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’ INTRODUCTION

The discovery of Michael acceptors that bind covalently to
specific enzyme thiol groups is an important current target in
drug design. Michael additions involving biological thiols are also
toxicologically important, and many Michael acceptors have
been studied in assessments of quantitative structure�activity
relationships. However, the factors that determine how the rate
of addition depends on the substituents on the Michael accep-
tor are not well established. We present here a computational
evaluation, providing quantitative data about effects of substitu-
ents on reactant and product stabilities, transition state energies,
and how these are influenced by solvation. We also benchmark
the performance of common computational methods for pre-
dicting the energetics of thiol additions. Some significant errors
in predictions of thermodynamics by frequently used methods
are identified.

Here we investigate the base-catalyzed conjugate addition of
thiols to R,β-unsaturated ketones, as shown in Scheme 1.1 Target-
ing these reactions to therapeutically relevant enzyme thiol groups
has led to the development of inhibitors of cysteine-dependent
enzymes such as cysteine proteases,2 and analogous alcohol

additions have been explored in the development of irreversible
proteasome inhibitors.2c,d More recently, Michael acceptors have
been employed as bond-forming functional groups in selective
irreversible kinase inhibitors.3 Notable examples include the ErbB
kinase inhibitors neratinib (HKI-272), in phase III trials for the
treatment of breast cancer,4 and Tovok (BIBW-2992), in phase III
trials for the treatment of lung cancer.5 In addition, PCI-32765
(Phase I) is an irreversible inhibitor of Bruton’s tyrosine kinase
(Btk), which plays a key role in B cell activation and proliferation
(Chart 1).6

Scheme 1
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ABSTRACT: CBS-QB3 enthalpies of reaction have been com-
puted for the conjugate additions of MeSH to six R,β-unsatu-
rated ketones. Compared with addition to methyl vinyl ketone,
the reaction becomes 1�3 kcal mol�1 less exothermic when an
R-Me, β-Me, or β-Ph substituent is present on the CdC bond.
The lower exothermicity for the substituted enones occurs
because the substituted reactant is stabilized more by hypercon-
jugation or conjugation than the product is stabilized by branch-
ing. Substituent effects on the activation energies for the rate-determining step of the thiol addition (reaction of the enone with
MeS�) were also computed. Loss of reactant stabilization, and not steric hindrance, is the main factor responsible for controlling the
relative activation energies in the gas phase. The substituent effects are further magnified in solution; in water (simulated by CPCM
calculations), the addition of MeS� to an enone is disfavored by 2�6 kcal mol�1 when one or two methyl groups are present on the
CdC bond (ΔΔGq). The use of CBS-QB3 gas-phase energies in conjunction with CPCM solvation corrections provides kinetic
data in good agreement with experimental substituent effects. When the energetics of the thiol additions were calculated with several
popular density functional theory and ab initio methods (B3LYP, MPW1PW91, B1B95, PBE0, B2PLYP, and MP2), some
substantial inaccuracies were noted. However, M06-2X (with a large basis set), B2PLYP-D, and SCS-MP2 gave results within
1 kcal mol�1 of the CBS-QB3 benchmark values.
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The emerging importance of Michael acceptors as key phar-
macophores in the design of irreversible inhibitors of clinically
important protein targets motivates a deeper understanding of
the factors that modulate their reactions with biologically im-
portant nucleophiles. Numerous studies have investigated the
influence of the thiol R group on reactivity toward conjugate
addition.7 Here we examine the effects of substituents on the
Michael acceptor. In general, conjugate additions to Michael
acceptors are hampered by alkyl substituents at the R or β
position of the CdC bond and by Ph substituents at the β (but
not R) position.8 Rate data reported9 for acyclic enones and
other Michael acceptors indicate that β-Me substitution reduces
the rate of addition less than R-Me, β,β-dimethyl, or β-Ph
substitution, and that in some cases the overall reactivity of the
enone is reduced because the addition is reversible. Rate con-
stants reported for the additions of glutathione to enones at pH
7.4 are shown in Scheme 2a.9c Rate and equilibrium constants
have also been reported for Et3N-catalyzed additions of PhSH to
cyclic R,β-unsaturated ketones in chloroform, and are shown in
Scheme 2b.10

