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Prologue 

This dissertation is divided into 5 sections: First section is the resume of the thesis. In the second 

section is chapter 1, explain short general introduction referring to the topics that were addressed 

in the work of investigation. The next three sections are chapters 2, 3, and the final section 

corresponds to annex. Each of them contains the same organization consisting of a small 

introduction regarding the subject, discussion of results and at the end of each chapter the 

conclusions. 

 

1.  In the first section, the resume talks about all the projects carried out in the doctoral 

thesis, which are briefly described in the chapters 2, 3 and annex A and B. 

 

2. In the second section, chapter 1, the general introduction of the thesis contains a short 

overview about hypervalent iodine chemistry and gold chemistry about each of the 

projects that were investigated, and which will be discussed in chapters 2 and 3. 

 

3. In the third section, chapter 2, described gold(I) catalyzed reaction which starting 

material tertiary aniline was inserted into gold(I) catalyst in dry-DCE as a solvent. In this 

reaction first cyclization was happened with indole formation and the benzyl group was 

migrate to 2 and 3 position of cyclized indole. 

 

4. In the fourth section, the chapter 3, explain An efficient iodine(III)-based protocol for the 

chlorination and catalytic nitration of N-tosyl anilines as well as the proposed reaction 

mechanism is described. The synergistic combination of the commercially available 

[bis(trifluoroacetoxy)iodo]benzene (PIFA) with AlCl3 and (PhIO)n with Al(NO3)3, 

allowed the electrophilic introduction of the chlorine and nitro group in the N-tosyl 

aniline core in non-acidic conditions under a common strategy. Our DFT theoretical 

calculations, performed for the chlorination process, indicate this occurs through a 

cationic pathway in which the [Cl-PhI OTFA·AlCl3] is the chlorinating species and is 

formed under neutral conditions.    
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5.  In the last fifth section the annexes A are included the copies of 1H, 13C NMR and NOE 

spectrums for all the synthesized compounds in the thesis. Also, in the annex B section, 

describes the theoretical calculations carried out under the guidance of Prof. Dr. Cesar 

Rogelio Solorio Alvarado, and Prof. Dr. J. Oscar C. Jiménez-Halla during PhD course 

work in the University of Guanajuato on Experimental Studies in The gold(I)-Catalyzed 

sequential indole formation-benzylic migration. At the end annex C included copy of 

published articles in PhD.  
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Resume 

 

This dissertation contains one general introduction and two experimental chapters, which are 

outlined below. 

1. In the chapter 1, general introduction, there are two topics discussed based on the 

research carried out in the doctoral thesis. In the first part, the background, general 

introduction, reactivity, and preparations of hypervalent iodine reagents, and their 

applications in organic synthesis specialy in C-X (X= -F, -Cl, -Br, -I) and C-N bond 

formation. In the second part, gold catalysts background, beginning history, reactivity of 

gold complexes and wide application in organic synthesis specialy  in 

cycloisomerizations, cyclization, and migration reactions have been described. 

              

2. In the chapter 2, we have developed gold(I) catalyzed reaction which starting material  

tertiary aniline was inserted into gold(I) catalyst in dry-DCE as a solvent at 60 0C for 20 

h. In this reaction first cyclization was happened with indole formation and the benzyl 

group was migrate to 2 and 3 position of cyclized indole. In this reaction we got two 

product as a major and minor with the ratio 2:1 as shown in the bellow scheme. 

                   

3.  In the chapter 3, we have developed an efficient iodine(III)-based protocol for the 

chlorination and catalytic nitration of N-tosyl anilines as well as the proposed reaction 

mechanism is described. The synergistic combination of the commercially available 

[bis(trifluoroacetoxy)iodo]benzene (PIFA) with AlCl3 and (PhIO)n with Al(NO3)3, 
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allowed the electrophilic introduction of the chlorine and nitro group in the N-tosyl 

aniline core in non-acidic conditions under a common strategy. Our DFT theoretical 

calculations, performed for the chlorination process, indicate this occurs through a 

cationic pathway in which the [Cl-PhI OTFA·AlCl3] is the chlorinating species and is 

formed under neutral conditions. 
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Chapter 1.  

Introduction and Background 
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1.1 Hypervalent Iodine Chemistry 
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1.1 Hypervalent Iodine Chemistry 

   1.1.1 Hypervalency 

      8Hypervalency9 is the concept applied to polyvalent molecules and this concept introduced by 
Musher in 1969.1 Based, on this concept hypervalent compounds are molecules or ions of the 
elements are belonged to periodic table groups V-VIII, having valence shell with more than eight 
electrons and this molecule is also called hypervalent molecules. This hypervalent molecule have 
two different types of chemical bonds by two identical monovalent ligands.  

      Iodine is a non-metal and one of the heaviest elements in the periodic table. But due to the 
large size of the iodine atom, it forms three-center-four-electron (3c-4e) bond (L-I-L) is formed by 
the overlapping of the 5p orbital on iodine atom with the orbitals on the two ligands L. This 3c-4e 
bond is commonly called as a <hypervalent bond= The presence of a weak, highly polarized 
hypervalent bond explains the special structural features and reactivity pattern of polyvalent iodine 
compounds. Compounds of iodine in higher oxidation states, which are known under common 
name of <hypervalent iodine compounds=.2,3,4 

 

Figure 1. Molecular orbital description of the three-center-four-electron bond in hypervalent 
iodine(III) molecules RIL2. 
      Based on molecular orbital theory G. C. Pimentel5 and R. E. Rundle6 proposed the idea of a 
three-center-four electron (3c-4e) bond. The 3c-4e bond leads to a charge distribution of almost -
0.5 charge on the ligands and about +1.0 charge on the central atom. These linear bonds are 
electron-rich, and the non-bonding molecular orbital becomes the highest occupied molecular 
orbital (HOMO). Therefore, in a 3c-4e bond, electrons are distributed to the ligands. The actual 
number of electron pairs in the valence shell of the central atom is less than four and the octet rule 
is not affected. Although there have been, and still are, discussions about whether one can use the 
expression <hypervalent= for these compounds. 
 

 

1. Musher, J. I. Angew. Chem. Int. Ed.  1969, 8, 54-68. 
2. Chemistry of Hypervalent Compounds; Akiba, K. y., Ed.; Wiley- VCH: New York, 1999. 
3. Zhdankin, V. V. Hypervalent Iodine Chemistry: Preparation, Structure and Synthetic Application of 

Polyvalent Iodine Compounds; John Wiley & Sons Ltd.: New York, 2014. 
4. Kaneko, N.; Kaiho, T. Iodine production from natural gas brine. In Iodine Chemistry and Applications John 

Wiley & Sons, Inc.: New York, 2015, 231-241. 
5. Pimentel, G. C.  J. Chem. Phys. 1951, 19, 446-448. 
6. Hach, R.J.; Rundle, R.E. J. Am. Chem. Soc, 1951, 73, 4321. 
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1.1.2 General Introduction to Hypervalent Iodine(III) 

 
      Iodine having atomic number 53, atomic weight 126.90 which comes in the fifth period , under 
Group VIIA , is a halogen element of the periodic table. Iodine was first extracted by a French 
industrial chemist Bernard Courtois in 1811 from the ash of a sea wood and it was subsequently 
named by J. L. Gay Lussac in 1813.7 

      Mostly iodine compounds are observed commonly in monovalent compounds with an 
oxidation state of -1, Iodine can form chemical compounds in oxidation states of 3+, 5+ and 7+. 
Along with it also forms stable polycoordinate, multivalent compounds. because, of Iodine is the 
largest, most polarizable, and most electropositive of the group 17 elements, that9s why it also 
forms stable polycoordinate, multivalent compounds.2,3 

      German chemist Willgerodt introduced the first member, PhICl2 a l3-iodanes in hypervalent 
iodine chemistry in the year 1886.8 Subsequently , several hypervalent iodine compounds such as 
PhI(OAc)2

9 and the first iodonium salt, Ar2I + HSO4
-,10 were prepared. within the first report on 

polyvalent organoiodine species in 1914 by Willgerodt , there were nearly 500 hypervalent iodine 
compounds known.2,3,11,12,13,14,15, 

Factors leading to resurgence of interest:  
(1) The reactivity and chemical properties of iodine is like the heavy metal reagents such as 
Hg(III), Tl(III), Pb(IV) but except the toxicity and environmental issues.  
(2) Iodine compounds require a mild reaction conditions and easy handling of hypervalent iodine 
compounds.  
(3) The key precursors of hypervalent iodine compound are commercially available such as 
PhI(OAc)2. 
 

 

 

 

 

 

 

7. Gillespie, C. C. Dictionary of Scientific Biography. Charles Scribner9s Sons: New York, 1971. 
8. Willgerodt, C.J. Prakt. Chem. 1886, 33, 154. 
9. Willgerodt, C. Chem. Ber.  1892, 25, 3494-3502.   
10. Hartmann, C.; Meyer, V. Chem. Ber. 1894, 27, 426-432. 
11. Wirth, T., Ed. Hypervalent Iodine Chemistry: Modern Developments in Organic Synthesis. Top. Curr. 

Chem. 2003, 224, 1−248. 
12. Varvoglis, A. The Organic Chemistry of Polycoordinate Iodine; VCH Publishers, Inc.: New York, 1992. 
13. Varvoglis, A. Hypervalent Iodine in Organic Synthesis; Academic Press: London, 1997. 
14. Koser, G. F. In Chemistry of Halides, Pseudo-Halides and Azides, Suppl. D2; Patai, S., Rappoport, Z., 

Eds.; Wiley-Interscience: Chichester, 1995. 
15. Ochiai, M. In Chemistry of Hypervalent Compounds; Akiba, K. y., Ed.; VCH Publishers: New York, 1999. 
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Figure 2. Main classes of organohypervalent iodine reagents. 
 

      Hypervalent iodine reagents (1-15) as shown in figure 2. The explosive development of 
Organohypervalent iodine compounds from the beginning twenty first century16. 
Organohypervalent iodine compounds shows very useful oxidizing properties which is very useful 

 
16 a) Grushin, V.V. Chem. Soc. Rev. 2000, 29, 315. b) Skulski, L. Molecules, 2000, 5, 1331. c) Okuyama, T. 
Acc. Chem. Res. 2002, 35, 12. d) Ochiai, M. J. Organomet. Chem. 2000, 611, 494. e) Zhdankin, V.V.; Stang, P.J. 
Chem Rev. 2002, 102, 2523. f) Moreno, I.; Tellitu, I.; Herrero, M.T.; San Martin, R.; Dominguez, E. Curr. Org. Chem. 
2002, 6, 1433-1452. g) Morales-Rojas, H.; Moss, R.A. Chem. Rev. 2002, 102, 2497. h) Stang, P.J. J. Org. Chem. 2003, 
68, 2997. 
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in organic synthesis17 and additionally these reagents are environment friendly, commercially 
available, and easy for handling. Since twenty first century Iodine(III) and Iodine(V) reagents18 
continuously used in oxidative transformation of complex organic molecules.19  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
17 a) Feldman, K.S. ARKIVOC. 2003, 6, 179. b) French, A.N.; Bissmire, S.; Wirth, T. Chem. Soc. Rev. 2004, 33, 354. 
c) Muller, P. Acc. Chem. Res. 2004, 37, 243. d) Moriarty, R.M. J. Org. Chem. 2005, 70, 2893. e) Wirth, T. Angew. 

Chem. Int. Ed. 2005, 44, 3656. 
18 a) Zhdankin, V.V. Curr. Org. Synth. 2005, 2, 121. b) Kirmse, W. Eur. J. Org. Chem. 2005, 2005,  237. c) Richardson, 
R.D.; Wirth, T. Angew. Chem. Int. Ed. 2006, 45, 4402. d) Ochiai, M. Chem. Rec. 2007, 7, 12. e) Kita, Y.; Fujioka, H. 
Pure Appl. Chem. 2007, 79, 701. f) Zhdankin, V.V.; Stang, P.J. Chem. Rev. 2008, 108, 5299. 
19 a) Dohi, T.; Kita, Y. Chem. Commun. 2009, 16, 2073. b) Merritt, E.A.; Olofsson, B. Angew. Chem. Int. Ed. 2009, 
48, 9052. c) Zhdankin, V.V. J. Org. Chem. 2011, 76, 1185. d) Silva, J.L.F.; Olofsson, B. Nat. Prod. Rep. 2011, 28, 
1722. e) Duschek, A.; Kirsch, S.F. Angew. Chem. Int. Ed. 2011, 50, 1524. f) Liang, H.; Ciufolini, M.A. Angew. Chem. 

