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Theoretical investigation on the mechanism of gold(I)-catalyzed

hydrothiolation of alkynes and alkenes with phenthiol

XingHui Zhang, KeTai Wang
College of Chemical Engineering, Lanzhou University of Arts and Science, Lanzhou, 730010,
China

Abstract: The mechanisms of the gold-catalyzed hydrothiolation of alkynes and
alkenes with phenthiol have been investigated using density functional theory
calculations done at the B3LYP/6-31G (d, p) (SDD for Au) level of theory. The
solvent effect was taken into account by B3LYP/6-311++G (d,p) (SDD for Au)
single-point calculations with the integral equation formalism polarizable continuum
model (IEFPCM) and solvation model (SMD) in toluene. The calculations indicated
that the reactions of the gold-catalyzed hydrothiolation proceed through two
competing pathways and get Markovnikov-type sulfides or anti-Markovnikov-type
products.The process of forming anti-Markovnikov-type products is more favored
kinetically with the barriers of 21.9 and 23.6kcal/mol for alkyne and olefin
versus >27.0 kcal/mol for the pathway of forming Markovnikov-type products. The
computational results are consistent with the experimental observations of Corma and
co-workers. Furthermore, comparison of the different metal catalysts of silver and
copper on the activity and regioselectivity of the hydrothiolation, the results indicate
that the silver catalyst has a relatively high catalytic activity, but the regioselectivity is
not satisfactory compared to gold catalyst and the regioselectivity of copper catalysts

1s the worst.
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1. Introduction

Hydrothiolation of carbon—carbon unsaturated bonds is a simple and an atom
economical method of forming C-S bonds. The compounds containing S-C bonds
have significant biological activity. Further, the sulfur-carbon bonds in the
pharmaceuticals, materials, synthetic reagents, and other natural products have large
number of applications -, Vinyl sulfides have already been widely exploited in
Diels—Alder ¢, thio—Claisen’, Michael acceptors 8 and olefin metathesis °. To our
knowledge, many transition metals such as Ni, Pd, Pt, Co,Rh, Ir, Ru, Mo, Cu, Au, Zr,
In'"? Ln (La, Sm, Y, Nd, Lu) and An (Th, U) 2 are successfully applied to catalyze
hydrothiolation for selective products. Rh, Ir and Au catalysts often favor
anti-Markovnikov products, while Pt, Pd, Ni and Zr catalysts favor the Markovnikov
vinyl sulfides. So far, some theoretical studies of hydrothiolation have been reported.
However, the stereoselectivity of hydrothiolation still faces many challenges.

Recently, Krause and Morita reported > the gold-catalyzed addition reaction of
thiols and conjugated olefins to form C-S bond. Corma group ** studied N-
heterocyclic carbene gold-catalyzed hydrothiolation of alkynes and electron-deficient
olefin into anti-Markovnikov-type products in excellent yields in toluene solution at
40°C (Scheme 1). According to the experimental results, the possible mechanism was
postulated to explain the gold-catalyzed hydrothiolation of phenylacetylene with
thiophenol as shown in Scheme 2. To our knowledge, metal-catalyzed hydrothiolation

has not only been the subject of numerous theoretical studies but has also been
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practically applied to organic chemistry, > there are no detailed theoretical studies for
the gold-catalyzed hydrothiolation reported by the Corma et al * In this paper, in
order to more in-depth discussion and interpretation of experimental results, we
present a detailed DFT computational investigation of the mechanism and
regioselectivity of the gold-catalyzed hydrothiolation to result in
anti-Markovnikov-type or Markovnikov-type products on the basis of the
experimental reported by Corma et al ** In addition, DFT calculation results of
gold-catalyzed hydrothiolation and Ag (I), Cu (I)-catalyzed hydrothiolation were

compared, which will help the design and screening of selective catalyst.