Several groups have devised schemes for predicting the reactiv-
ities of Michael acceptors toward thiols on the basis of calculated
ground-state properties.11 Kinetic data have been correlated with
properties such as atomic charges, electrophilicities, steric param-
eters, and the reaction energies for thiol adduct formation.9c,d,11

Sch€u€urmann et al. have devised schemes for predicting the rates of
additions of glutathione to Michael acceptors based on calculated
local electrophilicity parameters.9c,d,11e Very recently, Cronin
et al.12 reported B3LYP calculations on the additions of metha-
nethiol and cysteine to 22Michael acceptors. The mechanism that
they considered entailed a concerted four-center addition of the
neutral thiol across the CdCbond.Herewe report calculations on
the additions of thiols to R,β-unsaturated ketones, in which the
rate-determining step is the addition of the MeS� anion to the
enone to generate an intermediate enolate. We use high-accuracy
CBS-QB3 calculations13 to obtain quantitative kinetic and ther-
modynamic data describing the effects of enone substitution
and the influence of solvation. Reaction energies are computed
for the transformation of six R,β-unsaturated ketones into their
β-methylthio adducts. CBS-QB3data are then used in conjunction
with a continuum solvent model to evaluate substituent effects
on the rate-determining thiolate addition step in water. The
kinetics are shown to be controlled not by steric effects, but by
reactant stabilization. The calculations provide information about
transition-state geometries that is of relevance to drug design.

In recent studies of related C�C and C�O bond-forming
reactions (aldol, Mannich, R-aminoxylation, and Diels�Alder
reactions), substantial errors were found in the reaction enthal-
pies and substituent effects computed with commonly used
density functional theory methods.14,15 Similar features are
found here for the C�S bond-forming reactions. Several well-
established functionals perform with low accuracy, but the newer
methods M06-2X, B2PLYP-D, and SCS-MP2 are found to yield
good agreement with CBS-QB3.

’THEORETICAL CALCULATIONS

CBS-QB3 calculations13 gave enthalpies for the addition of
MeSH to theR,β-unsaturated ketones 1�6 (Figure 1). Activation
energies and reaction energies for the addition of MeS� to 1�6
were also calculated with CBS-QB3. Experimental measurements
for these thermodynamic and kinetic quantities have not been
reported. However, the CBS-QB3 method has been shown13 to
provide high-accuracy thermochemical data (MAD for theG2/97

Chart 1

Scheme 2. Rate and Equilibrium Constants Reported for (a)
Additions of Glutathione9c and (b) Additions of PhSH toR,β-
Unsaturated Ketones10

Figure 1. Enthalpies of addition of MeSH to the R,β-unsaturated
ketones 1�6 (CBS-QB3, kcal mol�1). Substituent effect is the differ-
ence from eq 1.
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test set 1.10 kcal mol�1, compared with 0.94 kcal mol�1 for the
G3 composite method16) and is also expected to provide reliable
energies of activation. For comparison, previous benchmarking
of CBS-QB3 against the experimental activation enthalpies for
nine pericyclic reactions yielded an MAD of 2.3 kcal mol�1.17

It provided MADs of 0.6�2.5 kcal mol�1 when benchmarked
against databases of barrier heights for hydrogen transfer, heavy
atom transfer, nucleophilic substitution, and unimolecular and
association reactions compiled by Truhlar from experimental and
high-level quantum chemical data.18

The performance of several common density functional
theory methods (the hybrid GGAs B3LYP,19 MPW1PW91,20

B1B95,21 PBE1PBE (PBE0),22 the hybrid meta-GGAM06-2X,23

the double hybrid B2PLYP,24 and its dispersion-corrected varia-
tion B2PLYP-D25), of second-order Møller�Plesset perturba-
tion theory (MP2),26 and of the spin-component scaled variant
SCS-MP2,27,28 was assessed with respect to the CBS-QB3 bench-
marks. Optimizations with these methods used the 6-31þG(d)
basis set. Single-point energies were also calculated with the
6-311G(2d,p) basis. The DFT and MP2 zero-point energies
were calculated from the 6-31þG(d) vibrational frequencies
without scaling. Enthalpies are quoted at 0 K.