Int. Ed. 2011, 50, 11849. g) Brand, J.P.; Waser, J. Chem. Soc. Rev. 2012, 41, 4165. 
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1.1.3 General Reaction Mechanism  
               General reaction mechanism of hypervalent iodine compounds [Iodine(III) and 
Iodine(V)] based on exchange their ligands by nucleophile, are classified into three types: 
 

Ligand exchange 
Reductive ò-elimination 
Reductive ñ-elimination with subsequent substitution 

 
1.1.3.1  Ligand exchange  

      In ligand exchange reaction mechanism number of the heteroatom ligands and the 
number of carbon ligands control their reactivity pattern. Ligand exchange mechanism 
classified into two pathways. 

 
1.1.3.1.1 Associative pathway  
       In Association reaction pathway firstly nucleophile attack on iodine 16 and formed 
tetracoordinate intermediate 17. Once tetracoordinate intermediate is formed then 
elimination of ligand takes place. This procedure takes place two times on both ligands 18, 
and 19, generate new species 20 with two new ligands as shown in scheme 1.20 

     

 
 

                   Scheme 1. Associative pathway in the ligand exchange. 
 

1.1.3.1.2 Dissociative pathway  
      In dissociation reaction pathway firstly elimination of ligand takes place and formed 
high energy cationic iodonium species PhI+L 21, followed by nucleophile attack on 
cationic iodonium species gives ArILNu 18. This same process takes place again which 
gives intermediate 22. later generate new species with two new ligands to generate ArINu2 

20 (scheme 2). This mechanism required good electrophile for elimination of ligand.20 

 

20. Wirth, T. Ed. Hypervalent Iodine Chemistry, Top. Curr. Chem. Springer: Heidelberg, 2003. 
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Scheme 2. Dissociative pathway in the ligand exchange. 

 
1.1.3.2  Reductive ò- elimination   

      In reductive ò-elimination concerted ò-elimination take place in 24 (including 23), syn 
stereochemistry with the formation of oxidized product 25. Here, hypervalent iodide 16, is 
convert into the reduced iodoarene 25, (scheme 3). This method comprehensively used for 
the oxidation of sulphides, alcohols, and amines into the analogous sulphoxides, carbonyl 
compounds and imines.21,22 

 

 

 
Scheme 3. Reductive ò-elimination 

 
1.1.3.3  Reductive ñ-elimination with subsequent substitution 

      In Reductive ñ-elimination with subsequent substitution reaction mechanism pathway 
is a low energy process in which elimination of heteroatom ligand in iodine(III) 16, or 
iodine(V) with the help of outer nucleophile 26, (scheme 4).21,22 The heteroatom ligand on 
iodine(III) has good leaving group ability and this is the key point of hypervalent iodine 
compounds. This mechanism leads to create reaction species like carbene 27. Nitrenes, 
cations and arynes under mild conditions along with oxidize an extensive margin of 
functionalities. Here, good leaving group leads to reductive elimination with preferable 
energy for reduction to monovalent iodide. 

 

 

21. Reich, H. J.; Peake, S. L. J. Am. Chem. Soc. 1978, 100, 4888. 
22. a) Wirth, T.; Ochiai, M.; Varvgolis, A.; Zhdankin, V. V.; Koser, G. F.; Tohma, H.; Kita, Y.; Topics in 

Current Chemistry: Hypervalent Iodine Chemistry -/- Modern Developments in Organic Synthesis, 1-248, 
224. Springer-Verlag, Berlin, 2002. B) Varvoglis, A.; Hypervalent Iodine in Organic Synthesis, 1-223, 
Academic Press, London, 1997. C) Stang, P.; Zhdankin, V. V. Chem. Rev. 1996, 96, 1123-1178. 
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Scheme 4. General mechanism for the reductive elimination with substitution. 

 
 
1.1.4 Physical Aspect of hypervalent Iodine(III) 

      The hypervalent iodine(III) reagents are solid (amorphous or crystalline) and are stable to 
atmospheric oxygen and moisture. Iodonium salts are less stable and should be generated in situ. 
A mild explosion will occur if heated in the absence of solvent for PhI(OMe)2, PhIO, PhIO2, 
(PhI+)2O 2BF4

- and o-iodylbenzoic acid.23 

 In the solid state:   

      The polymeric structures of Iodosylbenzene 28, and (tosyliminoiodo)benzene are terminated 
by water: HO(PhIO)nH.  Reactive solvent are generate a monomeric species like 29, 30, and 31. 
In the results of polymeric structures secondary  I-O  bonds are also observed (scheme 5).23 

 

Scheme 5. Reactive solvent generate monomeric species from polymeric iodosylbenzene. 

 

 

 

23. a) Stang, P.; Zhdankin, V. V. Chem. Rev. 1996, 96, 1123-1178. b) Wirth, T.; Ochiai, M.; Varvgolis, A.; 
Zhdankin, V. V.; Koser, G. F.; Tohma, H.; Kita, Y. Topics in Current Chemistry: Hypervalent Iodine 
Chemistry -/- Modern Developments in Organic Synthesis, 1-248, 224. Springer-Verlag, Berlin, 2002. c) 
Varvoglis, A. Hypervalent Iodine in Organic Synthesis, 1-223, Academic Press, London, 1997. 
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In solution: 

      Hypervalent iodine(III)-oxidant (Ar2IL, where L = BF4, Cl, Br, OAc) show extensive 
dissociation into solvated iodonium ions (Ar2I+S where S = H2O, MeOH, and DMSO) in polar 
solvents. Alkenyl-iodine(III)exist in equilibrium as an iodonium ion 32, 33, and as a halogen-
bridged dimeric and aggregate structures 34 (Eq. 1). 23  

 
 

1.1.5  Preparation of Hypervalent Iodine(III) Reagents 
      Preparation of hypervalent iodine(III)reagents [Bis(acetoxy)iodo]arenes (PIDA), 
(Bis(trifluoroacetoxy)iodo)benzene (PIFA) and Iodosylbenzene (PhIO) method are as shown in 
bellow. 
 
   1.1.5.1 Preparation of PIDA 
      Preparation on PIDA 3, from iodoarenes 35, is achieved by using iodoarenes in the presence 
of sodium perborate in acetic acid with triflic acid at 40-45 0C (Eq. 2).24 This method is easy, safe, 
and effective for the preparation of PIDA from iodoarenes. In this method  
trifluoromethanesulfonic acid (triflic acid) act as a promoter causes increase in the high yield of 
(diacetoxyiodo)arenes within short reaction time.  
 

 
 

      Based on the above we can prepare PIDA 37, from 1,4-diiodobenzene 36, via double oxidati- 
ve diacetoxylation (Eq. 3).52 

 
 

 

 

 

24. Hossain, M.D.; Kitamura, T. J. Org. Chem. 2005, 70, 6984-6986. 
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1.1.5.2  Preparation of PIFA  
          Preparation of PIFA 4, from iodoarene achieved by using iodoarene 35, in the presence of 
oxone as an oxidant in trifluoroacetic acid in CHCl3 as a solvent at 23 0C (scheme 6).25 This is 
very simple, easy, and convenient method for the preparation of PIFA derivatives 38-48. 
 

 
Scheme 6. Preparation of [Bis(trifluoroacetoxy)iodo]arenes. 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

25. Zagulyaeva, A.A.; Yusubov, M.S.; Zhdankin, V.V. J. Org. Chem. 2010, 75, 2119-2122. 
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1.1.5.3  Preparation of PhIO 
          Preparation of  iodosylbenzene 5, is from PIDA 3, achieved by addition of PIDA into the 
basic media 3M  NaOH solution and stir at room temperature for 12 hr. (Eq 4).26 This is very 
simple and easy method for the preparation of iodosylbenzene. 
 

 
 

1.1.6 Application of Organo-Hypervalent Iodine Reagents  

   1.1.6.1 Nitration 
      Recently, In 2019, Solorio-Alvarado and co-workers proposed the nitration of phenols 49.27 
He developed first catalytic procedure of electrophilic nitration phenols with the help of 
Iodosylbenzene as an oxidant and aluminum nitrate play a role as a nitrating reagent. This nitration 
of phenols procedure carried out in mild and open flask reaction conditions and scope to get 
nitrated derivatives 50-62 (scheme 7). 
 

 
 

Scheme 7. Iodine(III)-mediated nitration of phenols. 

 

26. a) Schardt, B. C.; Hill, C. L. Inorg. Chem. 1983, 22, 1563-1565. b) Ghosh, Subrata K.; Hu, Mengnan; 
Comito, Robert J. Eur. J. Chem. 2021, 27, 17601-17608. 

27. Juárez-Ornelas, K.A.; Jiménez-Halla, J.O.C.; Kato, T.; Solorio-Alvarado, C.R.; Maruoka, K. Org. lett. 
2019, 21, 1315-1319. 
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      Now, Reaction mechanism proposal of nitration of phenols by using iodosylbenzene and 
aluminum nitrate, based on the theoretical DFT calculations with the help of (SMD:MeCN)Mo8-
HX/(LANLo8+f,6-311+G*) level (Scheme 8). 
 

 
 

Scheme 8. The PhIO-catalyzed electrophilic nitration phenols and their reaction mechanism. 
 
      According to scheme 8. Reaction mechanism of nitration of phenols start from the 
iodosylbenzene (PhIO) and aluminum nitrate with their coordination gives 63, followed by 63 in 
which [3,3] sigmatropic reaction take place and formed intermediate 64. This intermediate 64 

possess iodine(III)-nitrate bond undergo decomposition and generate nitrating species NO2
+. Then 

naphthol attack on NO2
+ species to give final nitrated product. In this mechanism  

bis(nitrooxy)aluminum oxide 65, in resonance with 66, and accompanying regeneration of 
iodosylbenzene. 
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   1.1.6.2 Fluorination 

 
      In 2013, Li and his co-workers developed the procedure of regioselective fluorination of 
anilides.28 This metal-free fluorination of anilides 68, is achieved from bis(tert-butylcarbonyloxy)- 
iodobenzene PhI(OPiv)2 and hydrogen fluoride-pyridine and DCM as a solvent at room 
temperature. In this methodology obtained para-fluorinated derivates 69-79, with moderate to 
good yields (scheme 9). 
 

 
 

Scheme 9.  para-Fluorination of anilides using PhI(OPiv)2/HF·Py system. 
 
 
 
 
 
 
 
 
 
 
 
 

 

28. Tian, T.; Zhong, W.H.; Meng, S.; Meng, X.B.; Li, Z.J. J. Org. Chem. 2013, 78, 728−732. 
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      In 2018, Hu and co-workers proposed the fluorination of arenes 8129 and this achieved by 
hypervalent iodine (IA, IB, IC) catalyzed balz-schimann reaction. This fluorination reaction carried 
out in mild conditions and prepared variety of examples 82-91 (scheme 10).  

 

 

 
 

Scheme  10. Iodine(III)-catalyzed balz–schiemann fluorination of arenes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

29. Xing, B.; Ni, C.; Hu, J. Angew. Chem. Int. Ed. 2018, 57, 9896 –9900. 
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   1.1.6.3 Chlorination  

      Recently, in 2018, Solorio-Alvarado and co-workers developed the procedure of chlorination 
of phenols, and phenol-ethers 92,30 from the PIFA-AlCl3 system under mild reaction condition to 
get derivates 93-104 (scheme 11). 

 
Scheme 11. Chlorination of phenol by PIDA–AlBr3 system. 

 
      In 2019, Vallribera and co-workers developed the procedure of chlorination of arenes 105,31 
with the help of PIFA-KCl system and DCM as a solvent at 23 0C to get derivatives 106-113 
(scheme 12). 
 

