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Abstract: Copper nanoparticles (CuNPs) supported on TiO2 have shown to effectively catalyze the
synthesis of Z-alkenyl sulfides from activated alkynes and thiol derivatives, through an anti-Mar-
kovnikov process. Activated alkynes bearing an adjacent electron-withdrawing group gave good to
excellent products conversions, while the unactivated alkynes did not react. In order to give an ex-
planation to the reactivity observed from the experimental results and to know the most simple and
representative structure of the catalyst, density functional theory (DFT) computational studies have
been applied.

Keywords: hydrothiolation; DFT; computational chemistry

1. Introduction

Alkenyl sulfides are recognized constituents of the sulfur containing organic com-
pounds and they are of great interest because they can be used as versatile building blocks
in organic synthesis [1,2]. The alkyne hydrothiolation, is a simple approach to produce
alkenyl sulfides from thiols and alkynes [3,4], which in principle can lead to one of the
regio- and stereoisomeric alkenyl sulfides through a Markovnikov orientation, E linear
and Z linear, or give mixtures of them through an anti-Markovnikov orientation (Scheme
1) [5,6].
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Scheme 1. Schematic representation of alkyne hydrothiolation.

Regarding thiols, our research group has been reported a systematic and straightfor-
ward procedure for the synthesis of thiols with potential applications in materials chem-
istry [7,8]. On the other hand, in the last years, we have been working in the development
of methodologies based on the use of supported copper nanocatalysts [9-13], and the cop-
per-based catalytic systems could activate both the alkyne and the thiol in this reaction
[4]. On this basis, we report our results about the theoretical study of hydrothiolation re-
action between different alkynes and thiols derivatives catalyzed by copper nanoparticles
(CuNPs) supported on TiOz2 (CuNPs/TiOz) in dichloromethane (DCM). Activated alkynes
bearing an adjacent electron-withdrawing group gave conversions from good to excellent
of anti-Markovnikov Z-alkenyl sulfides, while the unactivated alkynes did not react. To
explain this, a theoretical study was carried out with different density functional theory
(DFT) methods for deriving partial atomic charges for all the alkynes. Furthermore, since
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we assumed that the reaction starts when the alkyne is activated by the copper, we com-
putationally modelled the active copper nanocatalyst structure.

2. Methods
2.1. General

All moisture sensitive reactions were carried out under a nitrogen atmosphere. An-
hydrous tetrahydrofuran was freshly distilled from sodium/benzophenone ketyl. All
starting materials were of the best available grade (Aldrich, Merck, Alfa Aesar) and were
used without further purification. Commercially available copper(II) chloride dihydrate
was dehydrated upon heating in oven (150 °C, 45 min) prior to use for the preparation of
CuNPs. Column chromatography was performed with Merck silica gel 60 (0.040-0.063
um, 240—400 mesh) and hexane/EtOAc as eluent. Reactions were monitored by thin-layer
chromatography on silica gel plates (60F-254) visualized under UV light and/or using
FeCls in water as stain. Nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker ARX-300 spectrometer using CDCls or CDsOD as solvents.

The CuNPs/TiO: catalyst was prepared following the procedure previously reported
in our group [13].

2.2. Computational Procedure

Calculations were performed applying DFT [14] methods with the ORCA [15] pro-
gram and Gaussian(09 [16,17] (for the NBO analysis). We employed three members of the
Minnesota family functionals (M06, M06-L, M06-2X) [18,19] and the hybrid functional
B3LYP [20-22], together with def2-TZVP(-f) and 6-311+G* basis sets, respectively. The
D3BJ Grimme’s dispersion correction [20,23-25] was applied as implemented in ORCA.
The initial analysis for some structures was performed with the BP [26,27] and/or PBE
[27,28] functionals with the def2-SVP basis set. Characterization of all stationary points
was done by Hessian matrix calculations of geometries obtained with full optimization
for the minimums. The energies in solution were obtained with full geometry optimiza-
tion within the conductor-like polarizable continuum model (CPCM) [29]. Partial atomic
charges were derived from Mulliken, CHELPG, and NBO analysis.