Each reactant and product was subjected to conformational
searching at the B3LYP/CBSB7 level in order to identify the
lowest-energy isomer. The R,β-unsaturated ketones 1, 2, 3, 5,
and 6 were found to be more stable in the s-cis conformation,
while 4 was more stable in the s-trans conformation. Experi-
mental and computational studies of these species’ conforma-
tional equilibria have been reported previously.29

Free energy surfaces for the reactions in solution were obtained
by calculating CPCM30 free energies of solvation in water (ε =
78.39) at the B3LYP/6-31þG(d) level (UAKS radii) and adding
these values to the CBS-QB3 gas-phase free energies. This method-
ology has previously been used to provide accurate estimations of
substituent and solvation effects in SN2 reactions.

31

Transition state optimizations were conducted for additions of
MeS� to both the s-cis and the s-trans conformer of each enone.
In the gas phase (B3LYP/CBSB7), only transition states invol-
ving the s-cis enones could be located. However, when optimiza-
tions were conducted in solution [CPCM, B3LYP/6-31þG(d)],
both s-cis and s-trans TSs could be found. The s-cis TS arrange-
ment remained the most stable for all enones except 4.

The nature of stationary points was checked by means of
frequency calculations, and transition states were further verified
by IRC calculations.32 All calculations were performed using the
Gaussian 03 software package,33 except for the M06-2X and
B2PLYP(-D) calculations, which were performed in Gaussian
09.34 Optimizations and single-point energy calculations were
performed using the default SCF convergence settings and fine
integration grid. To test for grid effects, single-point energies
were also calculated using the UltraFine grid with SCF=Tight.
The resulting energies varied by no more than 0.2 kcal mol�1

from those reported here. CPCM solvation energies were
subjected to similar checks, and found to vary by no more than
0.02 kcal mol�1. Molecular structures were drawn with the
CYLview program.35

’RESULTS AND DISCUSSION

Thermodynamics of Thiol Additions. CBS-QB3 reaction
enthalpies for the addition of MeSH to the R,β-unsaturated
ketones 1�6 (eqs 1�6) are presented in Figure 1. The absolute

values of ΔH0 are shown, along with the changes in ΔH0 caused
by substituents on the CdC bond.
The additions of MeSH to 1�6 are calculated to be exother-

mic by 16�20 kcal mol�1 in the gas phase. The reaction of the
parent enone (1) has an enthalpy of�19.8 kcal mol�1. All of the
substituted derivatives react less exothermically than 1, except
for 3. The reaction of 3 is 0.5 kcal mol�1 more exothermic than
reaction of 1, due to the relief of the steric crowding between the
two cis substituents on the CdC bond. The trans isomer (2),
where such steric effects are absent, reacts 1.6 kcal mol�1 less
exothermically than the parent enone. A second β-Me group (5)
lowers the exothermicity by a further 1.0 kcal mol�1

(approximately equal to the sum of cis and trans β-Me effects).
A methyl group at the R position (4) reduces the exothermicity
by 3.4 kcal mol�1, while a phenyl group at the β position (6)
reduces the exothermicity by 1.4 kcal mol�1. The β-Ph effect is
approximately the same as the β-Me effect.
Ignoring longer-range intramolecular interactions, the calcu-

lated methyl effects are the net result of two opposing contribu-
tions: (i) stabilization of the reactant by hyperconjugation
between Me and the CdC�CdO group, and (ii) stabilization
of the product due to branching. The positive values of ΔΔH0