 
Scheme 12. Chlorination of arenes by using the PIFA-KCl system. 

 

30. Nahide, P.D.; Ramadoss, V.; Juárez‐Ornelas, K.A.; Satkar, Y.; Ortiz‐Alvarado, R.; Cervera‐Villanueva, J.M.; 
Alonso‐Castro, Á.J.; Zapata‐Morales, J.R.; Ramírez‐Morales, M.A.; Ruiz‐Padilla, A.J.; Deveze‐Álvarez, 
M.A. Eur. J. Org. Chem. 2018, 4, 485-493. 

31. Granados, A.; Jia, Z.; del Olmo, M.; Vallribera, A. Eur. J. Org. Chem. 2019, 17, 2812-2818. 
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   1.1.6.4 Bromination  

      Recently, in 2018, Solorio-Alvarado and co-workers developed the procedure of bromination 
of phenols and phenol-ether 115,32 from the PIDA-AlBr3 system under mild reaction condition to 
get derivatives 115-126. Bromination of phenols was possible by brominating reagent PhIOAcBr 
and this PhIOAcBr was generate from PIDA-AlBr3 system (scheme 13). 
 

 
Scheme 13. Bromination of phenol by using the PIDA–AlBr3 system. 

 
      In 2018, Maegawa and co-workers proposed the alkoxybenzyl alcohol 127, undergo 
bromination 128,33 take place with the help of Iodine(III)-reagent and lithium bromide in 
CF3CH2OH to formed brominated compounds 128-131, via dehydroxymethyl bromination at 23 
0C (scheme 14). 

 
 

Scheme 14. Bromination of  benzyl alcohols. 
 

 

32. Satkar, Y.; Ramadoss, V.; Nahide, P.D.; García-Medina, E.; Juárez-Ornelas, K.A.; Alonso-Castro, A.J.; 
Chávez-Rivera, R.; Jiménez-Halla, J.O.C.; Solorio-Alvarado, C. R. RSC Adv., 2018, 8, 17806–17812. 

33. Shibata, A.; Kitamoto, S.; Fujimura, K.; Hirose, Y.; Hamamoto, H.; Nakamura, A.; Miki, Y.; Maegawa, T. 
Synlett, 2018, 29, 2275–2278. 
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   1.1.6.5 Iodination  

      In 2017, Maruoka and co-workers developed the procedure of chemoselective mono-133, di-
134, and tri-iodination 135, of alkynes  by using hypervalent iodine(III) reagents.34 In this 
procedure method A in which tetrabutylammonium iodide (TBAI)/ (diacetoxyiodo)benzene 
(PIDA) system is used for mono-iodination of alkyne, the method B KI/PIDA system is for di-
iodination of alkynes and combination of method A TBAI/PIDA and method B KI/PIDA is used 
for tri-iodination of alkynes through one-pot reaction (scheme 15). 
 

 
 

Scheme 15. Iodine(III)-mediated selective iodination of terminal alkynes. 
 
 

      In 2018, Kotagiri, and Adepu developed new, transition metal free, and one pot synthesis of  
5-iodo-3,-mono alkoxyoxindole 137, from the oxidative coupling between oxindole 136, and 
alcohols generate alkoxylation and followed by iodination35 take place by PhI(OCOCF3)2/I2 
system and this reaction carried out in mild conditions to get derivatives 137-145 (scheme 16).  
 

 
34. Liu, Y.; Huang, D.; Huang, J.; Maruoka, K. J. Org. Chem. 2017, 82, 11865−11871. 
35. Kotagiri, R.; Adepu, R. Eur. J. Org. Chem. 2018, 33, 4556-4564. 
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Scheme 16. Iodo-monoalkylation of oxindoles. 
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1.2 Gold Chemistry 
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1.2 Gold Chemistry 

   1.2.1 General Introduction of Gold 

              Gold has tremendous importance and use in human life from beginning, because it9s 
correlated with beauty and power. Due to the beauty of gold  has captivated the people and rises 
his value from the biggening times in the history. Initially, from thousands of years ago gold is use 
as money purpose and from long time history proved that it has excellent durability and stability. 
Later, people tried to modified gold value and importance in other application like electrical 
devices, souvenir, jewelry, monetary exchange, and in dental medicine (figure 3). The broad 
application of gold proved the importance of gold in humans9 life and shows excellent stability 
and inert reactivity. Since the Egyptian age and still widely used throughout in the world. Thus, 
metallic gold could be used in biocompatible area although ionic gold is toxic and not suitable.36 

 

 

Figure 3. Importance of Gold 

      According to the chemistry point of view, gold is indicate by symbol-Au (from the Latin 
aurum, <shining dawn=), atomic number of gold is 79, and electronic configuration is 1S2 2S2 2P6 
3S2 3P6 3d10 4S2 4P6 4d10 5S2 5P6 4f14 5d10 6S1. gold is a transition metal belonging to the group 
11 of the periodic table with three most common oxidation states: gold(0), gold(I) and gold(III).  
Gold is bright yellow metal, soft with several physical properties. Gold has one of the 81 
nonradioactive elements should receive much attention in chemistry reactions as well.36 

 
 

 

36.  (a) Pyykkö, P. Chem. Rev. 1988, 88, 563-594. (b) Pyykkö, P. Angew. Chem. Int. Ed. 2004, 43, 4412-4456. 
(c) Pitzer, K. S. Acc. Chem. Res. 1979, 12, 272-276. (d) Gorin, D. J.; Toste, F. D. Nature, 2007, 446, 395-
403. 
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1.2.2 Beginning of Gold Chemistry 

      In 21st century until today gold chemistry achieved tremendous success in organic synthesis 
and from past records, we know gold for centuries. But here, we are discussing about beginning 
of gold in catalysis, there is not any single application reported in organic chemistry before 1976. 
The first application of gold in organic chemistry reported and developed by the hydration of 
alkynes 146 to get ketones 147, by using gold(III) by Teles and coworkers (Eq. 5).37 

 

      After some year in 1998,38 Ito and Hayashi was developed the same hydration reaction under 
homogeneous reaction condition in the presence of gold(I) complexes. Later, in 2004,39 
Echavarren and coworkers developed the first application in gold catalysis for cyclization of 1,6-
enynes with the help of same gold(I) complexes. 

1.2.3 Gold Carbenes and Carbenoids  

      This basic explanation of the banding mode of gold carbene proposed by Toste and Goddard40 
in 2009. The basic concept of gold carbene is that the carbene and ligand L both formed a three-
center four-electron bond by donate their paired electrons to gold. Beside that gold center can form 
two -bonds by backdonation from two filled 5d orbitals to empty -acceptors on the ligand and 
carbene (Scheme 17). 

                  

                    Scheme 17. Schematic representation of the bonding of gold carbenes. 

 

      The basic difference between carbene and carbenoids are two different species and his 
difference related to the addition/elimination of X-group and the double bond character of the 
metal-carbon bond in the carbene (scheme 18).41 

 

37. Nomran, R. O. C.; Parr, W. J. E.; Thomas, C. B. J. Chem. Soc., Perkin Trans. 1976, 1983-1987. 
38. Teles, J. H.; Brode, S.; Chabanas, M. Angew. Chem. Int. Ed. 1998, 37, 1415-1418. 
39. Nieto-Oberhuber, C.; Muñoz, M. P.; Buñuel, E.; Nevado, C.; Cárdenas, D. J.; Echavarren, A. M. Angew. 

Chem. Int. Ed. 2004, 43, 2402-2406. 
40. a) Benitez, D.; Shapiro, N. D.; Tkatchouk, E.; Wang, Y.; Goddard, W. A.; Toste, F. D. Nat. Chem. 2009, 1, 

482 –486. b) Wang, Y.; Muratore, M. E.; Echavarren, A. M. Chem. Eur. J. 2015, 21, 1 – 9. 
41. a) Bernardi, F.; Bottoni, A.; Miscione, G. P. Organometallics, 2000, 19, 5529 –5532.  b) Nesmeyanov, A. 

N.; Perevalova, E. G.; Smyslova, E. I.; Dyadchenko, V. P.; Grandberg, K. I.; Izv. Akad. Nauk SSSR Ser. 
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                         Scheme 18. Carbenoid and carbene equilibrium and isolated gold(I) carbenoids. 

      Based on scheme 18, bond length of metal-carbon in these gold carbenoids (2.09 Å), is 
longer than in gold carbene. 
      At the end difference between gold(I) carbenes and carbenoids is helpful in mechanistic 
discussion point of view. In study of gas-phase was describe that the gold(I)-catalyzed oxidation 
of alkynes 152, by pyridine N-oxides 153, gives gold(I) carbenoids 156, via vinylides gold(I) 
complex 154, that evolves into a ñ-oxo carbenes 155, (scheme 19).42 

                                    

Scheme 19. Generation of gold(I) carbenoids in the oxidation of alkynes with pyridine N-oxides. 
 
      According to scheme 19, ñ-oxo carbene may be formed by elimination of pyridine from 
initial adduct, but it react instantly with pyridine to produce more stable gold(I) carbenoids. 
 

 

Khim. 1977, 2610– 2612; c) Steinborn, D.; Beckea, S.; Herzoga, R.; Gunther, M.; Kircheisen, R.; Stoeckli- 
Evans, H.; Bruhn, C. Z. Anorg. Allg. Chem. 1998, 624, 1303 –1307. d) Wang, Y.; Muratore, M. E.; 
Echavarren, A. M. Chem. Eur. J. 2015, 21, 1 – 9. 

42. a) Wang, Y.; Muratore, M. E.; Echavarren, A. M. Chem. Eur. J. 2015, 21, 1 – 9 b) Schulz, J.; Jasikova, L.; 
Skriba, A.; Roithova, J. J. Am. Chem. Soc. 2014, 136, 11513– 11523. 
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1.2.4 Basic Principle of Gold(I)-Catalyzed Addition of  Heteronucleophiles to Alkynes 

      The basic principle of gold(I)-catalyzed addition of heteronucleophile to alkynes, start from 
triple bond of alkyne activated by gold(I)-catalyst and generate -complex 157. Once complex 
157, is formed then nucleophile attack on -complex 157, in a stereoselective trans fashion which 
gives intermediate 158. Intermediate 158 undergo loss of H+ to give vinylidene gold(I) species 
159, followed by protodeauration to generate final product 160 and regeneration of catalyst. On 
the other hand, another possible pathway is the formation of gem-diaurated species 161, this 
pathway might seriously compete with protodeauration.43 The extraordinary catalytic activity of 
gold species can be explained in terms of basic principles in frontier orbitals, π-acidity, and 
relativistic effects (scheme 20). 

 

 

Scheme 20. Catalytic cycle for the gold-catalyzed trans addition of a protic nucleophile X-H to 
an alkyne substrate X=Heteroelement. 
 

 

 

43. Seidel, G.; Lehmann, C. W.; Fürstner, A. Angew. Chem. Int. Ed. 2010, 49, 8466-8470. 
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1.2.5 Gold(I) as a Soft Lewis Acid 

      The concept of Lewis acid-base theory is firstly introduced by G. N. Lewis  in 
(1923).44,45According to these theory , an acid is a substance with an empty orbital  have ability to 
accept a lone pair of electron is known as acid and the electron rich species have the ability to 
donate a lone pair of electron-to-electron deficient species like Lewis acid is known as Lewis base. 
Based on these theory, we will describing properly their electronic nature in terms of chemical 
bonds. 

      Basically, Lewis acid and base both are divide into hard and soft lewis acid and base (HSAB)46 
and this concept introduced by Pearson in 1963. According to Pearson soft lewis acid has a big 
atomic radius, low charge and strongly polarizable. While, hard Lewis acid has a small atomic 
radius, highly charges and weakly polarizable.47,48 

      Based on the concept of G.N Lewis and Pearson theories gold(I) and gold(III) are defined as 
soft Lewis acids as shown in bellow examples. 

Examples of soft and hard Lewis acid. 

Hard acids- H+, Li+, Na+, K+,Ti4+, Cr3+, Cr6+, Be2+, Mg2+, Ca2+, Sr2+, Sn2+, Al3+, Si4+. 

