/MP2/6-31+G-

TABLE 4. Calculated Activation Barriers for the
Proton Transfer Reaction of the Lithium Acetaldehyde
Dimer at 298.15 K¢

level AU* AG* C—-CdistTS C-Odist TS
HF/6-31+G* 25.0 20.7 1.338 1.290
B3LYP/6-31+G* 140 9.75 1.281 1.390
MPW1PW91/6-31+G* 16.1 11.8 1.325 1.300
MPW1K/6-31+G(d)// 13.7  9.46

MPW1PW91/6-31+G(d)
MPW1B95/6-31+G(d)// 14.7 10.5
MPW1PW91/6-31+G(d)
MPW1BK/6-31+G(d)// 157 115
MPW1PW91/6-31+G(d)
MP2/6-31+G* 17.8 135 1.264 1.410
MP4/6-31+G*// 17.8 135
MP2/6-31+G*

« Energies are in kcal/mol and bond distances are in A.

(d) activation internal energy was within 3 kcal/mol of
the QCISD value. The newly forming C—C bond distance
was nearly identical in the BSLYP and MP2 calculations,
which was about 0.15 A longer than that in the QCISD
optimized geometry.

The calculated transition structure C—C bond dis-
tances in the dimer were all within about 0.07 A of each
other. As this system was too large for a QCISD calcula-
tion, the best available energy was taken as the MP4/6-
31+G(d)//MP2/6-31+G(d) value. This was only 0.7 kcal/
mol higher than the MP2 calculated result, and nearly
10 kecal/mol lower than that of the Hartree—Fock calcula-
tion. As with the monomer, each of the DFT methods
underestimated the activation barrier, and the best DF'T
energy was obtained with the BSLYP method.

The calculated activation energies for proton transfer
from a coordinated methanol molecule to the lithium
enolate monomer are given in Table 3, and the corre-
sponding energies for the dimer are in Table 4. Compared
to the aldol reaction, the partially formed C—H bond
lengths in the monomer varied much less with the level
of theory, with the Hartree—Fock method generating the
longest bond length and the MP2 method generating the
shortest. Once again taking the QCISD results as the
best available, the Hartree—Fock method was found to
overestimate the activation internal energy by nearly 6
kecal/mol, and the B3LYP and MPW1PW91 methods
underestimated that value by about 4 kcal/mol. With this
reaction, however, the MPW1K, MPW1B95, and MPW1BK

J. Org. Chem. C
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FIGURE 2. Optimized transition structures [MP2/6-31+G-
(d)] for the lithium acetaldehyde enolate proton-transfer
reaction: (left) monomer; (right) dimer.

TABLE 5. Calculated Activation Barriers for the Sn2
Reaction of the Lithium Acetaldehyde Monomer at
298.15 K«

Pratt et al.

TABLE 6. Calculated Activation Barriers for the Sx2
Reaction of the Lithium Acetaldehyde Dimer at 298.15 K¢

level AU¥ AG* C—Cdist TS
HF/6-31+G* 28.5 31.2 2.494
B3LYP/6-31+G* 18.9 21.7 2.539
MPW1PW91/6-31+G* 20.1 22.8 2.464
MPW1K/6-31+G(d)// 23.1 25.9
MPW1PW91/6-31+G(d)
MPW1B95/6-31+G(d)// 21.1 23.9
MPW1PW91/6-31+G(d)
MPW1BK/6-31+G(d)/ 23.3 26.0
MPW1PW91/6-31+G(d)
MP2/6-31+G* 24.3 27.0 2.366
MP4/6-31+G*// 23.6 26.4

MP2/6-31+G*

¢ Energies are in kcal/mol and bond distances are in A.

level AU? AG* C—-Cdist TS
HF/6-31+G* 29.1 32.0 2.482
B3LYP/6-31+G* 18.8 21.7 2.459 Dent
MPW1PW91/6-31+G* 1.28 4.22 2.449 aa*.\
MPW1K/6-31+G(d)/ 25.0 279 ' 2
MPW1PW91/6-31+G(d) >
MPW1B95/6-31+G(d)// 21.3 24.3 ﬂ 4 )
MPW1PW91/6-31+G(d)
MPW1BK/6-31+G(d)// 245 274 9
MPW1PW91/6-31+G(d)
MP2/6-31+G* 26.4 29.3 2.360 FIGURE 3. Optimized transition structures [MP2/6-31+G-
MP2/6-311+G(2df,2pd)// 24.2 271 (d)] for the lithium acetaldehyde enolate Sx2 reaction: (left)
MP2/6-31+G* monomer; (right) dimer.
MP4/6-31+G*// 249 27.8
MP2/6-31+G* wide disparity in the calculated activation barriers. The
QCISD/6-31+G* 274 30.4 2.410 MPW1PW91 method predicted an internal energy of

@ Energies are in kcal/mol and bond distances are in A.

methods were all superior to BSLYP, with the MPW1BK
method generating a barrier height nearly identical with
that obtained by the MP2 method. The MP2 optimization
with the 6-31+G(d) basis set underestimated the barrier
by only 2 kcal/mol, and both the MP4/6-31+G(d) and
MP2/6-311+G(2df,2pd) single point energies resulted in
a modest improvement in the calculated barrier height.

The proton transfer reaction of the dimer showed a
slightly larger spread of calculated lengths of the partially
formed C—H bond with the level of theory. As with the
monomer, the Hartree—Fock method significantly over-
estimated the activation barrier, and the MP2/6-31+G-
(d) optimization and the MP4/6-31+G(d) single point
energy produced nearly identical barrier heights. Each
of the DFT methods generated comparable barrier heights,
which were 2—4 kcal/mol lower than those obtained by
MP2. The MP2 optimized transition structures are shown
in Figure 2.