(except for 3) indicate that reactant stabilization by the sub-
stituent outweighs product stabilization.
A measure of the hyperconjugative stabilization of an enone by

a β-methyl group is provided by the hydrogenation reactions
7�10 in Figure 2. These reactions assess hyperconjugation with-
out complications from branching effects involving the SMe
group. Hyperconjugation stabilizes the enone 2 more strongly
than an isolated alkene: the hydrogenation of 2 is 4.1 kcal mol�1

less exothermic than that of 1 whereas hydrogenation of propene
is only 2.7 kcal mol�1 less exothermic than that of ethene. An R-
Me group has an almost identical effect on the hydrogenation
enthalpy as a β-Me group (4, eq 11). The hydrogenations are
isoenergetic because 4 and 4-H2 are, respectively, stabilized
over their isomers 2 and 2-H2 by almost the same amounts; the
former (4) due to the 1,1-disubstituted double bond and the latter
(4-H2) due to the higher degree of branching.

36

Methyl effects on the MeSH additions are smaller than those
on the hydrogenations. Here, additional branching interactions
involving the SMe group in the product provide further com-
pensation for the loss of hyperconjugative stabilization from the

Figure 2. Enthalpies of hydrogenation of unsaturated molecules (CBS-
QB3, kcal mol�1).
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enone. The additional protobranches37 gained in the MeSH
additions are illustrated in Scheme 3. Addition of MeSH to 2
generates two more protobranches than addition to 1. Thus, the
reaction of MeSH with 2 is only 1.6 kcal mol�1 less exothermic
than reaction with 1, compared with 4.1 kcal mol�1 for the
hydrogenations. A second β-Me group (5) leads to a further
three new protobranches, and a further 1.0 kcal mol�1 loss of
exothermicity.
Although the hydrogenations of the β- and R-Me derivatives 2

and 4 are almost isoenergetic (eqs 10 and 11), the addition of
MeSH to 4 is 1.8 kcal mol�1 less exothermic than addition to 2.
Addition of MeSH introduces two new protobranches into 2-H2

but only one new protobranch into 4-H2; some additional
exothermicity is therefore recovered in the reaction of 2.
Performance of Density Functional Theory and ab Initio

Methods for the Thermodynamics of Thiol Additions. En-
thalpies for reactions 1 and 5 were calculated with a range of
commonly used density functional theory and ab initio methods,
in order to assess the accuracy of the predicted energetics.
Comparisons between the calculated enthalpies and the CBS-
QB3 benchmark values are given in Table 1. Most of the DFT
methods, when used in conjunction with the 6-31þG(d) basis
set, yield poor agreement with CBS-QB3. The absolute devia-
tions range from 0.8 to 10.3 kcal mol�1 in all but one case, and the
methyl substituent effect is predicted to be 0.9�6.6 kcal mol�1

larger than the benchmark value of 2.6 kcal mol�1. The best
performing hybrid functionals (averaging over the two reactions)
are MPW1PW91 and PBE1PBE, but even these functionals yield
absolute errors well outside chemical accuracy. The double
hybrid B2PLYP also does not provide chemical accuracy, but
its dispersion-corrected variant (B2PLYP-D) yields energies
within 1 kcal mol�1 of CBS-QB3 for both reactions.
Calculation of single-point energies with the 6-311G(2d,p)

basis set (in conjunction with the 6-31þG(d) zero-point en-
ergies) led to no improvement in accuracy for most functionals,
except for M06-2X, which gave enthalpies within 0.2 kcal mol�1

of the CBS-QB3 values with the larger basis set (see Table 1 and
Supporting Information).
MP2 theory provides a relatively accurate estimation of the