Soft acid- Cu+, Ag+, Tl+, Cs+, I+, Br+, Hg2+, Pd2+, Cd2+, Pt2+, Hg2+, Tl3+, Au+, Au3+. 

 

 

 

 

 

 

 

 

 

 

 

 

44. Lewis, G. N. J. Frank. Inst. 1938, 226, 293-313. 
45. Ebbing, D. D., Gammon, S. D. General Chemistry 8th ed. Boston, MA: Houghton Mifflin. 2005. 
46. Pearson, R. G. J. Am. Chem. Soc. 1963, 85, 3533-3539. 
47. Pearson, R. G. J. Chem. Educ. 1968, 45, 581-586. 
48. Pearson, R. G. J. Chem. Educ. 1968, 45, 643-648. 
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1.2.6 Relativistic Effects in Gold  

      Relativistic effect shows by gold is due to it has high nuclear charge. Relativistic effects 
means irregular periodic behavior came from the internal shell electrons travelling with high 
velocity and almost close to the speed of light.49,50 Based on the Schrodinger equation51 and 
modified52 heavy atoms with large atomic radius it shows relativistic effect.  

      Based on the documented53,54,55electronic structure and characteristics of gold shows strong 
relativistic effect. Relativistic effect of gold are demonstrated in A) the contraction of external 6s 
and 6p orbitals and B) expansion of the 5d orbitals (Figure 2) explain in bellow. 

1.2.6.1  Contraction of external 6s and 6p orbitals  

      The -bond activates and react on gold catalyst as a result of 6s and 6p orbital of gold was 

compressed, additionally cationic gold (I) exhibits superior Lewis acidity in comparison with 

cationic metals of group 11th. That incident time  gold shows the most important peculiar 

characteristics relativistic effect then gold attract more electron density towards itself. Because 

the atom gold possess a high nuclear charge that is why it shows relativistic effect. In this incident 

gold shows interesting property with high electronegativity of 2.556 compared to 2.4 of carbon. 

That’s mean in C-Au bond in which major bonding electron density is on gold, rather than carbon. 

1.2.6.2  Expansion of 5d-orbitals 

      Simultaneously, after the compression of 6s and 6p orbital the small s-orbital of  gold was 

shielded and the effect is that expansion of these orbitals in gold causes a diffuse  electronic 

cloud, Posses electron-electron repulsions, resulting in a very high first ionization energy (9.22 

eV).57 Due to these electron-electron repulsion another important result caused by expansion of 

the 5d orbitals, is the gold-carbenoid behavior. Then diffuse of 5d electrons are delocalized into 

carbon-based orbitals of low enough energy, especially in the empty -orbitals of the carbocation 

and back bonding take place and more electron density lost than it gains through back-donation. 

          

 

49. Pitzer, K. S. Acc. Chem. Res. 1979, 12, 272-276. 
50. McKelvey, D. R. J. Chem. Educ. 1983, 60, 112-116. 
51. Schrödinger, E. Phys. Rev. 1926, 26, 1049-1070. 
52. Dirac, P. A. M. Proc. R. Soc. 1928, 117, 610-624. 
53. Pyykkö, P. Angew. Chem. Int. Ed. 2004, 43, 4412-4456. 
54. Pyykkö, P. Inorg. Chim. Acta. 2005, 358, 4113-4130. 
55. Gorin D.; Toste, F. D. Nature 2007, 446, 395-403. 
56. Electronegativity is given in Pauling scale. 
57. Neale, R. S. J. Phys. Chem. 1964, 68, 143–146. 
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      This effect is  relevant in catalysis because as a corollary of this relativist effect, the oxidative 

addition of gold(I) to form gold(III) is not a facile process and usually does not take place (figure 

4).58 

 

Figure 4. Relativistic effects on the energy for Au(I) 

 

1.2.7 The -Acidity of Gold(I) Complexes  

      The Gold(I) complexes shows important characteristic in catalysis, it shows more affinity with 
alkynes, allene and alkenes. Based on the activation of alkyne, allene and alkenes by gold(I) 
complexes several modification developed in organic chemistry (Figure 5). 

 

                                                            Figure 5þ 2bond activation  

      π-acidity: Carbon-Carbon multiple bond of alkene or alkyne activate by reacting with gold(I) 
complexes followed by electron density of alkyne or alkene multiple bond disturbed and formed 
positive charge on the multiple bonds which is stabilized by metal ligand beck-bonding (figure 

5).59 

 

58. a) Shapiro, N. D.; Toste, F. D. Synlett, 2010, 5, 675-691. B) Peter Schwerdtfeger, Michael Dolg, W. H. Eugen 
Schwarz, Graham A. Bowmaker, and Peter D. W. Boyd J. Chem. Phys. 1989, 91. 

59. Fürstner, A.;  Davies, W.P. Angew. Chem. Int. Ed. 2007, 46, 3410 – 3449. 
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1.2.8 Bonding Models for Gold(I) Complexes 

      The most basic molecular orbital model of Dewar-Chatt-Duncanson (DCD) that explains the 
interaction between metals and -bonded unsaturated ligands. 

      The importance of his model lies in the introduction of the metal-ligand orbital interactions 
concept. The model was first time described in 1951 by Dewar60 with the help of  perturbation 
theory61,62 of quantum mechanics. Based on this Dewar model in 195363 Latter Chatt and 
Duncanson smartly described the interaction between metal-olefin complexes. 

      Based on the Dewar-Chatt-Duncanson (DCD) model  describe gold(I)-alkyne interaction in 
bellow- 

1. -orbital of the alkyne interact with empty d orbital of the metal generate -donation. 
2. Back-bonding from filled d-orbital of the metal to empty 2orbital of the alkyne. 

 

 

Figure 6. The Dewar-Chatt-Duncanson model showing the -donation and -back-bonding 
in a gold-alkyne complex. 

      The electrophilicity of triple bond increases by -donation from the filled -bond of alkyne to 
empty d-orbital of metal bonding interaction (56.6 Kcal/mol), which is support by Toste.64 Toste 
did Density functional theory (DFT) calculations with the help of second order perturbative 
analysis of natural bond orbitals (NBO) and these DFT calculations he proves that the 
electrophilicity of triple bond increases by -donation. 

      The back-bonding from the filled metal orbital to the * empty orbital of the alkyne,  analyzed 
by frontier molecular orbitals. These back bonding is important from energy (13.3 Kcal/mol) point 
of view, shows back-bonding is possible due to LUMO. Overall, these bonding interaction 

 

60. Dewar, M. J. S. Bull. Soc. Chim. Fr. 1951, 18, C71. 
61. Schrödinger, E. Annalen der Physik, 1926, 80, 437-490. 
62. Fhelner, T. P. J. Organomet. Chem. 2001, 635, 92-99. 
63. Chatt, J.; Duncanson, L. A. J. Chem. Soc. 1953, 2939-2947. 
64. Shapiro, N. D.; Toste, F. D. Proc. Nat. Acad. Sci. U.S.A. 2008, 105, 2779-2782. 
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between Au(I)-complexes and alkyne proves that the Au(I) shows excellent Lewis acidity than 
other transition metals.65 

      From the above discussion strong -donation of alkyne -bond (56.6 Kcal/mol) and the 
backdonation (13.3 Kcal/mol) support the -acidity of gold(I) complexes with alkynes. Not only 
this but also complexes with different - bond ligands and his study support the evidence of this 
strong -affinity.65 

      Based on this -donation and backbonding is generate a three-center two bond system because, 
it decreases C-C bond order in alkyne, which leads to extent C-C distance regarding 
metallacyclopropene.65 

      On the other hand, Toste and Goddard developed bonding model for the ligand-gold-carbene 
(LGC) system model.66 He described that the bond between gold and carbon consist of a -bond 
and metal to carbene back bonding is tremendously depends on the substituent of carbene. In this 
model Toste and Goddard explain the LGC in three parts- 1) -bonding from carbene and ligand 
to metal, 2) -bonding from metal to carbene and 3) -bonding from metal to ligand (Scheme 21). 

 

Scheme 21. Ligand-gold-carbene (LGC) system bonding model for gold(I)-carbene complexes. 

      The alkyne to ligand -bonding consist of three-center/four-electrons interaction between them 
and Back-bonding electron donation from two orthogonal d orbitals of gold to empty or -acceptor 
orbitals of ligand and carbene. This model is explain that the effect of substituents on the carbene 
and influences in the reactivity will be noted. Overall, this model said that reactivity of gold(I)-
carbene interaction is explained  intermediate between metal-stabilized singlet carbene to a metal 
coordinated carbocation and the substituents on carbene and ancillary ligand will be determined 
important of each carbon. Some other model  also explain the coordination between gold and 
alkyne.67 

 
 
 
 

 

65. a) Elschenbroich, C. Organometallics, 3rd ed. Weinheim, Germany, WILEY-VCH Verlag GmbH 
              & Co. KGaA, 2006. b) Schmidbaur, H.; Schier, A. Organometallics 2010, 29, 2-23. 

66. Benitez, D.; Shapiro, N. D.; Tkatchouk, E.; Wang, Y.; Godarr III, W. A.; Toste, F. D. Nat. Chem. 

              2009, 1, 482-486. 
67. Salvi, N.; Belpassi, L.; Tarantelli, F. Eur. J. Chem. 2010, 16, 7231 – 7240. 
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1.2.10 Gold(I) complexes 

      Gold(I) complexes mostly exhibit a linear geometry68 and possess a [Xe]4f145d10 6s0 

configuration (d10). Phosphines, phosphites and related donor ligands forms lineal L-Au-X 
complexes. The 14 electron complexes of the type 173-176, 177, and 178-181 (Figure ), show a 
poor catalytic activity in comparison with cationic complexes 176, 162-169, 170, and 166-168 
(figure 7). These cationic forms are generated by abstraction of the halogen, typically by using 
one equivalent of an Ag(I) salt with a non-coordinating anion.69 Thus, complexes with the general 
formula [Au(S)(P)]X (P = phosphine ligand, S = solvent molecule, X = non-coordinating anion) 
are easily generated. These complexes have the advantage that they do not need to be activated, 
are soluble in the reaction media, and are stable in the solid state. To date various cationic gold(I) 
complexes have been synthesized. Among them, we can find complexes with bulky-biphenyl    
based phosphines as ligands, which were originally developed for Pd-catalyzed cross coupling.70 
The corresponding gold complexes are very active catalysts upon mixing with Ag(I) salts (figure 

7, 162,163,173-176).71 Related complexes containing a labile bis(trifluoromethanesulfonyl)amide 
(NTf2) as ligand have been reported showing similar properties.72 The bulky bis-adamantyl 
phosphine ligand in complex 182, has been synthesized for the use in hydroaminations of alkynes 
with dialkylamines.73 Phosphite complex 17774 bearing tris(2,6-di-tert-butylphenyl)phosphite as 
the ligand, as well as its cationic counterpart 170,75 are particularly highly electrophilic Au(I) 
catalysts. Complexes strongly containing s-donating N-heterocyclic carbenes (NHC) 178-181 are 

 

68.  a) Carvajal, M.A.; Novoa, J.J.; Alvarez, S. J. Am. Chem. Soc. 2004, 126, 1465-1477. b) For discussion about 
the choice of coordination number in d10 complexes of group 11 metals, see: Carvajal, M. A.; Novoa, J. J.; 
Álvareze, S. J. Am. Chem. Soc. 2004, 126, 1465–1477. 

69. (a) Nieto-Oberhuber, C; Muñoz, M. P.; Buñuel, E.; Nevado, C.; Cárdenas, D. J.; Echavarren, A. M. Angew. 

Chem. Int. Ed. 2004, 43, 2402-2406. (b) Nieto-Oberhuber, C.; Muñoz, M. P.; López, S.; Jiménez-Núñez, E.; 
Nevado, C.; Herrero-Gómez, E., Raducan, M.; Echavarren, A. M. Chem. Eur. J. 2006, 12, 1677-1693. (c) 
Ferrer, C.; Raducan, M.; Nevado, C.; Claverie, C. K.; Echavarren, A. M. Tetrahedron 2007, 63, 6306-6316. 

