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Abstract: The reaction mechanism of Cu-catalyzed C-H hydroxylation/C-S coupling was studied
using electrospray ionization high resolution mass spectrometry (ESI-HR MS) and density functional
theory calculations (DFT). Notably, a series of CuI and CuIII complexes were observed as key
intermediates and identified using ESI-HR MS. Furthermore, a catalyst cycle involving proton
abstraction/oxidative addition/reductive elimination was proposed. This study is important and
valuable with respect to C-H functionalization.
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1. Introduction

C-H bond activation is a hot topic in modern organic chemistry [1–3]. There are many methods
to activate the C-H bonds of molecules, although C-H activation in pure hydrocarbons is still a
challenge [4–6]. Most methods involve transition-metal catalysis, where a continuum of reaction
mechanisms exists. Some C-H activation reactions have been shown to proceed much more efficiently
and selectively through ligand direction [7–9]. Such assistance is well known for metal catalysts
with ligands [10]. One of the first examples of such a reaction was reported in 1955 by Winstein
and Traylor for the acetolysis of diphenylmercury in acetic acid [11]. The investigation of C-H bond
activation mechanisms can provide information on key reaction factors, allowing for the design of
new reactions [12–14]. However, C-H bond activation mechanisms are difficult to study due to the
complex interactions between the reaction parameters [15,16]. Early mechanistic studies proposed an
electrophilic aromatic substitution mechanism [17–19], for which large primary kinetic isotope effects
were observed [20].

The application of electrospray ionization high resolution mass spectrometry (ESI-HR MS)
provides key intermediates with mass information. Density functional theory (DFT) can compute the
reaction pathways with respect to different energy profiles for intermediate species and transition
states [21,22]. We reported on the highly efficient Cu-catalyzed C-H hydroxylation/C-S coupling
(Scheme 1) [23,24]. The broad substrate scope coupled with the mild reaction conditions prompted
us to further investigate the reaction mechanism. To this end, we employed a number of different
strategies including an isotope labeling study, mass spectrometry experiments, and DFT calculations.
Based on ESI-HR MS experiments and DFT calculations, we propose a proton abstraction/oxidative
addition/reductive elimination reaction mechanism of Cu-catalyzed C-H hydroxylation/C-S coupling.
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Scheme 1. Cu-catalyzed C-H hydroxylation/C-S coupling. 

2. Results and Discussion 

The reaction of vinyl halides with thiophenol was chosen as the model reaction (Scheme 1, n = 1). 
The solution dimethyl sulfoxide was identified as a critical component in C-H hydroxylation. Based on 
this, alabeling study was employed to investigate the possible oxygen source of the hydroxy moiety 
(Scheme 2). The product was inspected by ESI-MS/MS after the completion of the reaction. The results 
showed that the oxygen source was dimethyl sulfoxide. 
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In order to investigate which segment acted as the catalyst, the thiophenol and 
1-((E)-2-iodovinyl)benzene reaction was catalyzed by the enaminone ligands L and L’ (Scheme 3). 
Ligand A was used in the reactions which we previously reported [23,24]. They gave medium 
yields, indicating that the hydroxyl group may not play a role in this reaction. 
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Scheme 1. Cu-catalyzed C-H hydroxylation/C-S coupling.

2. Results and Discussion

The reaction of vinyl halides with thiophenol was chosen as the model reaction (Scheme 1, n = 1).
The solution dimethyl sulfoxide was identified as a critical component in C-H hydroxylation. Based
on this, alabeling study was employed to investigate the possible oxygen source of the hydroxy moiety
(Scheme 2). The product was inspected by ESI-MS/MS after the completion of the reaction. The results
showed that the oxygen source was dimethyl sulfoxide.
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Scheme 2. Isotope labeling study.

