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ABSTRACT

The energetics of thiol addition and elimination reactions to bicyclic enones derived from an indole core structure were explored using 1H NMR
and density functional theory (DFT) calculations. The agreement between experiment and theory is excellent, and the combined results reveal that
even minor changes in the conformation of the enone, substituents on the scaffold, and the use of different bases have a signficant influence on
product distribution. A potential application of these principles is in the rational design of new reversible covalent enzyme inhibitors.

Interest in irreversible inhibitors of enzymatic transfor-
mations or receptor mediated events has surged in recent
years, in part due to a better understanding of the mecha-
nism of action of biologically active natural products,
which often act as covalent modifiers.1 In addition to
R-halo carbonyl groups, oxiranes, acylamides, and vinyl
sulfones, enones are increasingly valuable as tunable cova-
lent inhibitors,2 and the potential use of enones as selective
thiol capture agents in enzyme active sites and allosteric

hot spots has encouraged mechanistic studies.3 Spectro-
scopic and computational methods have been developed
to rapidly classify thiol acceptors,4 and many synthetic
protocols are available to effectMichael reactions of sulfur
donors.5

In previous studies, we have identified thiol capture
pathways in epoxyketones and used reversible thiol addi-
tions to enones in natural products total synthesis.6,7 For
example, the synthesis of (�)-tuberostemonine 1 required
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the differentiation of the alkene moieties in the six- and
seven-membered rings of intermediate 2, which was
accomplished by masking the enone as thioether 3

(Scheme 1).7,8a The azepine was then hydrogenated using
Wilkinson’s catalyst, and the enone was regenerated by a
DBU-mediated thiophenol elimination to give 4.8b

Wewere intrigued by the ability tomove the equilibrium
between enone 2 and β-thiophenylketone 3 back to en-
one 4, but we could only speculate about the influence
of conformational changes in the tricycle (azepine vs
azepane) or the effect of base (Et3N vs DBU) in this con-
version. Accordingly, we explored, experimentally and
computationally, the energetics of several related indole
derived enones. While the equilibrium constant was of
major interest to us in the current study, we have studied
transition states for related simpler systems elsewhere.3c

The barriers of addition of thiolate to enones are quite
low in aprotic solvents. The amine bases serve to form
thiolates, and the ammonium cations then protonate the
enolate generated by thiolate addition to enone.9

Thiophenol addition reactions were performed in the
presence of a slight excess of thiol (1.15 equiv) and catalytic
base (0.09 equiv of Et3N or DBU), while the thiol elimina-
tions used stoichiometric base (1.06 equiv ofEt3NorDBU).
The ratio of starting material to product was analyzed by
1H NMR and used to determine the ΔG of the thiol
addition/elimination processes.
The determination of the equilibrium in the addition

of thiophenol to bicyclic enone 5
10 in the presence of

either Et3N or DBU gave a ΔG e �4.6 kcal/mol for this
conversion (Figure 1). Thiol elimination from the major
stereoisomer of thioether 6 in the presence of Et3N was

found to result in a ΔG of þ1.8 kcal/mol, while the thiol
elimination of 6 using DBU yielded a 5:6 ratio ofg50:1 by
1H NMR with a ΔG e �3.8 kcal/mol. The thiol addition
reaction to provide thioether 8 provided a 2.0�2.3:1
ratio of stereoisomers and was favored by ΔG = �4.1
to�4.0 kcal/mol in the presence of catalytic Et3NorDBU.
Additionally, thiol elimination of 8 to afford 7 was un-
favorable by þ1.0 kcal/mol using Et3N, but favorable by
e�3.8 kcal/mol in the presence of DBU.

Addition of thiophenol to tricyclic enone 2 was highly
favorable and exceeded the limits of detection by 1HNMR
(e�4.6 kcal/mol) using either catalytic Et3N or DBU
(Figure 2). Thiol elimination in thioether 3 was unfavor-
able by þ3.4 kcal/mol in the presence of Et3N; however,
the thiol elimination proved favorable bye�2.6 kcal/mol
in the presence of DBU.

Et3N and DBU catalyzed thiophenol additions to tri-
cyclic enone 4 were favorable with a ΔG e �4.6 kcal/mol

Scheme 1. Thiol Addition/Elimination in the Synthesis of
Tuberostemonine (1)

Figure 1. Thiol addition/elimination reactionswith enones 5 and
7 using Et3N and DBU.

Figure 2. Thiol addition/elimination reactions with enone 2

using Et3N and DBU.
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(Figure 3). The thiol elimination reaction of 9 was un-
favorable by 2.3 kcal/mol using Et3N and favorable
by �2.9 kcal/mol using DBU.

We used density functional theory calculations12 to
analyze the effect of base on the thiol addition/elimination
equilibria. Geometries of the enones and their PhSH
adducts were optimized at the B3LYP/6-31G(d) level,13

and single-point energies were then computed at the M06-
2X/6-311G(2d,p) level.14,3c The theoretical values of ΔH
and ΔG for the addition of thiophenol to the four enones
are shown in Table 1.