methyl effect (2.1 kcal mol�1), but it overestimates the reaction
exothermicities by 3�4 kcal mol�1. The spin-component scaled
SCS-MP2 variant is much more accurate, yielding absolute
enthalpies within 1 kcal mol�1 of CBS-QB3.
Except for M06-2X and B2PLYP-D, the density functional

methods underestimate the reaction exothermicity for the more
highly substituted enone. Branching-related errors like these
have been reported previously, and traced by Grimme to

deficiencies in the functionals’ treatment of medium-range
correlation.36

Kinetics of Thiolate Additions. The rate-determining step in
the base-catalyzed conjugate addition of a thiol is the reaction of
the thiolate (or its ion pair with a protonated organic base,
Scheme 1) with the R,β-unsaturated ketone to generate the
enolate.7a�d In Cronin’s12 recent DFT study, these reactions
were modeled by transition states entailing concerted addition of
the thiol across the CdC bond of the Michael acceptor. The
activation energies for this process were, however, in the range of
52�59 kcal mol�1, and a stepwise process involving an enolate
intermediate is much more likely. Rozas et al.38 previously used
semiempirical calculations to study conjugate additions of several
biologically relevant thiolates. They found that in the gas phase, a
complex of the reactants precedes the transition state for C�S
bond formation. The complex and the TS were both lower in
energy than the reactants. We have performed CBS-QB3 calcula-
tions on the additions of MeS� to 1�6. These too proceed via a
reactant complex in the gas phase. The geometries of the
transition states are shown in Figure 3.
Two distinct transition-state geometries are found in the gas

phase. The enone is s-cis in all of the transition states, but the
MeS� ion can add to the CdC bond in either a syn or an anti
conformation. For enones 1 and 2, only antiTSswere found in the
gas phase (TS-1 and TS-2, Me�S 3 3 3CdC dihedral 171� and
166�, respectively). For the other four enones, both syn and anti
TSswere located, and the syn isomer (dihedral angle 14�28�) was
lower in energy (TS-3�TS-6). The syn arrangement places the
sulfur lone pairs further from the electron density of the CdC
bond, and also enables an attractive electrostatic interaction be-
tween the MeS� hydrogens and the carbonyl oxygen. The syn
geometry is themost stable conformation for all six of the enolates.
Both syn and anti transition states could be located by

optimization in water [CPCM, B3LYP/6-31þG(d)]. The syn
arrangement was usually still preferred, but variations were
evident in the Me�S 3 3 3CdC dihedral angle that indicated that
the attractive interaction between the MeS� hydrogens and the

Scheme 3 Table 1. Performance of Various Density Functional Theory
and ab Initio Methods for the Reaction Enthalpies of Eqs 1
and 5a