In order to investigate which segment acted as the catalyst, the thiophenol and
1-((E)-2-iodovinyl)benzene reaction was catalyzed by the enaminone ligands L and L’ (Scheme 3).
Ligand A was used in the reactions which we previously reported [23,24]. They gave medium yields,
indicating that the hydroxyl group may not play a role in this reaction.
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Subsequently, we used electrospray ionization high resolution mass spectrometry (ESI-HRMS) 
to monitor the reaction. The peak at 254.0230 (m/z, [A − I]+, please see Supplementary Materials 
Figure S3) corresponding to the coordination of L to CuI gave sufficient evidence for the formation 
of a catalyst (For more details see, Supporting Information) [25–27]. In addition, the DFT 
calculation also confirmed two possible isomeric species in the reaction mixture (Scheme 4). The 
isomer bearing an intramolecular hydrogen bond was named intermediate A, and another was 
named intermediate A’ (Figure 1). The DFT calculations indicated that the formation of intermediate 
A (0.0 kJ/mol) was more favorable than the formation of intermediate A’ (92.6 kJ/mol). The 
intermediate A was considered as the intermediate for the nucleophile coordination step. Thus, the 
hydroxyl group in L is likely to enhance the ligand coordination ability. 
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Figure 1. Optimized structures for LCuI complexes (bond lengths in Å). 

It has been reported that the S atom easily coordinates with the Cu (Scheme 5) [28–30]. The 
coordination of DMSO with intermediate A resulted in the formation of intermediate B ([B − I]+, m/z 
= 332.0387, please see Supplementary Materials Figure S4) [31,32]. It should be noted that in this step 
we only considered DMSO as a neutral nucleophile. The free energy change value was −57.9 kJ/mol, 
which indicatesthat the reaction is a favorable thermodynamic process. Cs2CO3 in DMSO readily 
deprotonates thiophenol to provide thiophenolate [33,34]. Consequently, ligand exchange occurred 
before the proton abstraction was identified by the DFT calculations (Figure 2). The structures of 
intermediates B and C ([C + H]+, m/z = 442.0557, please see Figure S5) were identified by DFT 
calculation (Figure 2). 
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Subsequently, we used electrospray ionization high resolution mass spectrometry (ESI-HRMS)
to monitor the reaction. The peak at 254.0230 (m/z, [A − I]+, please see Supplementary Materials
Figure S3) corresponding to the coordination of L to CuI gave sufficient evidence for the formation of a
catalyst (For more details see, Supporting Information) [25–27]. In addition, the DFT calculation also
confirmed two possible isomeric species in the reaction mixture (Scheme 4). The isomer bearing an
intramolecular hydrogen bond was named intermediate A, and another was named intermediate A’
(Figure 1). The DFT calculations indicated that the formation of intermediate A (0.0 kJ/mol) was more
favorable than the formation of intermediate A’ (92.6 kJ/mol). The intermediate A was considered
as the intermediate for the nucleophile coordination step. Thus, the hydroxyl group in L is likely to
enhance the ligand coordination ability.
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Figure 1. Optimized structures for LCuI complexes (bond lengths in Å).

It has been reported that the S atom easily coordinates with the Cu (Scheme 5) [28–30].
The coordination of DMSO with intermediate A resulted in the formation of intermediate B ([B − I]+,
m/z = 332.0387, please see Supplementary Materials Figure S4) [31,32]. It should be noted that in
this step we only considered DMSO as a neutral nucleophile. The free energy change value was
−57.9 kJ/mol, which indicatesthat the reaction is a favorable thermodynamic process. Cs2CO3