70.  (a) Kaye, S.; Fox, J. M.; Hicks, F. A.; Buchwald, S. L. Adv. Synth. Catal. 2001, 343, 789-794. (b) Walker, 
S. D.; Barder, T. E.; Martinelli, J. R.; Buchwald, S. L. Angew. Chem. Int. Ed. 2004, 43, 1871-1876. (c) 
Strieter, E. R.; Blackmond, D. G.; Buchwald, S. L. J. Am. Chem. Soc. 2003, 125, 13978-13980. (d) Barder, 
T. E.; Walker, S. D.; Martinelli, J. R.; Buchwald, S. L. J. Am. Chem. Soc. 2005, 127, 4685-4696. (e) Barder, 
T. E.; Buchwald, S. L. J. Am. Chem. Soc. 2007, 129, 5096-5101. 

71.  a)  Herrero-Gómez, E.; Nieto-Oberhuber, C.; López, S.; Benet-Buchholz. J.; Echavarren. A. M. Angew. 

Chem. Int. Ed. 2006, 45, 5455 – 5459. (b) Partyka, D. V.; Robilotto, T.  J.; Hunter, A. D.; Gray, T. G. 
Organometallics 2008, 27, 28-32. 

72.  Mézailles, N.; Ricard, L.; Gagosz, F. Org. Lett. 2005, 7, 4133-4136. 
73.  Hesp, K. D.; Stradiotto, M. J. Am. Chem. Soc. 2010, 132, 18026–18029. 
74.  (a) López, S.; Herrero-Gómez, H.; Pérez-Galán, P.; Nieto-Oberhuber, C.; Echavarren, A. M. Angew.  Chem. 

Int. Ed. 2006, 45, 6029-6032. (b) X structure was confirmed by X-Ray crystallography: Nieto- Oberhuber, 
C.; Pérez-Galán, P.; Herrero-Gómez, E.; Lauterbach, T.; Rodríguez, C.; López, S.; Bour, C.; Rosellón, A.; 
Cárdenas, D. J.; Echavarren, A. M. J. Am. Chem. Soc. 2008, 130, 269-279. 

75.  Amijs, C. H. M.; López-Carrillo, V.; Raducan, M.; Pérez-Galán, P.; Ferrer, C.; Echavarren, A. M. 
               J. Org. Chem. 2008, 73, 7721-7730. 
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useful precatalysts.76,77,78,79 NHC complexes 183-181 have been synthesized to study their -
acceptor properties.80 Cationic NHC complexes 166-168 78-81 and those bearing labile ligands such 
as NTf2 181-182 have also been described.82 

 

Figure 7. Representative neutral and cationic 14 e- and 16 e- gold(I) complexes. 

 

76.  Nieto-Oberhuber, C.; López, S.; Echavarren, A. M. J. Am. Chem. Soc. 2005, 127, 6178-6179. 
77.  (a) Deetlefs, M.; Raubenheimer, H. G.; Esterhuysen, M. W. Cat. Today. 2002, 72, 29-41. (b) Schneider, S. 

K.; Herrmann, W. A.; Herdtrweck, E. Z. Anorg. Allg. Chem., 2002, 629, 2363-2370. 
78.  de Frémont, P.; Scott, N. M.; Stevens, E. D.; Nolan, S. P. Organometallics 2005, 24, 2411-2418. 
79.  For NHC-Au(III) complexes see: de Frémont, P.; Singh, R.; Stevens, E. D.; Petersen, J. L.; Nolan, S. P. 

Organometallics 2007, 26, 1376-1385. 
80.  Alcarazo, M.; Stork, T.; Anoop, A.; Thiel, W.; Fürstner, A. Angew. Chem. Int. Ed. 2010, 49, 2542-2546. 
81.  de Frémont, P.; Stevens, E. D.; Fructos, M. R.; Diaz-Requejo, M. M.; Perez, P. J.; Nolan, S. P. 

              Chem Commun 2006, 2045-2047. 
82.  Li, G.; Zhang, L. Angew. Chem. Int. Ed. 2007, 46, 5156-5159. 
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1.2.9 Gold(III) Complexes 

      Gold(III) complexes adopt a square planer geometry and their [Xe] 4f14 5d8 6s0 configuration 
(d8). Gold(III) complexes has Lewis acid properties, and they also behave as oxidant. Most of 
gold(III) salts like AuCl3 187, and AuBr3 are commercially available. AuCl3 187, or Au2Cl6 188, 

is very hygroscopic, light sensitive, and decompose at temperature above 160 0C.83 Other gold(III) 
complexes based on tetrachloroaurate(III) anion (AuCl4

-)84,85 are obtained by the oxidation of 
gold(0) by aqua regia. Other sophisticated gold(III) complexes can be prepared by using 
stabilizing ligands, like pyridine, -NHC or chelating picolinate. Gold(III) complexes as shown in 
bellow figure 8. 

 

Figure 8. Described gold(III) salts and complexes. 

      Gold(III) complexes don9t achieved success in organic transformation due to their lack of 
selectivity and limitations of modulabilty on the ligands. That9s why gold(III) complexes is less 
interesting than gold(I) Complexes. 

 

 

 

 

 

 

 

 

 

 

83. Wiber, E.; Wiber, N.; Holleman, A. F. Inorganic Chemistry 101 ed, Academic Press, 2001, 1286-1287. 
84. Fukuda, Y.; Utimoto, K. J. Org. Chem. 1991, 56, 3729-3733. 
85. Fukuda, Y.; Utimoto, K. Bull. Chem. Soc. Jpn. 1991, 56, 3729-3733. 
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1.2.11 Cycloisomerization of Enynes 

      In 2004,39 Echavarren and coworkers developed the first application in gold catalysis for 
cyclization of 1,6-enynes with the help of same gold(I) complexes. After this initiation in 2004, 
enynes Cycloisomerization reaction  developed tremendously. Based on intramolecular process in 
enynes Cycloisomerization leads to prepared complex molecules.86,87,88 

1.2.11.1 Cycloisomerization of 1,6-enynes 

      The Cycloisomerization of 1,6-enynes by activation of alkene with help of gold(I) catalyst to 
give (η2-alkyne)metal complex 195, then complex 195, undergo nucleophilic attack via 5-exo-dig 

or 6-endo-dig (scheme 22).89,90,91 Firstly, activation of alkene take place which gives complex 195, 
followed by complex 195, undergo intramolecular two possible nucleophilic attack by 5-exo-dig 

and 6-endo-dig generate. Intermediate 196, and 197, respectively. Cyclopropyl gold(I) carbene 
196 in which two types of skeletal rearrangements takes place to formed 1,3-dienes 199, and 201.  

1,3-dienes 199 is formed via single cleavage rearrangement by 1,3-migration from terminal carbon 
of the alkene to terminal carbon of alkynes and 1,3-dienes 201 is formed via double cleavage 
rearrangement.  
      Intermediate carbene 197,  leads to formed Bicyclic compounds 202, and 204. Product 202 is 
obtained from intermediate 197, by elimination of proton take place in intermediate 197,92 which 
leads to formed 202. Isomerization takes place in Intermediate 197, to gives two possible product 
204, and 199. Product 199, obtained from Intermediate 197 via gold(I) complex 205.93 The kinetic 
data and DFT calculations report supported to both mechanism proposal (single and double 
cleavage rearrangements) (scheme 22 and scheme 23).93,94 
 
 

 
86.  (a) Hashmi, A. S. K. Angew. Chem. Int. Ed. 2005, 44, 6990-6993. (b) Hashmi, A. S. K. Chem. Rev. 2007, 

107, 3180-3211. (c) Jiménez-Núñez, E.; Echavarren, A. M. Chem. Commun. 2007, 333-346. (d) Fürstner, 
A.; Davies, P. W. Angew. Chem. Int. Ed. 2007, 46, 3410-3449. (e) Gorin, D. J.; Sherry, B. D.; Toste, F. D. 
Chem. Rev. 2008, 108, 3351-3378. (f) Fürstner, A. Chem. Soc. Rev. 2009, 38, 3208-3221. (g) Shapiro, N. D.; 
Toste, F. D. Synlett 2010, 675-691. (h) Patil, N. T.; Yamamoto, Y. Chem. Rev. 2008, 108, 3395-3442. 

87.  (a) Zhang, L.; Sun, J.; Kozmin, S. A. Adv. Synth. Catal. 2006, 348, 2271-2296. (b) Jiménez-Núñez, E.; 
Echavarren, A. M. Chem. Rev. 2008, 108, 3326-3350. (c) Michelet, V.; Toullec, P. Y.; Genêt, J.-P. 
Angew.Chem. Int. Ed. 2008, 47, 4268-4315. 

88. (a) Obradors, C. Echavarren, A. M. Chem. Commun. 2014, 50, 16-28. (b) Obradors, C. Echavarren, A. M. 
Acc. Chem. Res. 2014, 47, 902-912. 

89.  Nieto-Oberhuber, C.; Muñoz, M. P.; Buñuel, E.; Nevado, C.; Cárdenas, D. J.; Echavarren, A. M. Angew. 

Chem. Int. Ed. 2004, 43, 2402-2406. 
90.  Ferrer, C.; Raducan, M.; Nevado, C.; Claverie, C. K.; Echavarren, A. M. Tetrahedron 2007, 63, 6306- 6316. 
91.  Soriano, E.; J. Marco-Contelles, Acc. Chem. Res. 2009, 42, 1026-1036. 
92.  Chao, C. M.; Beltrami, D.; Toullec, P. Y.; Michelet, V. Chem. Commun. 2009, 6988-6990. 
93.  Escribano-Cuesta, A.; Pérez-Galán, P.; Herrero-Gómez, E.; Sekine, M.; Braga, A. A. C.; Maseras, F.;  

Echavarren, A. M. Org. Biomol. Chem. 2012, 10, 6105-6111. 
94.  Nieto-Oberhuber, C.; López, S.; Muñoz, M. P.; Cárdenas, D. J.; Buñuel, E.; Nevado, C.; Echavarren, A. M. 

Angew. Chem. Int. Ed. 2005, 44, 6146-6148. 
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Scheme  22. Gold(I)-catalyzed cycloisomerization of 1,6-enynes. 

      Intermediate gold carbene 196, the double cleavage takes place. In intermediate 196, in which 
new gold carbene 200, was formed by insertion of carbon of terminal alkene into the alkyne 
carbons. Gold carbene 200, undergo dyotropic rearrangements95 to formed 201 (scheme 23).93,94 

 

 

95. (a) Reetz, M. T. Angew. Chem. Int. Ed. 1972, 11, 129-130. (b) Reetz, M. T. Angew. Chem. Int. Ed. 1972, 
11, 130-131. 
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Scheme 23. Double cleavage rearrangement. 
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1.2.11.2 Cycloisomerization of  larger 1,5-enynes 

      Based on the firstly reported endo cyclization of 1,5-enynes strategy was try in novel One-pot 
synthesis of pyridines.96 Synthesis of pyridines 209, from ketone 207, and propargylamine 208, in 
the presence of gold(III) catalyst 165. This reaction proceeds sequential amination of carbonyl 
compounds undergo imine-enamine isomerization followed by regioselective 6-endo-dig 

cyclization of the N-propargylenamine (N-propargyldienamine) intermediate and at the end 
aromatization take place (scheme 24). 

 

Scheme 24. Gold(III)-catalyzed synthesis of pyridines by cyclization of 1,5-enynes and their                            
general reaction mechanism proposal. 

 
96.  Abbiati, G.; Arcadi, A.; Bianchi, G.; Di Giuseppe, S.; Marinelli, F.; Rossi, E. J. Org. Chem. 2003, 68, 6959-

6966. 
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1.2.11.3 Cycloisomerization of  larger 1,n-enynes (n>6) 
      The gold-catalyzed cycloisomerizations of 1,n enynes (n= 5-8)  has been reported.96,97,98, 99,100 

Another gold-catalyzed cycloisomerizations reaction of 1,9-enyne to formed 10-membered ring 
217.101 But this cyclization reaction need more gold(I) catalyst (50 mol %) and average yield of 
cyclized product (Eq. 6).  
 