3. Results and Discussion

The reaction between 2-ethynylpyridine and 1-octadecanethiol, as model substrates,
was tested for the hydrothiolation reaction in the presence of CuNPs supported on a va-
riety of inorganic materials using different solvents and reaction temperatures. In all the
tested cases, the regioselectivity was excellent, providing only the anti-Markovnikov ad-
duct but the stereoselectivity was moderate giving an average Z:E isomers. The best re-
sults were obtained using TiO2 as support, obtaining a conversion of 86% and a selectivity
of 83:17 Z/E (Scheme 2). This result could suggest the requirement for the presence of
Lewis acid (Ti*") and/or Lewis basic (O*) sites on the support for the reaction to take place.
Control experiments carried out in the absence of the CulNPs/TiO: catalyst gave no con-
version of the starting alkyne to the desired product.

| h CuNPs/TiO, B 17
A H
86%, Z:E 83:17

Scheme 2. Reaction between 2-ethynylpyridine and 1-octadecanethiol.
The scope of the hydrothiolation reaction was studied for a series of terminal alkynes,

with 6-(phenylthio)hexane-1-thiol. The starting catechol-thiol was synthesized according
to the procedure reported by Mancebo-Aracil et al.
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As shown in Scheme 3, the alkyne and the thiol reacted in the presence of the
CuNPs/TiOz in DCM as solvent. Activated alkynes bearing an adjacent electron-with-
drawing group (la-d) gave the anti-Markovnikov alkenyl sulfides 2a-d as the main reac-
tion products with good to excellent yield. In all cases, the Z-alkenyl sulfides were the
majority stereoisomer obtained. On the other hand, electron-rich alkynes (1e,f) also were
tested, but they did not react.
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Scheme 3. Alkyne hydrothiolation.

With the aim to understand the experimental results and begin a study of the reaction
mechanism, we made a computational analysis with the ORCA and Gaussian09 software
packages, the last one only for NBO analysis. Depending on the system under study, the
density functional theory (DFT) calculations were performed with different functionals
and basis sets. The energies in solution were obtained with the CPCM model.

It is known that partial atomic charges are values that allow quantizing the distribu-
tion of electron density in a molecule in order to understand its reactivity. Since there is
no way to define the limits of an atom it is not possible to define an atomic charge exactly,
however, through computational modeling, using combinations of functionals and basis
sets, atomic contributions or atomic partial charges can be derived according to different
population analyses. The methods employed to analyze electron density can be grouped
into three groups: a—Methods based on wave function analysis (Mulliken, Natural Pop-
ulation Analysis); b—Methods based on a least-squares fit to the electrostatic potential of
the molecule (such as CHELPG and Merz-Singh-Kollman (MK)) and ¢c—Methods based
on electron density (Atoms In Molecules). Mulliken [30] population analysis is the sim-
plest way to determine partial charges. But this method is highly dependent on the basis
set employed, and becomes particularly problematic when diffuse functions are used, be-
sides, it overestimates the covalent character of the bonds. In NBO [31] analysis, the base
orbitals are transformed by natural atomic orbitals (NAOs) and hybrid natural orbitals
(NHOs) into natural bonding orbitals (NBOs). These orbitals correspond to Lewis struc-
tures where two-center bonds and nonbonding electrons are located. The key difference
between them is that Mulliken charges are calculated through original basis functions,
while NBO charges are derived based on natural atomic orbitals (NAOs). In the CHELPG
[32] (CHarges from ELectrostatic Potentials using a Grid based method), charges are ad-
justed to reproduce the molecular electrostatic potential (MEP) at a set of points around
the molecule.