in DMSO readily deprotonates thiophenol to provide thiophenolate [33,34]. Consequently, ligand
exchange occurred before the proton abstraction was identified by the DFT calculations (Figure 2).
The structures of intermediates B and C ([C + H]+, m/z = 442.0557, please see Figure S5) were identified
by DFT calculation (Figure 2).
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The intermediate C reacted with aryl thiols, producing the five-coordinate CuI intermediate D
([D + Na]+, m/z = 402.0201, please see Figure S6) via proton abstraction (Scheme 6). Interestingly,
the DFT calculations indicated that the transition state C-TS existed, and also showed that proton
abstraction was a highly endothermic process. Under the influence of Cu, DMSO became very unstable
(Figure 3). Then, dimethyl sulfide became automatically dissociated [35–37].The four-coordinate CuI
intermediate E ([E + Na]+, m/z = 402.0201, please see Figure S7) was produced by the hydroxyl group
transfer. The reaction barrier of 310.8 kJ/mol in the transition state was high. However, the reaction
temperature was 100 ◦C in our reaction system, which was sufficient to provide the energy required for
this reaction. On the other hand, the ligand coordination ensured that the reaction proceeded smoothly.
This transformation was also thermodynamically favorable ((−85.9) − 92.8 = −178.8 kJ/mol).
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Next, intermediate E reacted with vinyl halides by oxidative addition, producing the CuIII
intermediate F (Scheme 7, [F − I]+, m/z = 483.0937, please see Figure S8). The DFT calculations
indicated that the transition state F-TS existed in the oxidative addition (Scheme 7) [38]. After
that, the intermediate F underwent reductive elimination to obtain the product and intermediate A,
which re-enters the catalytic cycle. Our calculations showed that the elimination step was largely
thermodynamically favorable (Figure 4).
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Based on the above experimental and computational studies, an overall catalytic cycle is proposed
in Scheme 8. After excluding the more unstable isomer A’, the coordination of the intermediate A
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with DMSO generated the reactive intermediate B. Next, intermediate B produced the intermediate
C via the ligand exchange step, which was favorable in thermodynamics. Then, the five-coordinate
intermediate D was formed by the proton abstraction step and the four-coordinate intermediate E was
formed by the hydroxyl group transfer step. Finally, oxidative addition produced a CuIII intermediate.
After that, the intermediate F underwent reductive elimination to give the product, which was largely
thermodynamically favorable. The concomitantly formed intermediate A re-entered the catalytic cycle.
Energy profile of Cu-catalyzed direct C-H hydroxylation/C-S coupling, please see Figure 5.
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3. Experimental Section

3.1. General Procedure for the Preparation of Ligand L

Dimethylformamide dimethylacetal (DMFDMA) (1.19 g, 10 mmol) and 1-(2-hydroxyphenyl)
ethanone (1.36 g, 10 mmol) were dissolved in p-xylene (2 mL). The mixture was refluxed over a
period of 10 h, during which time the formation of a yellow precipitate occurred. The precipitate
was filtered out and washed with petroleum ether three times. The solid was vacuum-dried, and
1.79 g (94% yield) of a yellow solid, L ((E)-3-(dimethylamino)-1-(2-hydroxyphenyl)prop-2-en-1-one),
was obtained. 1H-NMR (500 MHz, DMSO-d6):δ14.51 (s, 1 H), 7.92–7.90 (t, J = 7.5 Hz, 2 H), 7.37–7.34
(t, J = 7.8 Hz, 1 H), 6.83 (d, J = 2.0 Hz, 2 H), 5.98–5.95 (d, J = 12 Hz, 1 H), 3.19 (s, 3 H), 2.98 (s, 3 H);
13C-NMR (125 MHz, DMSO-d6): δ 191.1, 163.6, 156.7, 134.9, 129.9, 121.2, 119.1, 118.7, 90.4, 46.1, 38.6.

3.2. General Procedure for the Preparation of 2-(Styrylthio)phenols

A mixture of thiophenol (55 mg, 0.5 mmol), 1-((E)-2-iodovinyl)benzene (138 mg, 0.6 mmol), CuI
(19 mg, 20 mol %), L (19 mg, 20mol %), and Cs2CO3 (326 mg, 2 equivalent) in DMSO (4 mL) was stirred
in N2 at 100 ◦C for 24 h. After completion of the reaction, the mixture was quenched with saturated salt
water (10 mL), and the solution wa sextracted with ethyl acetate (3 × 10 mL). The organic layers were
combined and dried over sodium sulfate. The pure product 2-(styrylthio)phenol (89 mg, 78% yield)
was obtained by flash column chromatography on silica gel.