equation 1 equation 5

method ΔH0 errorb ΔH0 errorb Me effect

CBS-QB3 �19.8 �17.2 2.6

B3LYP �16.1 3.7 �6.9 10.3 9.2

MPW1PW91 �22.0 �2.3 �13.4 3.8 8.7

B1B95 �19.8 0.0 �12.2 5.0 7.6

PBE1PBE �23.6 �3.8 �15.4 1.8 8.2

M06-2X �22.3 �2.6 �18.9 �1.7 3.5

M06-2X/6-311G(2d,p)c �19.8 0.0 �17.0 0.2 2.8

B2PLYP �18.8 0.9 �12.4 4.8 6.4

B2PLYP-D �20.7 �0.9 �16.4 0.8 4.3

MP2 �23.1 �3.3 �21.0 �3.8 2.1

SCS-MP2 �20.7 �0.9 �17.9 �0.7 2.8
aThe 6-31þG(d) basis set was used for all calculations except where
specified. Enthalpies are in kcal mol�1. bDifference from CBS-QB3.
c Electronic energy calculated with the 6-311G(2d,p) basis set at the
6-31þG(d) geometry and used in conjunction with the 6-31þG(d)
zero-point energy.
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carbonyl oxygen is of less importance in solution. The S 3 3 3C
bond was 0.04�0.13 Å shorter in the solution-optimized analo-
gues of TS-3�TS-5, but the bond lengths in the enone fragment
varied only by 0.01�0.03 Å from the gas-phase values. Because
syn transition states could not be located in the gas phase for
enones 1 and 2, we have taken the solution-optimized synTSs for
these enones as approximations for the true syn transition states.
They are depicted in Figure 3 as TS-1a and TS-2a, respectively.
CBS-QB3 single-point calculations indicate these structures to
be 2�3 kcal mol�1 lower in energy than the anti transition states,
TS-1 and TS-2 (ΔΔGq).
Steric clashing between the nucleophile and the enone is of

only minor importance in the thiolate additions. In the gas-phase
structures whose conformations allow a direct comparison (TS-1
vs TS-2, and TS-3 vs TS-5), the S 3 3 3C distance becomes 0.03 Å
longer with each successive methyl substitution. This is a small
effect; by contrast, in the SN2 reactions of Cl� with R�Cl, the
average Cl 3 3 3C distance increases from 2.44 to 2.54 and 2.84 Å
on going from R = Et to iPr to tBu.39

Free energy profiles were calculated for the additions of MeS�

to 1�6 in the gas phase and in water. These are shown in
Figure 4. The solution-optimized syn TSs for 1 and 2 (TS-1a and
TS-2a) are used for the analysis, although the higher-energy anti
TSs (TS-1 and TS-2) are also included as dashed lines.
In the gas phase, the formation of the enolates is exergonic by

2.6�7.1 kcal mol�1, and has a low barrier (�4.1 to 3.3 kcal mol�1

relative to reactants). The cis enone 3 and the Ph-substituted
enone 6 react more exergonically than 1, while the other
substituted enones react less exergonically. There is no clear
correspondence between the activation energies and the
energetics. In particular, the enones 5 and 6 have much lower
activation energies than would be predicted from the values
of ΔG.
When solvation is taken into account, the free-energy profiles

fall into agreement with known substituent effects.9,10 The values

of ΔG for MeS� addition in water vary from 12.9 to 21.6 kcal
mol�1 and the values ofΔGq range from 19.0 to 24.8 kcal mol�1.
The parent enone has the lowest value of ΔG, and the lowest
barrier. The values of ΔG for the monomethyl-substituted
enones 2�4 are 1.0�4.6 kcal mol�1 higher, and that of the
dimethyl-substituted enone 5 is 8.7 kcal mol�1 higher than 1.
The activation energy increases by 3.1�4.1 kcal mol�1 when a
single methyl group is present (2�4), while dimethyl substitu-
tion (5) raises the barrier by 5.8 kcal mol�1.
The calculated methyl effects in water mirror those reported

for additions of glutathione to enones, acroleins, and acrylates.9

These additions are reported to be impeded substantially by
R-Me and β,β-dimethyl substitution, and to a smaller degree by a
β-Me group. The barriers also reflect qualitatively the rates
measured for additions of PhSH to R-Me and β-Me cyclopente-
nones (Scheme 1),10 although the extra β-alkyl group in cyclo-
pentenones means the comparison is not a direct one.
Substituent effects on the formation of the enolates include

contributions from the same intramolecular interactions dis-
cussed above for the overall addition of MeSH (Figure 1). For
the methyl-substituted enones 2, 4, and 5, the extra branching in
the enolates (and the transition structures leading to them) is not
sufficient to counterbalance the loss of hyperconjugative stabili-
zation from the enones. Solvation also plays a crucial role. In
water, reactions of the Me-substituted enones become even less
favorable relative to the parent than they are in the gas phase. The
values of ΔΔG(substituted�unsubstituted) are 1.1�5.5 kcal
mol�1 more positive in solution, while values of ΔΔGq are
2.2�6.7 kcal mol�1 more positive. The solvation energies of the
enones and transition states, and the contributions of solvation to
the total activation energies and reaction energies are listed in
Table 2. The contribution of solvation to the activation energy
(ΔGsolv

q) becomes increasingly less favorable on going from the
parent to more highly substituted derivatives. This is largely due
to more diffuse distribution of negative charge in the larger