Based on that, we initially made an analysis of these three methods to obtain the par-
tial charge distribution on the alkyne 1a. As can be seen from Table 1, Mulliken charges
are shown to be highly dependent of the functional utilized. For example, the charge on
C4 was 0.73 (M06), 0.46 (M06-2X), and 0.79 (M06-L), all of them in gas phase. Unlike the
Mulliken method, the CHELPG charges shown almost no dependence with the theory
level, the charge on C4 was 0.86 (MO06), 0.84 (M06-2X), and 0.83 (M06-L), in gas phase.
NBO was calculated with Gaussian09, using the B3LYP/6-311+G** method, this basis is
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very similar to TZVP. In principle, the obtained charges distribution was satisfactory, alt-
hough the net values are all lower (C4 = 0.59) than those obtained with CHELPG. We also
included implicit solvent in the calculations (CPCM=DCM) and observed a redistribution
of the charge, particularly on the centers most affected by differences in electronegativity,
but this did not imply a noticeable change. For example, using M06-L/TZVP(-f), the
CHELPG charges on C4 and O5 were 0.83 and -0.53 in gas phase, and 0.88 and —0.65 with
solvent, respectively. The same was observed with the NBO method, although the differ-
ences between the charges were minor than with CHELPG method.

Table 1. Geometry and partial atomic charges for alkyne 1a.

MO06/TZVP(-f) MO06-2X/TZVP(-f)

Gas Phase Gas Phase
MULLIKEN CHELPG MULLIKEN CHELPG
-0.098 -0.303 -0.135 -0.324

@ -0.299 -0.165 -0.075 -0.153
0.223 0.286 0.192 0.303

e 0.726 0.863 0.464 0.842

< -0.524 -0.551 -0.465 -0.544

1a -0.470 -0.980 -0.436 -0.997

0.219 0.423 0.229 0.432

0.223 0.428

MO06-L/TZVP(-f) MO06-L/TZVP(-f)
Gas Phase CPCM=DCM

0.225 0.442

B3LYP/6-311+G**

NBO NBO
MULLIKEN CHELPG MULLIKEN CHELPG Gas Phase CPCM=DCM

0.043 -0.305 0.033 -0.283 -0.158 -0.145
-0.329 -0.157 -0.339 -0.219 -0.105 -0.124
0.199 0.28 0.243 0.303 0.231 0.248
0.793 0.829 0.795 0.879 0.592 0.596
-0.630 -0.533 -0.739 -0.647 -0.574 -0.643
-0.466 -0.941 -0.456 -0.917 -0.783 -0.758
0.193 0.409 0.235 0.444 0.397 0.414
0.197 0.418 0.228 0.44 0.401 0.414

As shown Tables 2-6, to continue with the study of the charges of the other alkynes
(1b—f), we used as computational calculation methods M06-L and B3LYP with the bases
sets already mentioned, since they are the functional ones with which the subsequent
mechanistic research will continue. Only the CHELPG and NBO charges were derived,
since the former are the best ones that fit with the proposed system and the latter will be
used as a control during the computational study.

Table 2. Geometry and partial atomic charges for alkyne 1b.

MO06-L/TZVP(-f) B3LYP/6-311+G**

CHELPG  CHELPG NBO NBO
Gas Phase CPCM=DCM Gas Phase CPCM=DCM

¢« @@ o -0.173 -0.157 -0.129 -0.114

-0.329 -0.387 -0.106 -0.131

0.253 0.28 0.231 0.248

e 0.92 0.997 0.728 0.741

1b | 50 k7L -0.602 -0.552 -0.583

| 60 BBk -0.339 -0.519 -0.519

-0.140 -0.149 -0.222 -0.224
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Bl o 0.148 0.189 0.198

0.093 0.105 0.19 0.192
0.093 0.105 0.19 0.192

Table 3. Geometry and partial atomic charges for alkyne 1c.