3.3. General Procedure for Computational Details

B3LYP density functional theory (DFT) calculations were performed using the Gaussian 03
program [39]. The effective core potential (ECP) basis sets were used for I, and 6-311G* basis sets were
used for C, H, O, S and Cu. No symmetry constraint was imposed in the optimization. All reactants,
intermediates, and products were identified as true minima by the absence of imaginary frequencies.
Compounds had multiple conformations; efforts were made to find the lowest-energy conformation
by comparing the structures optimized from different starting geometries. The transition state (TS)
was identified by the presence of one single imaginary vibration frequency and the normal vibrational
mode. In addition, transition states were confirmed by intrinsic reaction coordinate(IRC) calculations.
Unscaled zero-point energies were included for different species. All the gas-phase free energies
(kJ/mol) reported in this paper correspond to the reference state of A at 373 K. The optimized structures
were shown by Gauss View (Version 3.09) software to give high-quality images of these structures.

4. Conclusions

The reaction mechanism of Cu-catalyzed C-H hydroxylation/C-S cross-couplingwas investigated
using a combination of electrospray ionization mass spectrometry, density functional theory
calculations, and an isotope labeling study. Notably, a series of CuI and CuIII complexes as key
intermediates were observed and identified by ESI-HR MS. Furthermore, the catalyst cycle involving
proton abstraction/oxidative addition/reductive elimination was proposed. This study should provide
valuable mechanistic insight to other Cu-catalyzed C-H functionalization mechanisms.

Supplementary Materials: Supplementary Materials are available online.

Acknowledgments: We thank NSFC (21702186) and NSFZJ (LQ15B020004) for their financial support.

Author Contributions: R.S.X. designed the experiments, R.R.C. and S.X.Z. analyzed the data, Z.D.Z. and L.B.B.
performed the experiments, and D.H.X. checked the paper.

Conflicts of Interest: The authors declare no conflict of interest.



Molecules 2017, 22, 1912 8 of 9

References

1. Labinger, J.A.; Bercaw, J.E. Understanding and exploiting C–H bond activation. Nature 2002, 417, 507–514.
[CrossRef] [PubMed]

2. Godula, K.; Sames, D. CH bond functionalization in complex organic synthesis. Science 2006, 312, 67–72.
[CrossRef] [PubMed]

3. Activation and Functionalization of C-H Bonds; Goldberg, K.I.; Alan, S.G. (Eds.) American Chemical Society:
Washington, DC, USA, 2004.

4. Schwarz, H. Chemistry with methane: Concepts rather than recipes. Angew. Chem. Int. Ed. 2011, 50,
10096–10115. [CrossRef] [PubMed]

5. Roithová, J.; Schröder, D. Selective activation of alkanes by gas-phase metal ions. Chem. Rev. 2010, 110,
1170–1211. [CrossRef] [PubMed]

6. Schwarz, H. How and why do cluster size, charge state, and ligands affect the course of metal-mediated
gas-phase activation of methane? Isr. J. Chem. 2014, 54, 1413–1431. [CrossRef]

7. Desai, L.V.; Stowers, K.J.; Sanford, M.S. Insights into directing group ability in palladium-catalyzed C−H
bond functionalization. J. Am. Chem. Soc. 2008, 130, 13285–13293. [CrossRef] [PubMed]

8. Lyons, T.W.; Sanford, M.S. Palladium-catalyzed ligand-directed C−H functionalization reactions. Chem. Rev.
2010, 110, 1147–1169. [CrossRef] [PubMed]

9. Shul’pin, G.B. Selectivity enhancement in functionalization of C–H bonds: A review. Org. Biomol. Chem.
2010, 8, 4217–4228. [CrossRef] [PubMed]