Figure 3. Transition structures for addition of MeS� to the R,β-unsaturated ketones 1�6. Transition states were optimized in the gas phase at the
B3LYP/CBSB7 level, except for TS-1a and TS-2a, which were optimized in CPCM water at the B3LYP/6-31þG(d) level. Bond distances are in Å.
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transition states. The solvation energies of the enones also
contribute to the ordering of some barriers.
The most pronounced solvent effect is seen with the

Ph-substituted enone 6. In the gas phase, addition of MeS� to
6 is 5.0 kcal mol�1 more favorable than addition to 1 (ΔΔGq),
but in water it is 1.7 kcal mol�1 less favorable. The low
gas-phase barrier reflects the lower energy of the LUMO of
6.40 In solution, this barrier-lowering effect is lost because of the

large solvation penalty. ΔGsolv
q for TS-6 is 7 kcal mol�1 higher

than for TS-1.
Michael additions are often reversible.8 Consistent with this,

the overall transformation of 1�6 to their MeSH adducts in
water is calculated to have values of ΔG ranging from �1.9
to �10.0 kcal mol�1 (see Supporting Information). The free
energies for the overall transformation follow the same order as
those for the rate-determining addition of MeS� (Figure 3).
Relatively low barriers for the reverse of the rate-determining
step are found for enones 5 and 6. Reversibility is expected to
have a significant effect on the net reactivity for these enones.

’CONCLUSIONS

CBS-QB3 calculations in conjunction with the CPCM solvent
model indicate that the activation energies for conjugate addi-
tions of MeSH to R,β-unsaturated ketones in water are raised by
2�6 kcal mol�1 when R-Me, β-Me, β,β-dimethyl, or β-Ph
substitution is present on the CdC bond. The free energy of
the overall transformation is raised by 4�8 kcal mol�1. Accu-
mulation of protobranches does not stabilize a more highly
substituted adduct sufficiently to make up for the loss of hyper-
conjugative stabilization from the reactant (as has previously

Figure 4. Free energy surfaces for addition of MeS� to 1�6 in the gas phase (black) and water (blue). Gas-phase free energies were calculated with
CBS-QB3, and solution-phase data were obtained by correcting the CBS-QB3 values with CPCM free energies of solvation at the B3LYP/6-31þG(d)
level. Each plot is labeled with the structure of the enone. Free energies are in kcal mol�1 at 1 mol L�1 and 298.15 K. Reactant complexes are not shown.

Table 2. CPCM Solvation Energies of Enones and Transition
States, and Contributions of Solvation to the Total Activation
Energy and Reaction Energy in Watera

enone Gsolv(Enone) Gsolv(TS) ΔGsolv
q ΔGsolv

1 �3.0 �53.6b 17.8 19.2

2 �4.2 �52.6c 19.1 21.7

3 �3.5 �50.3 21.8 21.0

4 �2.4 �51.3 19.8 20.3

5 �3.4 �48.9 23.1 24.2

6 �4.5 �48.3 24.8 24.7
aB3LYP/6-31þG(d), kcal mol�1, 1 mol L�1, 298.15 K. bTS-1a. cTS-2a.



5080 dx.doi.org/10.1021/jo200761w |J. Org. Chem. 2011, 76, 5074–5081

The Journal of Organic Chemistry ARTICLE

been found for C�C and C�O bond-forming reactions).14,36

Weaker solvation of the more highly substituted transition states
magnifies the alkyl-group effects on the activation energies. The
kinetics and thermodynamics of thiol additions are predicted
with only low accuracy by common DFT and ab initio methods,
but the more recently developedM06-2X (with a good basis set),
B2PLYP-D, and SCS-MP2 do provide reliable energetics. These
factors are summarized in Figure 5.
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