 
      In 2013, Echavarren and co-workers proposed the formation macrocycles containing a 
cyclobutene moiety 219 and 221, by gold(I)-catalyzed cycloisomerization of larger 1,n-enynes (n= 
10-16) (scheme 25).102 

 
Scheme 25. Gold(I)-catalyzed cyclization of a 1,12 and 1,16-enyne to a m-cyclophane. 

 

 
97.  (a) Aubert, C.; Buisine, O.; Malacria, M. Chem. Rev. 2002, 102, 813–834. (b) Bruneau, C. Angew. Chem., 

Int. Ed. 2005, 44, 2328–2334. (c) Zhang, L.; Sun, J.; Kozmin, S. A. Adv. Synth. Catal. 2006, 348, 2271–
2296. (d) Jimenez-Nunez, E.; Echavarren, A. M. Chem. Rev. 2008, 108, 3326–3350. (e) Michelet, V.; 
Toullec, P. Y.; Genet, J.-P. Angew. Chem., Int. Ed. 2008, 47, 4268–4315. (f) Ito, H., Ohmiya, H.; Sawamura, 
M. Org. Lett., 2010, 12, 4380-4383. 

98. Chao, C. M.; Beltrami, D.; Toullec, P. Y.; Michelet, V. Chem. Commun. 2009, 6988-6990. 
99. Lee, S. I.; Kim, S. M.; Kim, S. Y.; Chung, Y. K. Synlett 2006, 14, 2256-2260. 
100.  Lee, Y. T.; Kang, Y. K.; Chung, Y. K. J. Org. Chem. 2009, 74, 7922-7934. 
101. Comer, E.; Rohan, E.; Deng, L.; Porco, J. A. Org. Lett. 2007, 9, 2123–2126. 
102. Obradors, C.; Leboeuf, D.; Aydin, J.; Echavarren, A.M. Org. Lett. 2013, 15, 1576-1579. 
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1.2.12  Hydroamination   
      In 2003, Tanaka and co-workers proposed the intermolecular hydroamination of alkynes with 
the help of gold(I) catalyst. In his proposal ketimines 224, is formed by addition of aniline 223, to 
aliphatic and aromatic alkynes 222, in the presence of gold(I)-catalyst (Eq. 7).103  
 

 
 
      In 2004, Marinelli and co-workers describe the formation of indole derivatives by using 
environmentally friendly solvent, mild reaction condition, and without protection of -NH2 . He 
proposed the formation of indole derivatives 226-230, from gold(III)-catalyzed cyclization of 2-
alkynylanilines 225, in ethanol as a solvent under room temperature (scheme 26).104 
 

                                      
 

Scheme 26. Formation of indoles from 2-Alkynilanilines by gold(III)-catalyst. 
                 
 
      In 2010, Bertrand and co-workers discovered first examples of catalytic intramolecular 
methylamination of alkynes. He proposed the formation 2,3-disubstituted indoles 232-236, with 
excellent yields from  2-alkynyl-N,N’-dimethyl-benzenamines 231, with the help of a 1:1 mixture 
of (CAAC)AuCl/ KB(C6F5)4.105 Here, the most important thing is that intramolecular 

 

103. Mizushima, E.; Hayashi, T.; Tanaka, M. Org. Lett. 2003, 5, 3349-3352. 
104. Arcadi, A.; Bianchi, G.; Marinelli, F. Synthesis 2004, 4, 610–618. 
105. Zeng, X.; Kinjo, R.; Donnadieu, B.; Bertrand, G. Angew. Chem. 2010, 122, 954 –957. 
 

 



 

 

Page | 43  
 

methylamination carried out by cationic gold(I) complexes supported by cyclic 
(alkyl)(amino)carbene(CAAC) ligands (scheme 27). 
 

 
Scheme 27.  Gold(I)-catalyzed methylamination of alkyne. 
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1.2.13 Gold-Catalyzed Double Cascade Cyclization 

 

      In 2012, Yamamoto and co-workers proposed the formation of new symmetric -conjugated 
donor–acceptor–donor (D–A–D) compounds 238-244, via gold-catalyzed double cascade 
cyclization reaction. D-A-D compounds were synthesized from tetraynes 237, (Tetraynes possess 
C-Benzene and S-thiophene, benzothiophene) with the help of NaAuCl4-catalyst and double 
cascade cyclization in ethanol as a solvent (scheme 28).106 
 

 
 

Scheme 28. Gold-catalyzed synthesis of D–A–D compounds from tetraynes. 
 

 

 

106.  Ferrara, G.; Jin, T.; Oniwa, K.; Zhao, J.; Asiri, A.M.; Yamamoto, Y. Tetrahedron Lett. 53, 2012, 8, 914–
918. 
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1.2.14 Hydride-shift in Gold catalyzed reaction. 

 
      Recently, in 2018, Solorio-Alvarado and co-workers proposed the formation of indene9s 
derivatives 250, by direct Csp3–H activation of 245, by gold(I) catalyzed  via 1,5-H shift fallowed 
by 1,2-H shift  (scheme 29).107 

 

Scheme 29. Gold(I)-catalyzed synthesis of indenes and their reaction mechanism. 

 

107.  Nahide, P.D.; Jiménez-Halla, J.O.C.; Wrobel, K.; Solorio-Alvarado, C.R., Alvarado, R.O. and Yahuaca-
Juárez, B., Org. Biomol. Chem., 2018, 16, 7330–7335. 
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      According to scheme  29, firstly started from the 180 gold(I) species coordinate with alkyne 
245, and gives 246, followed Csp3–H bond activation takes place via [1,5]-H shift and formed 247. 

Species 247 is able to generate gold(I) carbene 248. Carbene IV undergo [1,2]-H shift take place 
and formed 249. and at the end, removal of the gold(I) complex and formed the indene 250 
derivative with regeneration of catalyst. 

      In 2018, Wong and co-workers proposed the formation of fused polycyclic ring compounds 
252, by stereospecific, tandem gold-catalyzed reaction start by hydride shift with the help of 
(C6H5)PAuCl/AgSbF6 catalyst. This tandem gold-catalyzed reaction gives quick support to 
formation of diverse fused polycyclic compound  252 (scheme 30).108 
 

 
Scheme 30. Reaction mechanism of gold(I)-catalyzed cycloisomerization by hydride transfer. 

 

108.  Lu, X.L.; Lyu, M.Y.; Peng, X.S.; Wong, H.N. Angew. Chem. 2018, 130, 11535–11538. 
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      According to Scheme 30, This reaction initiated from gold catalyst activate the triple bond of 
253, generate 254,  followed by 1,6-hydride shift under 254, to formed oxonium ion 255. Then, 
vinyl-gold makes intramolecular nucleophilic attack on double bond in 255, also interact with 
admissible cationic species which leads to form intermediate carbocation 256, like prince type 
reaction mechanism. At the end elimination of gold(I)-catalyst takes place and carbocation 256, is 
convert into final product polycyclic species 257. 
 

1.2.15 Gold-Catalyzed Sequential Reactions via Cyclization/Migration  
      In 2007, Nakamura and co-workers proposed gold(III)-catalyzed formation of  3-
sulfonylindoles 259, from ortho-Alkynyl-N sulfonylanilines 258, by cyclization and 1,3-migration 
of sulfonyl group and their mechanism (scheme 31).109 
 

 
Scheme 31. AuBr3-catalyzed cyclization and their reaction mechanism. 

 

109.   Nakamura, I.; Yamagishi, U.; Song, D.; Konta, S.; Yamamoto, Y. Angew. Chem. Int. Ed. 2007, 46,    
  2284 –2287. 
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     According to Scheme 31, reaction mechanism start from the activation of triple of 258, by 
AuBr3 to give -complex 260. Complex 260 undergo cyclization take place by intramolecular 
nucleophilic attack of Nitrogen atom on activated alkyne generate intermediate 261, followed by 
intramolecular migration of sulfonyl group to 3-position of indole to give 262, and at the end 
intermediate 262 in which elimination of AuBr3 take place and finally formed 3-sulfonylindole 
259. 
 
      In 2011, Roy and co-workers proposed the formation of highly substituted indoles 264, from 
6-(allyl(methyl)amino)-5-(phenylethynyl)-2Hchromen-2-one 263, and their derivatives by gold-
catalyst via cyclization followed by [3,3]-migration of the allyl and their mechanism (scheme 

32).110 
 

 
 

Scheme 32. AuCl3-catalyzed cyclization and their proposed reaction mechanism. 
 

110.  Majumdar, K.C.; Hazra, S.; Roy, B. Tetrahedron Lett. 2011, 52, 6697–6701. 
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      Reaction mechanism as shown in scheme 32. Reaction mechanism start from the activation of 
triple of 263, by AuCl3 to give -complex 265. Complex 265 undergo cyclization take place by 
intramolecular nucleophilic attack of Nitrogen atom on activated alkyne generate intermediate 
266.73 Intermediate 266, undergo migration of the allyl group via [3,3]-sigmatropic rearrangement 
which gives intermediate 267. Finally, intermediate 267, in which elimination of AuCl3 take place 
and formed product 268. 
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2.1 Introduction  

      The benzo[b]carbazols are an important class of heteroaromatic compounds.111 The relevance 
of these derivatives have been demonstrated by its presence in organic light emitting diodes 
(OLEDs)112 and in general they are relevant blocks in materials science.113 
Importance of carbazols, benzo[b]carbazols, and their derivatives as shown in figure 9. According 
to figure 1. benzo[b]carbazols compound 269, has more importance because pharmacological and 
biological active alkaloids possess this component and compound 270, shows antitumor activity114 
and due to their structure, it9s also used to developed and preparation of antineoplastic agents.115 
Compound of carbazole 271, shows cytostatic activity against leukemia type L 1210 cell culture,116 

and benzo[b]carbazols derivative 272, play variety of role in organic light-emitting diodes 
(OLEDs)117 and derivative 273, is used in the form of intercalating agent as a bifunctional nucleic 
acid.118  
      Benzo[b]carbazols derivative 274, shows activeness in vitro anticancer activity119 and 
derivative 275, in which indole in on C-6  position was observed in Aβ1−40 aggregation inhibitor, 
that9s why it will be or may be beneficial for the cure progressive neurodegenerative diseases.120 

TCTA(279) possess three carbazole units and CBP6(276) possess two carbazole units has high 
energy with  very well hole conductivity and for this reason it9s useful in organic light-emitting 
diodes (OLEDs) for host material.121 Midostaurin 277, is an FDA approved drug is useful for the 
treatment of acute myeloid leukemia Mutations122 and 4CzlPN 278, shows photoelectronic activity 
and its applicable in photochemical reaction carried out in visible-light.123 
Some synthesis for this heterocycle are to date described.124 However, one of main disadvantages 
of these procedures is the costly and low-yielding aspects form which they lack. 
 

 

111. Zhang, Y.; Peng, F.; He, R.; Ying, L.; Yang, W.; Cao, Y. New J. Chem. 2018, 42, 2750-2757. 
112. Keruckienė, R.; Volyniuk, D.; Bezvikonnyi, O.; Masimukku, N.; Ivaniuk, K.; Stakhira, P.; Gražulevičius, 

J.V. Dyes Pigm. 2018, 154, 145-154. 
113.  Ravichandran, P.; Santhosh Kumar, P.; Vasanth Kumar, S. J. Saudi. Chem. Soc. 2017, 21, 35-41. 
114.  Miller, C. M.; McCarthy, F. O. RSC Adv. 2012, 2, 8883 and references cited therein. 
115.  Asche, C.; Frank, W.; Albert, A.; Kucklaender, U. Bioorg. Med. Chem. 2005, 819. 
116.  Gribble, G. W.; Saulnier, M. J. Chem. Soc., Chem. Commun. 1984, 168. 
117. A few selected examples: (a) Levick, M. T.; Coote, S. C.; Grace, I.; Lambert, C.; Turner, M. L.; Procter, D. 