10. Lapointe, D.; Fagnou, K. Overview of the mechanistic work on the concerted metallation-deprotonation
pathway. Chem. Lett. 2010, 39, 1118–1126. [CrossRef]

11. Winstein, S.; Traylor, T.G. Mechanisms of reaction of organomercurials. II. Electrophilic substitution on
saturated carbon. Acetolysis of dialkylmercury compounds. J. Am. Chem. Soc. 1955, 77, 3747–3752.
[CrossRef]

12. Sen, A. Catalytic functionalization of carbon−hydrogen and carbon−carbon bonds in protic media.
Acc. Chem. Res. 1998, 31, 550. [CrossRef]

13. Jones, W.D. Conquering the carbon-hydrogen bond. Science 2000, 287, 1942. [CrossRef]
14. Ritleng, V.; Sirlin, C.; Pfeffer, M. Ru-, Rh-, and Pd-catalyzed C−C bond formation involving C−H activation

and addition on unsaturated substrates: Reactions and mechanistic aspects. Chem. Rev. 2002, 102, 1731.
[CrossRef] [PubMed]

15. Zierkiewicz, W.; Privalov, T. A theoretical study of the essential role of DMSO as a solvent/ligand in the Pd
(OAc) 2/DMSO catalyst system for aerobic oxidation. Organometallics 2005, 24, 6019. [CrossRef]

16. Parshina, L.N.; Grishchenko, L.A.; Larina, L.I.; Novikova, L.N.; Trofimov, B.A. Cross-coupling of
propargylated arabinogalactan with 2-bromothiophene. Carbohyd. Polym. 2016, 150, 82–88. [CrossRef]
[PubMed]

17. Corwin, A.H.; Naylor, M.A., Jr. Aromatic substitution. The cleavage of diphenylmercury1. J. Am. Chem. Soc.
1947, 69, 1004–1009. [CrossRef]

18. Brown, H.C.; Nelson, K.L. An interpretation of meta orientation in the alkylation of toluene. The relative
reactivity and isomer distribution in the chloromethylation and mercuration of benzene and toluene1, 2.
J. Am. Chem. Soc. 1953, 75, 6292–6299. [CrossRef]

19. Brown, H.C.; McGary, C.W. The rates of mercuration of the monoalkyl-and the polymethylbenzenes.
calculation of relative reactivities for the mercuration reaction1, 2. J. Am. Chem. Soc. 1955, 77, 2310–2312.
[CrossRef]

20. Kresge, A.; Brennan, J. Perchloric Acid catalyzed aromatic mercuration in acetic acid solution. II.
The Substitution Process. J. Org. Chem. 1967, 32, 752–755.

21. Fernandez-Rodriguez, M.A.; Shen, Q.; Hartwig, J.F. A general and long-lived catalyst for the
palladium-catalyzed coupling of aryl halides with thiols. J. Am. Chem. Soc. 2006, 128, 2180. [CrossRef]
[PubMed]

22. Zhao, K.; Xu, S.; Pan, C.; Sui, X.; Gu, Z. Catalytically asymmetric Pd/Norbornene catalysis: Enantioselective
synthesis of (+)-Rhazinal, (+)-Rhazinilam, and (+)-Kopsiyunnanine C1–3. Org. Lett. 2016, 18, 3782–3785.
[CrossRef] [PubMed]