Ph-SH, Au-Cat. @\
_ R or R or
toluene, 40 °C S/\/R S/\/R
R
/
N
[ >—Au—cl
Au(l) catalyst: N

Scheme 1 Hydrothiolation of alkynes or olefins with thiophenol catalyzed by gold complexes
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PhC =CH
Scheme 2 Possible mechanisms envisioned for the gold-catalyzed phenylacetylene hydrothiolation

with phenthiol

2. Computational methods

The theoretical calculations reported here were carried out using the Gaussian 09
program suites % The geometries of all the stationary points were fully optimized by
using density functional theory (DFT) *" based on the B3LYP ** method. This DFT
method has been successfully applied in the mechanistic studies of gold-catalyzed
reactions *°. In the DFT calculations, the Stuttgart—Dresden effective core potential
(SDD) * was employed with accurately account for relativistic effects to describe Au,
Ag and Cu atoms. The 6-31G (d, p) basis set was utilized for S, Cl, N, C and H atoms.
Vibrational analysis was performed at the same level to determine the character of the
stationary points as either minima (the number of imaginary frequencies (NIMAG = 0)
or transition states (NIMAG = 1)). The relative energies were thus corrected for the
zero-point energies. In several significant cases, intrinsic reaction coordinate (IRC)
calculations>' were performed to confirm that the transition states correctly connect
the relevant reactants and products. To consider the effect of the solvent on the

reactions of interest, the structures optimized was employed by B3LYP/6-311++G(d,p)
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(SDD for Au, Ag and Cu) single-point calculations with solvent correction (toluene, €

= 2.374) using the integral equation IEF-PCM protocol. The SMD solvation model **
was used, which have been reported by Truhlar and coworkers to be more accurate in
calculating the solvation free energy.
3. Results and discussion

Energy profiles for the Au (I) -catalyzed hydrothiolation are shown in Figure 1 and
2. The optimized geometries for the reactants (RC and PhSH), intermediates,
transition states, and products of the reaction pathways are depicted schematically in
Figure 3 along with selected key geometry parameters (e.g., bond lengths). The
relative energies and free energies of the reaction systems in solution phases are
shown in Table 1. Unless otherwise noted, free energies discussed in subsequent
sections refer to the values in toluene solvent. In order to keep the computational cost
low, 1,3-biphenyl-imidazol-2-ylidene was selected as a model of the Au (I) catalyst
ligands. The detailed structural parameters and energies for the structures determined
here are collected in the Supporting information.
3.1 Gold-catalyzed hydrothiolation of thiophenol with phenylacetylene

Free energy profile for gold-catalyzed hydrothiolation of thiophenol with
phenylacetylene is depicted in Figure 1. The structures of the various critical points
located on the potential surface along with the most relevant geometry parameters are
shown in Figure 3. As can be seen from Figure 1, two different reaction pathways for
hydrothiolation were found to generate Markovnikov-type and
anti-Markovnikov-type products, respectively. The first step involves a precursor
complex la, where the hydrogen atom of thiophenol interacts with the chlorine atom
of gold (I) catalyst (RC1). The preliminary complex la is formed without any barrier

and is 1.1 kcal/mol lower in energy than the reactants [RC1 + PhSH)]. In the structure
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la, the newly formed CI-H bond length is 2.554A, Au-Cl distance is 2.338 A.
Meanwhile, the S-H bond has elongated 0.007A and S-H bond has been slightly
activated. Subsequently, the intermediate 2a is formed and released a HCI molecule
through the sulfur-transfer transition state TSal (TSal has only one imaginary

frequency of 173.4 i cm™ and IRC calculations confirmed that this TS connects the
corresponding precursor complex and the intermediate). The corresponding imaginary
frequency vibration mode is mainly reflected in the CI-H bond in TS1a. From Figure
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Figure 1 Energy profiles for the hydrothiolation of phenylacetylene with thiophenol catalyzed by
gold complexes

3, the Au-Cl and S-H bonds in TS1a have become almost broken, bond lengths are
2.790 and 1.393 A, and the new Au-S bond has been formed (2.529 A). Examination
of Figure 1 and Table 1 show that activation free energy for this step is calculated to
be 17.7kcal/mol for TSal and the energy for the 2a intermediate is1.2 kcal/mol with

respect to the reactants. In 2a, the new Au-S bond has completely formed and is now
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2.337 A. These changes in the structure of the transition state TSal contribute to the
formation of Au-S bond in 2a.