J. Org. Lett. 2012, 14, 5744. (b) Balandier, J.-Y.; Henry, N.; Arlin, J.-B.; Sanguinet, L.; Lemaur, V.; Niebel, 
C.; Chattopadhyay, B.; Kennedy, A. R.; Leriche, P.; Blanchard, P.; Cornil, J.; Geerts, Y. H. Org. Lett. 2013, 
15, 302. (c) Hu, N.-X.; Xie, S.; Popovic, Z.; Ong, B.; Hor, A.-M. J. Am. Chem. Soc. 1999, 121, 5097.  

118.  Pindur, U.; Haber, M.; Sattler, K. J. Chem. Educ. 1993, 70, 263. 
119.  Asche, C.; Frank, W.; Albert, A.; Kucklaender, U. Bioorg. Med. Chem. 2005, 13, 819. 
120.  Carter, M. D.; Weaver, D. F.; Jacobo, S. M. H. WO058402 A1. 2008. 
121.  (a) Thelakkat, M.; Schmitz, C.; Hohle, C.; Strohriegl, P.; Schmidt, H.-W.; Hofmann, U.; Schloter, S.; Haarer,  

D. Phys. Chem. Chem. Phys. 1, 1693-1698. (b) Smith, C. J.; Tsang, M. W. S.; Holmes, A. B.; Danheiser, R. 
K.; Tester, J. W. Org. Biomol. Chem. 2005, 3, 3767−3781. 

122.  Gallogly, M. M.; Lazarus, H. M.; Cooper, B. W. Ther. Adv. Hematol. 2017, 8, 245−261. 
123.  (a) Luo, J.; Zhang, J. ACS Catal. 2016, 6, 873−877. (b) Liu, Y.; Chen, X.-L.; Li, X.-Y.; Zhu, S.-S.; Li, S.-J.;  

Song, Y.; Qu, L.-B.; Yu, B. J. Am. Chem. Soc. 2021, 143, 964−972. 
124.  Mandal, A.; Mondal, S.K.; Jana, A.; Manna, S. K.; Ali, S.A.; Samanta, S. J. Heterocycl. Chem. 2017, 54, 

2529-2535. 
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Figure 9. Importance of carbazoles, benzo[b]carbazols and their derivatives. 
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2.2 Previous work 
      Synthesis of benzo(b)carbazoles, with the help of different catalyst or different routes are as 
discuss bellow. 
      In 1998, Wang and co-worker proposed the formation of 5H-Benzo[b]carbazoles 283, from 
aza-Wittig reaction between 280, and diphenyl ketene 281, generate ketenimine Intermediate 282, 

undergo cycloaromatization give biradical species which is responsible for the formation of 5H-
Benzo[b]carbazoles 283, under reflux condition (scheme 33).125 

 
 

Scheme 33. Synthesis of 5H-Benzo[b]carbazoles 283, from N-[2-(1-Alkynyl)phenyl]ketenimines 

 
      In 2005, Saa´ and co-workers used reported intramolecular dehydro Diels-Alder reactions of 
ynamides and new approach to carbazoles and benzannulated carbazoles. Based on the new 
approach he describe the formation of carbazoles and benzo[b]-, tetrahydrobenzo[b]-, naphtho[1,2-
b]-, naphtho[2,1-b]-, and dibenzo[a,c]carbazoles 285, from starting material 284, via 

intramolecular dehydro Diels-Alder reactions under reflux condition (Eq. 8).126 
 

 
 

 

125.  Shi, C.; Wang, K. K. J. Org. Chem. 1998, 63, 3517-3520. 
126.  Martínez-Esperón, M.F.; Rodríguez, D.; Castedo, L.; Saá, C. Org. lett. 2005. 7, 2213-2216. 
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      In 2013, Wang and co-workers developed the formation of benzo[b]carbazoles and their 
derivatives 288,  from 2-ethynyl-N-triphenylphosphoranylidene anilines 286, and a-diazoketones 
287, via ketenimine under reflux condition (Eq. 9).127 

 

 
 

      In 2015, Wang and co-workers developed the formation of benzo[b]carbazoles derivatives 290, 
from starting material 289, in the presence of iron catalyst via cascade reaction pathway and 1,4-
sulfonyl migration as shown in (Eq. 10).128 

 

 
 

      In 2018, Liu and co-workers proposed the formation of benzo[b]carbazoles derivatives 292, 
from cycloisomerization of ynamides-ynes 291, with the help of gold(I)-catalyst via dehydro-
Diels-Alder-reaction as shown in (Eq. 11).129 

 
 

 

 

 

 

 

 

127.  Xing, Y.; Hu, B.; Yao, Q.; Lu, P.; Wang, Y. Eur. J. Chem. 2013, 19, 12788-12793. 
128.  Boominathan, S. S. K.; Senadi, G. C.; Vandavasi, J. K.; Chen, J. Y. F.; Wang, J. J. Eur. J. Chem. 2015. 21, 

3193-3197. 
129.  Xu, W.; Wang, G.; Xie, X.; Liu, Y. Org. lett. 2018. 20, 3273-3277. 
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2.3 Our Proposal 
      Herein we propose a novel alternative bases upon the Au(I) chemistry that has been 
demonstrated to be an excellent high-yielding alternative to the common Pd- or Cu catalyzed 
processes. Our strategy implicates the novel propargyl migration, which has as precedent the allyl 
migration130 in this class of cycloisomerization reaction (scheme 34). 
 

 
 

Scheme 34. Our proposed synthesis of benzo[b]carbazols. 
 

 

130.  Uemura, M; Watson, I. D. G.; Toste, F. D. J. Am. Chem. Soc. 2009, 131, 3464-3465. 
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      Our proposal starts with the tertiary aniline 293, which is submitted in gold catalysis. First step 
is the cyloisomerization to yield the corresponding indol-3-carbene 296, that can follows two 
pathways. In Pathway A the benzyl group migrates to position 2 of indole, further 
cycloisomerization and aromatization gives the corresponding 11- methylbenzo[b]carbazole 294. 
On the other hand, in pathway B, the benzylgroup migrates to the position 3, the following 
cycloisomerization and aromatization yields the corresponding 6-methylbenzo[b]carbazole 295. 
 
2.4 Objectives 

• Firstly, Based on our proposal, we will synthesized tertiary aniline as a starting material. 
• We will check migratory aptitude of benzyl group. Based on electron donating (-OMe,      

-Me) and withdrawing substituents (-F, -NO2) on benzyl group. 
• We will developed methodology based on tandem process via cyclization/migration/ 

cyclization. 
 
2.5 Experimental Results and discussion 
      Initially, we start to prepare starting material based on proposal. Firstly, we prepared 4-
nitrobenzyl bromide 305, from 4-nitrobenzaldehyde 303, based on documented procedure. 
Benzaldehyde reduction by NaBH4 to give alcohol 304, followed by alcohol 304, is convert into 
4-nitro benzylbromide 305, by using PPh3 and CBr4. Then, we prepared N-(4-Nitrobenzyl)-2-
iodoaniline 307, from 2-iodo aniline 306, and 4-nitro benzylbromide 305, in the presence of 
NaHCO3-(2 equi) (scheme 35), and this procedure is also documented.131 
 

 
Scheme 35. Synthesis of N-(4-Nitrobenzyl)-2-iodoaniline. 

 
      After the preparation of N-(4-Nitrobenzyl)-2-iodoaniline 307, we start to prepare 
((Trimethylsilyl)-ethynyl)benzyl bromide 310, from 2-Iodo benzyl alcohol 308, by sonogashira 
reaction using trimethylsilylacetylene, PdCl2(PPh3)2, CuI, and triethyl amine gives compound 309, 

 

131. Chen, Z.; Li, H.; Cao, G.; Xu, J.; Miao, M.; Ren, H. Synlett, 2017, 28, 504-508. 
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and compound 309, alcohol is convert into,  ((Trimethylsilyl)ethynyl)benzyl bromide 310, with 
the help of NBS and PPh3 as per the documented procedure.132 

      Once we prepared ((Trimethylsilyl)ethynyl)benzyl bromide 310, at the end we use 
((Trimethylsilyl)ethynyl)benzyl bromide 310, for the benzylation on N-(4-Nitrobenzyl)-2-
iodoaniline 307, by using K2CO3  to form TMS-deprotected tertiary aniline 311, (scheme 36). Due 
to the deprotection of TMS, we failed to prepare tertiary aniline starting material as per our 
proposal. 
 

 
 

Scheme 36. Synthesis of tertiary aniline 311, from 307, and 310. . 
 

      After the deprotection of TMS in tertiary aniline 311, we change strategy and prepared 2-iodo 
benzylbromide 312, from 2-iodo benzyl alcohol 308, with the help PBr3 based on documented 
procedure.133 
      We use this 2-iodo benzylbromide 312, for benzylation on N-(4-Nitrobenzyl)-2-iodoaniline 

307, by using K2CO3 (scheme 37). But unfortunately, we don9t get tertiary aniline product from 
this reaction, and we conclude that due to the -NO2 Substituent on N-(4-Nitrobenzyl)-2-iodoaniline 

307, disfavor for benzylation. 

 

132.  a) Albano, G., Morelli, M. and Aronica, L.A.  Eur. J. Org. Chem. 2017, 2017, 3473-3480. b) Ichikawa, Y., 
Nishimura, T. and Hayashi, T. Organometallics, 2011 30, 2342-2348. 

133. Landge, K.P.; Jang, K.S.; Lee, S.Y.; Chi, D.Y. J. Org. Chem. 2012, 77, 5705-5713. 
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Scheme 37. Synthesis of tertiary aniline 313, from 307, and 312. 
 
      Based on the above experiment and conclusion again we change the strategy. Based on the 
previous procedure131 we prepared benzylated compound 314, from 2-iodoaniline 306, and 2-iodo 
benzylbromide 312, with help of NaHCO3. Once we get benzylated compound 314, we use 4-nitro 
benzylbromide 305, for benzylation on compound 314, by using base K2CO3 (scheme 38). But 
this time also we don9t get tertiary aniline compound as a starting material based on our proposal. 
In this experiment we conclude may be bulky benzylbromide group with electron withdrawing 
NO2-substituent disfavor for bis-benzylation. 
 

 
 

Scheme 38. Synthesis of tertiary aniline 313, from 314, and 305. 
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      According to above pathway and conclusion we use ethyl bromide 315, for ethylation on 
benzylated compound 314, with the help of strong base Sodium hydride (NaH). But this time also             
we don9t get tertiary aniline product. Again, we conclude steric hindrance in benzylated compound 
314, due to iodine substituents interfere and create steric hindrance in compound 314 (Eq. 12). 

 
      As per the above conclusion and experience we decided to apply sonogashira reaction on 
compound 314, by using trimethylsilylacetylene, PdCl2(PPh3)2, CuI, and triethyl amine as per the 
above procedure to give compound 317 (Eq. 13). 

 
      Once we get compound 317, we use ethylbromide for ethylation on compound 317, with the 
help of strong base sodium hydride (NaH). But this time also we don9t get tertiary aniline as a 
starting material (Eq. 14). 

 
      We also use diaryliodonium salt for arylation on compound 317, with the help of base 
potassium tertiary butoxide, but here also we don9t get tertiary aniline product (Eq. 15). 
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      After the above experimental and many pathway trials we make strategy to prepare tertiary 
aniline 324, to check cyclization and migration. Based on this strategy we get tertiary aniline 
324, as a starting material different from our proposal as in bellow (scheme 39). 
 
Starting Material Preparation 
 

 
 

Scheme 39. Synthesis of tertiary-aniline 324. 
 

      According to above scheme 39. Tertiary aniline 324, preparation start from 2-iodoaniline 306, 
in which methylation134 take place with the help of methyl bromide and sodium hydride as a strong 
base to give compound 320. Compound 320, undergo benzylation135 by benzylbromide 321, to 
give compound 322. Then, Sonogashira reaction by using trimethylsilylacetylene, PdCl2(PPh3)2, 
CuI, and triethyl amine on compound 322, to generate compound 323, followed by deprotection136 
of TMS takes place in compound 323, by K2CO3 to formed tertiary aniline 324, as a starting 
material for gold-catalyzed reaction as shown in scheme 40. This starting material preparation 
procedure of each step has been almost documented. 
 