http://dx.doi.org/10.1038/417507a
http://www.ncbi.nlm.nih.gov/pubmed/12037558
http://dx.doi.org/10.1126/science.1114731
http://www.ncbi.nlm.nih.gov/pubmed/16601184
http://dx.doi.org/10.1002/anie.201006424
http://www.ncbi.nlm.nih.gov/pubmed/21656876
http://dx.doi.org/10.1021/cr900183p
http://www.ncbi.nlm.nih.gov/pubmed/20041696
http://dx.doi.org/10.1002/ijch.201300134
http://dx.doi.org/10.1021/ja8045519
http://www.ncbi.nlm.nih.gov/pubmed/18781752
http://dx.doi.org/10.1021/cr900184e
http://www.ncbi.nlm.nih.gov/pubmed/20078038
http://dx.doi.org/10.1039/c004223d
http://www.ncbi.nlm.nih.gov/pubmed/20593075
http://dx.doi.org/10.1246/cl.2010.1118
http://dx.doi.org/10.1021/ja01619a021
http://dx.doi.org/10.1021/ar970290x
http://dx.doi.org/10.1126/science.287.5460.1942
http://dx.doi.org/10.1021/cr0104330
http://www.ncbi.nlm.nih.gov/pubmed/11996548
http://dx.doi.org/10.1021/om0506217
http://dx.doi.org/10.1016/j.carbpol.2016.04.105
http://www.ncbi.nlm.nih.gov/pubmed/27312616
http://dx.doi.org/10.1021/ja01197a008
http://dx.doi.org/10.1021/ja01120a053
http://dx.doi.org/10.1021/ja01613a083
http://dx.doi.org/10.1021/ja0580340
http://www.ncbi.nlm.nih.gov/pubmed/16478149
http://dx.doi.org/10.1021/acs.orglett.6b01790
http://www.ncbi.nlm.nih.gov/pubmed/27405044


Molecules 2017, 22, 1912 9 of 9

23. Xu, R.S.; Wan, J.P.; Mao, H.; Pan, Y.J. Facile synthesis of 2-(phenylthio)phenols by copper(I)-catalyzed tandem
transformation of C-S coupling/C-H functionalization. J. Am. Chem. Soc. 2010, 132, 15531. [CrossRef]
[PubMed]

24. Xu, R.S.; Yue, L.; Pan, Y.J. Regioselective copper (I)-catalyzed C–H hydroxylation/C–S coupling: Expedient
construction of 2-(styrylthio) phenols. Tetrahedron 2012, 68, 5046. [CrossRef]

25. Strieter, E.R.; Bhayana, B.; Buchwald, S.L. Mechanistic studies on the copper-catalyzed N-arylation of amides.
J. Am. Chem. Soc. 2009, 131, 78. [CrossRef] [PubMed]

26. Li, G.Y. The first phosphine oxide ligand precursors for transition metal catalyzed cross-coupling reactions:
C−C, C−N, and C−S bond formation on unactivated aryl chlorides. Angew. Chem. Int. Ed. 2001, 40, 1513.
[CrossRef]

27. Peng, X.; Ma, C.; Tung, C.H.; Xu, Z. Cu-catalyzed three-component coupling of aryne, alkyne, and
benzenesulfonothioate: Modular synthesis of o-alkynyl arylsulfides. Org. Lett. 2016, 18, 4154–4157.
[CrossRef] [PubMed]

28. Munakata, M.; Kuroda-Sowa, T.; Maekawa, M.; Hirota, A.; Kitagawa, S. Building of 2D sheet of tetrakis
(methylthio) tetrathiafulvalenes coordinating to copper (I) halides with zigzag and helical frames and the 3D
network through the S. cntdot.. cntdot.. cntdot. S contacts. Inorg. Chem. 1995, 34, 2705. [CrossRef]

29. Peariso, K.; Huffman, D.L.; Penner-Hahn, J.E.; O’Halloran, T.V. The PcoC copper resistance protein
coordinates Cu(I) via novel S-methionine interactions. J. Am. Chem. Soc. 2003, 125, 342. [CrossRef]
[PubMed]

30. Li, S.; Yu, B.; Liu, J.; Li, H.L.; Na, R. Brønsted acid or lewis acid catalyzed [3+3] cycloaddition of azomethine
imines with N-benzyl azomethine ylide: A facile access to bicyclic N-heterocycles. Synlett 2016, 27, 282–286.
[CrossRef]

31. Cotton, F.A.; Dikarev, E.V.; Petrukhina, M.A.; Striba, S.-E. Studies of dirhodium (II) tetra (trifluoroacetate).
5. Remarkable examples of the ambidentate character of dimethyl sulfoxide. Inorg. Chem. 2000, 39, 1748.
[CrossRef] [PubMed]