MO06-L/TZVP(-f) B3LYP/6-311+G**

CHELPG CHELPG NBO NBO
Gas Phase CPCM=DCM Gas Phase CPCM=DCM

e -0.238 -0.216 -0.124 -0.098
-0.239 -0.275 -0.160 -0.175
0.276 0.3 0.236 0.253
0.78 0.857 0.724 0.739
-0.442 -0.548 -0.510 -0.571
-0.540 -0.589 ~0.640 -0.653
0.403 0471 0.481 0.505
Table 4. Geometry and partial atomic charges for alkyne 1d.
MO06-L/TZVP(-f) B3LYP/6-311+G**
CHELPG  CHELPG NBO NBO
Gas Phase CPCM=DCM Gas Phase C°PCM=DCM
0.356 0.41 0.061 0.059
-0.440 -0.466 -0.237 -0.232
0.22 0.244 -0.167 -0.160
-0.592 -0.628 -0.199 -0.197
@ H
0.899 0.979 0.113 0.104
-0.638 -0.765 -0.430 -0.465
¢ . 0.047 0.052 0.191 0.198
1d 0.168 0.191 0.214 0.226
0.078 0.095 0.212 0.224
0.205 0.23 0.22 0.229
-0.306 -0.363 -0.037 -0.052
-0.253 -0.239 -0.167 -0.176
0.256 0.259 0.226 0.241
Table 5. Geometry and partial atomic charges for alkyne 1e.
MO06-L/TZVP(-f) B3LYP/6-311+G**
CHELPG  CHELPG NBO NBO
E Gas Phase CPCM=DCM Gas Phase CPCM=DCM
“ -0.219 -0.242 -0.240 -0.258
-0.385 -0.416 -0.036 -0.036
0.615 0.682 -0.268 -0.273
p” Bl oza 0.305 0.226 0.239
™ -0.018 -0.022 0.214 0.221
-1.003 -1.121 -0.814 -0.836
le ~0.019 0.023 0.214 0.221
0.374 0.418 0.352 0.361

| on EE 0.419 0.352 0.361
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Table 6. Geometry and partial atomic charges for alkyne 1f.

MO06-L/TZVP(-f) B3LYP/6-311+G**

CHELPG  CHELPG NBO NBO
Gas Phase CPCM=DCM Gas Phase CPCM=DCM
-0.325 -0.356 -0.157 -0.170
-0.104 -0.116 -0.042 -0.053
© 0.272 03 0.229 0.243
% ® 0.26 0.241 -0.107 -0.115
e -0.090 -0.079 -0.108 -0.118
- 0.506 0.514 1.069 1.071
-0.110 -0.122 -0.176 -0.175
¢ 9O @ ®- Xl o013 0.147 0.228 0.235
-0.133 -0.129 -0.191 -0.188
@ 10H BNIEbY, 0.144 0.213 0.224
u © 11C Tl -0.101 -0.184 -0.181
1f 12H NP 0.145 0.214 0.225
-0.188 -0.187 -0.152 -0.153
0.141 0.157 0.22 0.227
-0.168 -0.186 0.35 0.357
-0.184 -0.185 -0.358 0.358
-0.171 -0.188 -0.35 0.358

All alkynes (1a—d) shown to be reactive in the hydrothiolation, are directly attached
to a sp?carbon, and it is known that this makes them more reactive towards nucleophiles.
It is interesting to note that CHELPG calculated charges (M06-L/TZVP(-f), CPCM=DCM)
on all these carbons are values very positive: 0.88 (C4) for alkyne 1a, 1.00 (C4) for 1b, 0.86
(C4) for 1c, and 0.98 (C5) for 1d (Tables 1-4).

In the case of the unreacted alkynes (1e,f); in 1e, the triple bond is attached to a sp?
carbon, this could clearly affect its reactivity. However, in the alkyne 1f the triple bond is
directly attached to a sp? carbon. If we observed the CHELPG charge distribution on the
carbon directly attached to the triple bond, is 0.68 (C3) for 1e and 0.24 (C4) for 1f, respec-
tively (Tables 5 and 6), values much less positive than in the case of alkynes 1a-d, and
even more in the case of 1f, making the triple bond less reactive to a nucleophilic attack.

This shows that being able to adequately estimate partial charge distribution, can be
a molecular reactivity parameter to be considered, along with others, when we computa-
tionally study a system.

As we assume that the reaction could start when the alkyne and/or the thiol are acti-
vated by the copper catalyst, it was necessary to establish how many support molecules
were attached to the metal surface in order to act as stabilizers.