Inspection of Figure 1 shows that the selective attack of a C' atom and C* atom of
phenylacetylene on the Au-S bond of the 2a leads to the intermediates 3a and 4a
through two different four-membered ring transition states TSa2 and TSa3,
respectively. Vibrational analysis showed that TSa2 and TSa3 have only one
imaginary frequency of 132.0 and 209.7 i cm™, respectively. In the transition states

TSa2 and TSa3, the new Au-C', S-C* and Au-C*, S-C' bond lengths are 2.116,

2.966A and 2.148, 2.708 A, respectively. As the reaction goes from TSa2 and TSa3 to

3a and 4a, the Au-S bonds have become completely broken from 2.905 and 3.110 A
to >3.450 A, respectively. Table 1 and Figure 1 show that the activation free energies
for the TSa2 and TSa3 were 27.1 and 21.9 kcal/mol and the formation of 3a and 4a
were also the exothermic process (the energies for the 3a and 4a were 19.0 and 15.2
kcal/mol with respect to 2a). This step also is the rate-determining step of the whole
catalytic cycle process. The lower barriers were found for TSa3, and the energy
barrier of TSa2 was higher than that of TSa3 by 5.2 kcal / mol, with good
stereoselectivity. The last step for the intermediates 3a and 4a are attacked by a
molecular of HCI to results in the formation of the final product (Markovnikov-type
product (P1) and anti-Markovnikov-type product (P2)) and regeneration of the
catalyst (RC1). The steps take place without any barriers and are 27.7 and
35.3kcal/mol lower than 3a and 4a, respectively. The whole catalytic processes are
exothermic by 45.2 and 49.3kcal/mol lower than reactants.

According to experimental results, gold (I)-catalyzed hydrothiolation of thiophenol
with phenylacetylene in toluene as a solvent, 0.1mol% of catalyst at a temperature at

40°C reaction conditions, can be obtained 90 -97% of the anti-Markov product, which
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has good anti-Markov regioselectivity. The results of theoretical calculations show
that the reaction channel of anti-Markov product generated has a relatively low
activation free energy, and the computational results also show good regioselectivity.
The theoretical results are in good agreement with the experimental observations of

Corma et al **,

3.2 Gold-catalyzed hydrothiolation of thiophenol with styrene
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Figure 2 Energy profiles for the hydrothiolation of styrene with thiophenol catalyzed by gold

complexes
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Figure 3 Optimized structures for selected intermediates and transition states shown in Figure 1
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and Figure 2 with selected structural parameters (hydrogen atoms are omitted for clarity and bond
lengths are presented in A).

Experimental studies show that gold (I)-catalyzed hydrothiolation of electron
-deficient olefin would take place with good regioselectivity and high yield.
Following the originally proposed mechanism and the reaction system, the detailed
mechanism for gold-catalyzed hydrothiolation of thiophenol with styrene is displayed
in Figure 2. The structures of the critical points to situate on the potential surface
along with the key geometry parameters are presented in Figure 3. Similar to the
pathways of Figure 1, the gold complex intermediate 2a also should be formed. Figure
2 shows that the subsequent step involves the double bonds of styrene insertion of
Au-S bond and gives the new, stable intermediate structures 3b and 4b through the
four-membered ring transition structures TSb2 and TSb3, respectively. In Figure 3,
the Au-C bond has been formed (TSb2 in Au-C' is 2.160A; TSb3 in Au-C? is 2.208A)
in the transition state structure. The C'- C? bond of olefin has also been shortened, and
gradually reflected some single bond character (The C'-C? bonds are now 1.426A in
TSb2 and 1.416A in TSb3). The structures of TSb2 and TSb3 indicate that the
sp’—sp’ rehybridization migration for C' and C* atoms has been carried out. As the
reaction goes from the transition states TSb2 and TSb3 to the intermediate 3b and 4b,
it is evident that the S-C bond has completely connected and the Au—S bond becomes
completely broken. The C'-C? bond has lost a small amount of its double-bond feature,
which is now 1.546 and 1.539 A in 3b and 4b, respectively. In Table 1 and Figure 2

the activation free energy is calculated to be 27.6kcal/mol for TSb2 and 23.6 kcal/mol
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for TSb3. It is important to point out that this step also is the rate-determining step for
the whole reaction. The higher barriers found for TSb2 and TSb3 in comparison to
those for TSa2 and TSa3 can be mainly attributed to electronegativity of alkyne above
olefin. The subsequent the intermediates 3b and 4b undergo HCI attack and result in
the formation of the final products (P3 and P4) and regeneration of the catalyst (RC1).
The whole catalytic process is exothermic by 30.3 and 39.6 kcal/mol lower than the
reactants, respectively. The reaction system also tends to generate anti-Markov

product, consistent with the experimental findings.