32. Thornley, W.A.; Bitterwolf, T.E. Photolysis of Isoelectronic ruthenium nitrosyl and diazonium complexes in
frozen PVC matrices: Retention of dinitrogen on ruthenium following photochemical phenyl radical loss.
Eur. J. Inorg. Chem. 2016, 2016, 464–468. [CrossRef]

33. Epstein, W.W.; Sweat, F.W. Dimethyl sulfoxide oxidations. Chem. Rev. 1967, 67, 247. [CrossRef]
34. Barnes, I.; Hjorth, J.; Mihalopoulos, N. Dimethyl sulfide and dimethyl sulfoxide and their oxidation in the

atmosphere. Chem. Rev. 2006, 106, 940. [CrossRef] [PubMed]
35. Cella, J.A.; Bacon, S.W. Preparation of dialkyl carbonates via the phase-transfer-catalyzed alkylation of alkali

metal carbonate and bicarbonate salts. J. Org. Chem. 1984, 49, 1122. [CrossRef]
36. Wolfe, J.P.; Buchwald, S.L. Scope and limitations of the Pd/BINAP-catalyzed amination of aryl bromides.

J. Org. Chem. 2000, 65, 1144. [CrossRef] [PubMed]
37. Reichart, B.; de la Cruz, G.G.; Zangger, K.; Kappe, C.O.; Glasnov, T. Copper/nafion-catalyzed

hydroarylation process involving ketenimine intermediates: A novel and synthetic approach to
4-sulfonamidoquinoline-2-ones and derivatives thereof. Adv. Syn. Catal. 2016, 358, 50–55. [CrossRef]

38. Olah, G.A.; Reddy, V.P.; Prakash, G.K.S. Long-lived cyclopropylcarbinyl cations. Chem. Rev. 1992, 92, 69.
[CrossRef]

39. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Zakrzewski, V.G.;
Montgomery, J.A., Jr.; Stratmann, R.E.; Burant, J.C.; et al. Gaussian 03, Revision 05; Gaussian Inc.: Pittsburgh,
PA, USA, 2003.

Sample Availability: Samples of the compounds is not available from authors.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/ja107758d
http://www.ncbi.nlm.nih.gov/pubmed/20958071
http://dx.doi.org/10.1016/j.tet.2012.04.048
http://dx.doi.org/10.1021/ja0781893
http://www.ncbi.nlm.nih.gov/pubmed/19072233
http://dx.doi.org/10.1002/1521-3773(20010417)40:8&lt;1513::AID-ANIE1513&gt;3.0.CO;2-C
http://dx.doi.org/10.1021/acs.orglett.6b02027
http://www.ncbi.nlm.nih.gov/pubmed/27549184
http://dx.doi.org/10.1021/ic00114a032
http://dx.doi.org/10.1021/ja028935y
http://www.ncbi.nlm.nih.gov/pubmed/12517140
http://dx.doi.org/10.1055/s-0035-1560506
http://dx.doi.org/10.1021/ic9913076
http://www.ncbi.nlm.nih.gov/pubmed/12526564
http://dx.doi.org/10.1002/ejic.201501100
http://dx.doi.org/10.1021/cr60247a001
http://dx.doi.org/10.1021/cr020529+
http://www.ncbi.nlm.nih.gov/pubmed/16522014
http://dx.doi.org/10.1021/jo00180a033
http://dx.doi.org/10.1021/jo9916986
http://www.ncbi.nlm.nih.gov/pubmed/10814066
http://dx.doi.org/10.1002/adsc.201500942
http://dx.doi.org/10.1021/cr00009a003
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Experimental Section 
	General Procedure for the Preparation of Ligand L 
	General Procedure for the Preparation of 2-(Styrylthio)phenols 
	General Procedure for Computational Details 

	Conclusions 