The computed values of ΔH predict that the tricyclic
enones 2 and 4 should be considerably more reactive

toward the addition of PhSH than the OH- and OBz-
substituted enones 5 and 7. The gas-phase ΔG values
predict the same trend, although the reactivities of the
more conformationally flexible enones 5 and 7 appear to
diminish somewhat owing to the larger predicted values
of�TΔS. We explored the use of several solvation models
to estimate the free energies in dichloromethane and found
that SMD15 solvation energies computed at the B3LYP/
6-31G(d) level gave the best agreement with experiment.
The solution-phase ΔG values are 2�3 kcal/mol higher
than those in the gas phase and underestimate the experi-
mental reactivities. This is likely due to the tendency of
continuum solvation to overestimate solute entropies.
Among the base-catalyzed thiol additions to enones

investigated, our experiments show that additions of PhSH
to enones 5, 2, and 4 are highly favorable. The thiol
addition to enone 7 is slightly less favorable, possibly due
to the increased steric bulk placed on the tertiary alcohol
by thebenzoyl group, although the computed energeticsdo
not fully capture this decreased reactivity.
Computed energetics for the deprotection of the

thioethers by stoichiometric Et3N or DBU are presented
in Table 2. The structure of the byproduct ion pair
Et3NHþPhS� could not be located in the gas phase, and
therefore the structures of both ion pairs (Et3NHþPhS�

and DBUHþPhS�) were optimized in solvent.

The calculated ΔG values for the deprotection reactions
in solution lie within ∼1 kcal/mol of experiment for
bicyclic thioethers 6 and 8 but are 2�4 kcal/mol too
positive for tricyclic 3 and 9. Theory predicts that the
elimination of PhSH from any thioether by stoichiometric
DBU should be 3.8 kcal/mol more favorable than

Figure 3. Thiol addition/elimination reactions with enone 4

using Et3N and DBU.11

Table 1. Computed Thermodynamics for Additions of PhSH to
Enones [kcal/mol]a

enone adduct

ΔH
(gas)

ΔG
(gas)

ΔG
(soln)

ΔG
(expt)

5 6 �18.1 �2.9 �0.1 e�4.6

7 8 �18.1 �2.9 0.0 �4.1, �4.0

2 3 �20.1 �6.3 �4.1 e�4.6

4 9 �20.2 �6.2 �3.9 e�4.6

aM06-2X/6-311G(2d,p)//B3LYP/6-31G(d), 1 mol/L, 298.15 K,
kcal/mol; solution-phase data include SMD solvation energies in
CH2Cl2 computed at the B3LYP/6-31G(d) level.

Table 2. Computed Thermodynamics for Elimination of PhSH
fromEnoneAdducts byStoichiometric Et3NorDBU [kcal/mol]a

adduct enone base

ΔH
(gas)

ΔG
(gas)

ΔG
(soln)

ΔG
(expt)

6 5 Et3N 21.0 17.1 1.1 1.8

DBU 19.0 15.8 �2.7 e�3.8

8 7 Et3N 21.1 17.1 1.1 1.0

DBU 19.1 15.7 �2.7 e�3.8

3 2 Et3N 23.1 20.4 5.1 3.4

DBU 21.1 19.1 1.4 e�2.6

9 4 Et3N 23.1 20.3 5.0 2.3

DBU 21.1 19.0 1.2 �2.9

aM06-2X/6-311G(2d,p)//B3LYP/6-31G(d), 1 mol/L, 298.15 K,
kcal/mol; solution-phase data include SMD solvation energies in
CH2Cl2 computed at the B3LYP/6-31G(d) level.
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deprotection by Et3N, in good agreement with the experi-
mental measurements. The experiment shows the DBU
deprotections to be 4.8�6.0 kcal/mol more favorable than
the corresponding Et3N deprotections.
The investigations described herein demonstrate that

the conversion of a substituted cyclohexenone to its
PhSH adduct is a weakly exergonic reaction, and the
elimination of the thiol from the adduct depends on the
strength of the base. In an ion-pairing solvent such as
CH2Cl2, the equilibrium Base þ RSH / BaseHþRS�

determines whether elimination of the thiol is favored or
not, and the use of DBU rather than Et3N in CH2Cl2
provides approximately 4 kcal/mol of driving force. In a
polar solvent, the relevant equilibrium is Base þ Hþ /
BaseHþ. The pKa values of DBU and Et3N in DMSO,16

for example, indicate a 4.1 kcal/mol greater driving force
for deprotection when using DBU. Accordingly, the fine
control exerted over the enone/thioether equilibrium by
base strength and, in particular, the effect of the enone

substitution pattern is an important consideration in the
design of enones as tunable covalent modifiers of enzyme
thiol groups.
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