The calculated activation barriers for the Sx2 reaction
of the lithium acetaldehyde enolate monomer and dimer
with chloromethane are shown in Tables 5 and 6,
respectively. The MP2 optimized transition structures are
shown in Figure 3. For the reaction via the lithium
enolate monomer, the MP2/6-31+G(d) optimization gen-
erated the shortest partially formed C—C bond at 2.360
A, compared to 2.4—2.5 A with the other methods.
However, the MP2/6-31+G(d) method generated an
activation barrier only 1 kcal/mol lower than the QCISD/
6-31+G(d) optimization, which was slightly better than
the MP2/6-311+G(2df,2pd) and MP4/6-31+G(d) single
point energies. As with the aldol and proton-transfer
reactions, the activation barrier was overestimated by
the Hartree—Fock method. The DFT methods showed a

D J.Org. Chem.

activation of only 1.3 kcal/mol, although the calculated
length of the forming C—C bond was comparable to that
of the BSLYP and MP2 methods. BSLYP underestimated
the barrier by more than 8 kcal/mol, compared to the
MP2 result, while the MPW1K, MPW1B95, and MPW1BK
calculations generated similar results to each other,
underestimating the barrier by 1—5 kcal/mol.

For the Sy2 reaction of the lithium enolate dimer, the
variation of the forming C—C bond length with the
computational method was similar to that of the mono-
mer, with the MP2 method producing the shortest bond
length. Once again, the MP2 optimization and MP4 single
point calculations generated similar activation barriers,
which were lower than those obtained by the Hartree—
Fock calculation, and higher than those obtained by the
DFT methods. The MPW1K and MPW1BK DFT methods
performed the best in this case, underestimating the
barrier height by only about 1 kcal/mol, compared to
MP2, while the BSLYP, MPW1PW91, and MPW1B95
methods gave comparable results to each other, with
activation barriers 3—5 kcal/mol lower than the MP2
values.

The data in Tables 1—6 show that the MP2 calculated
activation barriers are generally in qualitative agreement
with those calculated by using the MP4 or QCISD
methods. In contrast, the BSLYP, MPW1PW91, MPW1K,
MPW1B95, and MPW1BK calculations generated activa-
tion barriers that were erratic. In some cases the DFT
results were in reasonable agreement with the MP2
energies, and in other cases, they severely underesti-
mated the barriers, or even failed to locate a transition
structure at all. However, when a transition structure
was located, the lengths of the forming or breaking bonds
were generally in good agreement with the MP2 calcula-
tions. This fact raised the question as to whether good
results could be obtained from single point MP2 energies
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TABLE 7. Comparison of AU* [AG*] at the MP2/
6-31+G(d) and MP2/6-31+G(d)//B3LYP/6-31+G(d) Levels of
Theory at 298.15 K¢

MP2/6-31+G(d)//

reaction aggregate MP2/6-31+G(d) B3LYP/6-31+G(d)
aldol monomer 0.46 [4.91] 2.24 [6.69]
aldol dimer 6.72 [11.0] 5.78 [10.0]
proton transfer monomer 8.62 [5.48] 8.64 [5.50]
proton transfer dimer 17.8 [13.5] 18.1 [13.8]
Sn2 monomer  26.4 [29.3] 26.9 [29.8]
Sn2 dimer 24.3 [27.0] 23.9 [26.7]

@ Energies are in kcal/mol and bond distances are in A.

on B3LYP geometries. The results are shown in Table 7.
Comparison of the barrier heights shows that the two
methods agree within 1 kcal/mol, with the exception of
the aldol reaction via the lithium enolate monomer, for
which the two results differed by about 1.8 kcal/mol.
While geometry optimization at the MP2 level is prefer-
able, it is not always practical when large molecules are
involved, especially those where solvent ligands are
included. Thus, provided that a transition structure can
be found with the BSLYP method, single point MP2
energies at the BSLYP geometries provide a reasonable
estimate of lithium enolate activation barriers in the gas
phase.

Conclusions

Activation barriers for lithium enolate reactions were
calculated for both the monomer and dimer at several
levels of theory. Geometry optimizations at the QCISD/
6-31+G(d) level and MP4/6-31+G(d)/MP2/6-31+G(d)
single point calculations provided the highest level of

PAGE EST: 4.5
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theory that is currently practical for reaction barriers of
the enolate monomer and dimer, respectively. Hartree—
Fock methods invariably overestimated the activation
barriers, and in most cases, the barriers were underes-
timated by each of the DFT methods. The DFT errors
were sometimes large, and in one case, the MW1PW91
method failed to locate an activation barrier at all. In
other cases some of the DFT methods generated activa-
tion barriers comparable to those obtained by MP2. The
large variation in the performance of the DFT methods
indicates that they should be treated as semiempirical
methods for the calculation of activation barriers: Some-
times they work, sometimes they do not, and they should
be used with caution until their performance can be
further evaluated for a large number of organolithium
reactions. In most cases, MPW1K, MPWBI1K, and
MPW1B95 gave better results than B3SLYP or MPW-
1PW91, suggesting that these methods do yield improved
results for reactions very different from those that were
used for their parametrization. The MP2 method did
provide reasonable geometries in most cases, and single
point MP2 calculations at the BSLYP geometries pro-
vided qualitatively correct activation barriers.
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