3.3 Comparative reactivity of Au(I), Ag(I), Cu(I)-catalyzed hydrothiolation of
thiophenol with phenylacetylene

To examine further the effect of the reaction mechanism and the reaction activity
about different metal-activator, we have chosen the reaction systems of (IPr)MCI
(M=Cu and Ag) to catalyze hydrothiolation of thiophenol with phenylacetylene as
described in Figure 4 and 5. The similar reaction pathways have been determined for
these reaction systems. The second step of the reaction systems is still the
rate-determining step for the catalytic cycle process. Inspection of Figure 4, 5 and
Table 1 shows that the activation free energies for Ag (TSc2: 24.6 kcal/mol; TSc3:
21.3 kcal/mol) and Cu(TSd2: 22.9 kcal/mol; TSd3 : 22.4 kcal/mol) are lower than
Au(TSa2: 27.1 kcal/mol; TSa3: 21.9 kcal/mol) catalyst. Comparison of activation free
energies for the Au(I), Ag(I) and Cu(l)-catalyzed hydrothiolation of thiophenol with
phenylacetylene is shown in Figure 6. The results have shown that the Ag catalyst has

the highest catalytic activity, but the regioselectivity of the products is not very
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satisfactory. In addition, Cu catalysis has a relatively high activity, but the activation

free energies of two reaction channels are almost no difference, there is no

regioselectivity. The computed energetics suggest that the reaction steps of will

Ag(I)-catalyzed hydrothiolation much more easily occur than that of Au(l) and
Cu(I)-catalyzed hydrothiolation, while the regioselectivity of Au(I)-catalyzed
hydrothiolation is best. Because Lewis acidity compared with three metal species for
many transformations is Ag>Cu>Au 33 The higher the acidity is the more favorable

for the hydrothiolation process. These results predict that (IPr)AgCl could be one of

the highly chemical reactivity reagents, and (IPr)AuCl is the efficient catalyst of
anti-Markov product for the hydrothiolation.
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Table 1 Relative energies and activation free energies in the gas phase and in solution of the key

structures
species AE™ g, AE™ AG™ g AG"
TSa2 26.2 259 27.6 27.1
TSa3 22.0 215 21.6 219
TSb2 28.9 28.7 27.7 27.6
TSb3 24.4 242 233 23.6
TSc2 247 243 24.5 24.6
TSc3 20.2 20.6 21.0 213
TSd2 23.7 23.8 23.1 229
TSd3 233 235 222 22.4

4. Conclusion

In summary, this work has provided the first theoretical investigation at the DFT
(B3LYP) level for the gold(I)-catalyzed hydrothiolation of thiophenol with
phenylacetylene and styrene. The calculations suggest that the first step of the
catalytic cycle is the proton-transfer process from thiophenol onto the chlorine atom
to form the gold- sulfur intermediate through the four-membered ring transition state.
Next, migratory insertion of the alkyne and olefin into the Au-S bond is the
rate-determining step of the whole cycle. The results shown that the gold-catalyzed
hydrothiolation of thiophenol with phenylacetylene and styrene to generate
anti-Markov product has the lower free energy of activation (21.9 and 23.6 kcal/mol,
respectively), and the anti-Markov product is widely favored, while the free energy
for the Markov product are relatively higher (>27.0 kcal/mol) . The gold-catalyzed

hydrothiolation has the good regioselectivity to generate the anti-Markov product.
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The calculated results are consistent with the experimental observations of Corma
group for the gold-catalyzed hydrothiolation of thiophenol with phenylacetylene and
styrene. According to the result of experiment, the paper calculated and compared the
activation free energies of the (IPr)MCI (M=Cu, Ag or Au) catalyzed hydrothiolation.
The trend is similar to the case of the gold catalytic process. Meanwhile, the results of
compared with (IPr)MCI(M=Cu, Ag or Au) predict that Ag(I) catalyst could be one of
the highly chemical reactivity hydrothiolation reagents, while the regioselectivity of
the products is not very good, which has comprehensive ramifications for
experimental design and synthesize.
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