For this purpose, we modeled different structures of the active copper nanocatalyst
with the aim to find the most simple and representative structure. Initially, we included
monomeric and dimeric species of the support (TiOz) and the initial conformational anal-
ysis for the structures was performed with the PBE functional applying the D3BJ disper-
sion and the def2-SVP basis set. This led us to four stable structures: As can be seen from
the figures in Table 7 we obtained Ia with a monomeric TiO: and Ila—c that include di-
meric species of TiOz. Then we optimized them to find the most energetically favorable
structure, with two functionals M06-L and B3LYP, and the def2-TZVP(-f) and 6-311+G**
basis set respectively, which are known to be appropriate methodologies for the mecha-
nistic studies on Cu-catalyzed reactions [33-37]. The energies in solution (DCM) were ob-
tained with the conductor-like polarizable continuum model (CPCM) as implemented in
ORCA.
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Table 7. Geometries and formation energy (kcal/mol) for the different catalyst modeled.

- )
</’> ™1 T 7 O
.

MO06-L/TZVP(-f)

gas phase 80 228 2 -
B3LYP/6-311+G** 73 207 224

CPCM=DCM

As can be seen from Table 7, all these proposed structures shown to be stable and the
formation of all of them could take place exothermically both in gas phase and in solvent.
It is necessary to note that structure Ilc could not be obtained as a minimum when it was
calculated with solvent. The monomeric structure Ia was the less exothermic of all. With
respect to the dimeric ones, flat structures (Ila,c) were less favorable than the basket type
(ITb) structure, that showed to be the thermochemically more favored, since it occurs with
an exothermicity 236 kcal/mol™ and 224 kcal/mol with M06-L/TZVP(-f) and B3LYP/6-
311+G** respectively in dichloromethane as solvent. From these analyses of nanocatalyst,
we could conclude that the copper would be attached to the TiO2 dimer through the oxy-
gen atoms making a basket type structure.

Then, we considered that the first stage of the reaction mechanism would involve the
formation of a catalyst-alkynyl complex, through a m-coordination between the alkyne
and the copper. For this purpose, we used the catalyst IIb and the alkyne 1a as model
structures, and we carried out the computational calculations with the two methodologies
already mentioned. As shown in the figure below and Table 8, we obtained this complex
as a minimum with M06-L and B3LYP as functionals, and that occurs exothermically both
in gas phase and in dichloromethane. It is important to mention that by adding implicit
solvent to BBLYP simulations, a much more remarkable stabilization of the complex struc-
ture was achieved compared to by modeling the system with M06-L, which led to a much
greater difference in exothermicity to pass of the formation energy of the complex in gas
phase (-10.9 kcal/mol) to the formation energy in condensed phase (-30.7 kcal/mol).

Table 8. Geometry and formation energy (kcal/mol) for the complex nanocatalyst-alkyne 1a.

Formation Energy

. MEthod (kcal/mol)
‘oo -304
¥y & MO06-L/TZVP(-f), 60
« e CPCM=DCM '

@ o © B3LYP/6-311+G**, gas phase -10.9
- B3LYP/6-311+G**, a0
CPCM=DCM ]
At present, we are still working on the next steps of this reaction to establish the re-
action mechanism and finally justify the selectivity observed experimentally.
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4. Conclusions

In conclusion, based on a new simple and economical methodology for the synthesis
of vinyl sulfides, catalyzed by CuNPs/TiOz, we performed a computational analysis for
the alkynes 1a-f, and were able to show that CHELPG partial atomic charges are values
that, together with other parameters, could allow us to explain reactivity towards a nucle-
ophilic attack. Besides, we modelled different structures for the nanocatalyst and we could
conclude that the copper would be attached to the TiO2 dimer through the oxygen atoms
making a basket type structure. Finally, we studied the first stage of the reaction, and ob-
served that the formation energy of the catalyst-alkynyl complex was exothermic for both
of the employee calculation methodologies. Further mechanistic details are now under
study.
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Sur (UNS, PGI 24/Q072) from Argentina.
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