 
 

Scheme 40. Gold(I)-catalyzed sequential indole formation-benzyl migration. 
 

 

134.  Chung, H.; Kim, J.; González-Montiel, G.A.; Ha-Yeon Cheong, P.; Lee, H.G. Org. Lett. 2021, 23, 1096-
1102. 

135.  Solé, D.; Vallverdú, L.; Solans, X.; Font-Bardia, M.; Bonjoch, J. Organometallics, 2004, 23, 1438-1447. 
136.  Chen, D.F., Han, Z.Y., He, Y.P., Yu, J. and Gong, L.Z., Angew. Chem. Int. Ed., 2012. 51, 12307-12310. 
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      Initial optimization with Tertiary Aniline 324, with 5mol% of (Acetonitrile)[(2-biphenyl)di-
tert-butylphosphine]gold(I) hexafluoroantimonate as Gold(I)-catalyst, in Dry-DCM  or Dry-DCE 
at 23 0C. But unfortunately, we do not get result. 
      According to Gold catalyzed reaction which shown in above scheme 40. Starting material 
tertiary aniline 325, was inserted into Gold(I) catalyst (10 mol%) in Dry-DCE as a solvent at 60 
°C for 20-hour. In this reaction first cyclization was happened with indole formation and the benzyl 
group was migrate to 2 and 3 position of cyclized indole. Benzyl group migrate on 3-position 325, 
is major product than that of migrate on 2-position 326, and we get 2:1 as a ratio of two compound 
with 95% yield which is confirmed by 1H, 13C and NOE spectrum. The migratory aptitude of 
benzyl group is more than methyl group. 
 

 
 

Scheme 41. Plausible reaction mechanism. 
 

      Based on plausible reaction mechanism in scheme 41. Initially, gold(I)-catalyst activate the 
triple bond of tertiary aniline 324, to give complex 327, in which cyclization take place to give 
intermediate 328. Intermediate 328, undergo two types of migration of benzyl group take place. 
Intermediate 328, undergo benzyl migration on third position of indole generate product 325, 

(Path-A), and benzyl migration on second position on indole leads to afford intermediate 328, 
followed by 1,2-H shift takes place in intermediate 329, to formed product 326, (Path-B). 
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2.6 Conclusion 

i) Bis alkylation on 2-iodo aniline with two different substituted benzyl moiety is 
difficult. 
 

 
 

ii) Migratory aptitude of benzyl group is more as compared to methyl group. 
 

 
 
 

 



 

 

Page | 65  
 

iii) Cyclization and migration were take place in same reaction and condition. 
 

 
 

iv) We get first intramolecular cyclized product of benzyl substituted indole with 
excellent yield. 
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2.7 Experimental Section 

(4-nitrophenyl)methanol (304) 

 

 

 

Add sodium borohydride (2 equiv.) slowly to the solution of 4-nitro benzaldehyde 303, in 
methanol with continuous stirring at 0°C. Stir the resulting mixture in an ice bath for 30 minutes 
and 23 0C for 2 hr. Quenched the reaction with cold water and extracted with ethyl acetate and 
water. The combined organic layers were dried with anhydrous Na2SO4. The solvent was 
evaporated under reduced pressure, and the residue was purified by column chromatography (10% 
- 20% EtOAc: hexane) system to give (4-nitrophenyl)methanol 304, (1.39g, 91%) as a yellowish 
solid.  Spectral data were identical to those previously reported.137 1H NMR (500 MHz, CDCl3) δ 
8.21 (d, J = 8.7 Hz, 2H), 7.53 (d, J = 9.0 Hz, 2H), 4.83 (s, 2H).  13C NMR (126 MHz, CDCl3) δ 
148.2, 147.4, 127.1, 123.8, 64.1. 
 
1-(bromomethyl)-4-nitrobenzene (305)  

 

Cool a solution of triphenylphosphine (1.2 equiv.) dissolved in dry CH2Cl2 to 0 °C. Add CBr4 
(1.2 equiv.) slowly over 5 minutes. Dissolve p-nitrobenzyl alcohol ( 1.2 equiv. ) in  dry CH2Cl2 
and added to the reaction mixture. Bring the reaction mixture to room temperature. Stir the reaction 
mixture for 24 hours. After 24 hours, indicate TLC analysis complete consumption of the starting 
material. Concentrate the reaction mixture in vacuo. Add water (20 mL) to the mixture. Extract 
the aqueous layer with EtOAc (3 × 30 mL). Wash the combined organic extracts with water (3 × 
30 mL), brine (2 × 30 mL). Dry the combined organic extracts (Na2SO4). Concentrate the 
combined organic extracts in vacuo. Purify the product by silica gel column chromatography (10% 
EtOAc: hexane) to give 1-(bromomethyl)-4-nitrobenzene 305, (1.11g, 79%). Spectral data were 
identical to those previously reported.137 1H NMR (500 MHz, CDCl3) δ 8.21 (d, J = 8.7 Hz, 2H), 
7.56 (d, J = 8.7 Hz, 2H), 4.52 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 147.8, 144.9, 130.0, 124.2, 
31.0. 

 

 
137 Champagne, P.A., Benhassine, Y., Desroches, J. and Paquin, J.F., Angew. Chem. Int. Ed., 2014. 53, 13835-

13839. 
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2-iodo-N-(4-nitrobenzyl)aniline (307) 

 

 
 

An oven-dried flask was charged with 2-iodoaniline 306 (1 equiv.), the 4-nitrobenzyl bromide (1.2 
equiv.), NaHCO3 (2 equiv.), and DMF. The mixture was stirred at 50 °C under air for 6-12 h. After 
the completion of the reaction (monitored by TLC), the reaction mixture was cooled to ambient 
temperature and 15 mL water was added to the mixture, then extracted by EtOAc for 3 times (3 × 
30 mL). The combined extracts were washed with brine, dried over Na2SO4, and the solvent was 
removed in vacuo to provide a crude product, which was purified by column chromatography on 
silica gel to afford pure product 2-iodo-N-(4-nitrobenzyl)aniline 307. Spectral data were identical 
to those previously reported.131 Yield: 35%; light yellow solid; m.p = 122-124 °C; 1H NMR (500 
MHz, CDCl3) δ 8.20 (d, J = 7.9 Hz, 2H), 7.70 (dd, J = 7.8, 1.5 Hz, 1H), 7.51 (d, J = 8.8 Hz, 2H), 
7.12 (t,  J= 8.5 Hz, 1H), 6.48 (td, J = 7.5, 1.3 Hz, 1H), 6.38 (d, J = 8.1 Hz, 1H), 4.80 (s, 1H), 4.55 
(d, J = 5.9 Hz, 2H).13C NMR (126 MHz, CDCl3) δ 147.4, 146.6, 146.4, 139.3, 129.6, 127.6, 124.1, 
119.7, 111.0, 85.6, 47.8. 
 
(2-((trimethylsilyl)ethynyl)phenyl)methanol (309) 

 

 
 

In a 100 mL three-necked round bottom flask, equipped with reflux condenser and mechanical 
stirrer, 3.36 g (14.4 mmol) of (2-iodophenyl)methanol (308) and 30 mL of distilled Et3N were 
mixed together, then 2.6 mL (18.8 mmol) of trimethylsilylacetylene, 500 mg (0.71 mmol) of 
PdCl2(PPh3)2 and 270 mg (1.42 mmol) of CuI were added to the solution at 0 °C. The resulting 
mixture was left under stirring for 3 h at room temperature, then it was hydrolyzed with a sat-
urated solution of NH4Cl and extracted with CH2Cl2. The combined organic phases were washed 
with brine, dried over anhydrous Na2SO4 and the solvent was removed under vacuum. The crude 
product was purified through column chromatography (SiO2, CH2Cl2) to give 309, as a yellowish 
oil (2.47 g, yield 84%), Spectral data were identical to those previously reported.132a 1H NMR (500 
MHz, CDCl3) δ 7.47 (d, J = 7.6 Hz, 1H), 7.41 (d, J = 6.8 Hz, 1H), 7.33 (td, J = 7.5, 1.3 Hz, 1H), 
7.24 (td, J = 7.6, 1.5 Hz, 1H), 4.82 (d, J = 6.2 Hz, 2H), 0.27 (s, 9H). 13C NMR (126 MHz, CDCl3) 
δ 143.2, 132.5, 129.0, 127.4, 127.3, 121.3, 102.7, 99.7, 64.2, 0.0. 
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((2-(bromomethyl)phenyl)ethynyl)trimethylsilane (310) 

 

 
 

To a solution of 2-(trimethylsilylethynyl)benzyl alcohol 309 (10.0 g, 48.9 mmol) in CH2Cl2 (200 
mL) were added successively PPh3 (13.9 g, 53.0 mmol) and NBS (9.30 g, 52.3 mmol) at 0 °C. 
After stirring for 30 min, the mixture was quenched with brine and extracted with CH2Cl2. The 
organic layer was dried over Na2SO4, filtered, and concentrated under vaccum. The crude product 
was chromatographed on silica gel with hexane to give 310 (11.3 g, 42.3 mmol, 86%) as colorless 
oil. Spectral data were identical to those previously reported.132b 1H NMR (500 MHz, CDCl3) δ 
7.46 (d, J = 5.9 Hz, 1H), 7.41 (d, J = 7.6 Hz, 1H), 7.30 (td, J = 7.6, 1.5 Hz, 1H), 7.24 (dd, J = 7.5, 
1.4 Hz, 1H), 4.67 (s, 2H), 0.29 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 139.8, 132.8, 129.7, 129.1, 
128.4, 123.1, 102.0, 100.8, 31.9, 0.00. 
 

N-(2-ethynylbenzyl)-2-iodo-N-(4-nitrobenzyl)aniline (311) 

 

An oven-dried flask was charged with 2-iodo-N-(4-nitrobenzyl)aniline 307, (1 equiv.), the ((2-
(bromomethyl)phenyl)ethynyl)trimethylsilane 310, (1.2 equiv.), K2CO3 (2 equiv.), and MeCN. 
The mixture was stirred at 50 °C under air for 1.5 day. After the completion of the reaction 
(monitored by TLC), the reaction mixture was cooled to ambient temperature and 15 mL water 
was added to the mixture, then extracted by EtOAc for 3 times (3 × 30 mL). The combined extracts 
were washed with brine, dried over Na2SO4, and the solvent was removed in vacuo to provide a 
crude product, which was purified by column chromatography on silica gel to afford pure product 
N-(2-ethynylbenzyl)-2-iodo-N-(4-nitrobenzyl)aniline 311, (7mg, 5%). 1H NMR (500 MHz, 
CDCl3) δ 8.12 (d, J = 8.8 Hz, 2H), 7.88 (dd, J = 7.9, 1.5 Hz, 1H), 7.63 (d, J = 6.8 Hz, 1H), 7.54 
(d, J = 8.8 Hz, 2H), 7.46 (d, J = 6.1 Hz, 1H), 7.31 (t, J= 6.1 Hz, 1H), 7.20 (t, J = 7.8 Hz, 2H), 6.96 
(dd, J = 8.1, 1.5 Hz, 1H), 6.80 (td, J = 7.6, 1.5 Hz, 1H), 4.38 (s, 2H), 4.28 (s, 2H), 3.22 (s, 1H). 
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1-(bromomethyl)-2-iodobenzene (312) 

 

A stirred sample of commercially available 2-iodobenzyl alcohol 308, (5.00 g, 21.4 mmol) in THF 
(25 mL) at 0 °C under Ar was treated with PBr3 (1.2 mL, 12.8 mmol). The reaction mixture was 
stirred at 0 °C for 30 min. Quenched the reaction by Adding cold water (20 mL) to the mixture. 
Extract the aqueous layer with EtOAc (3 × 30 mL). Wash the combined organic extracts with water 
(3 × 30 mL), brine (2 × 30 mL). Dry the combined organic extracts (Na2SO4). Concentrate the 
combined organic extracts in vacuo. concentrated under reduced pressure to provide the crude 
product. Flash column chromatography (SiO2, 30% EtOAc/hexanes) afforded 312 (6.50 g, 98%) 
as a yellow solid: mp 56−60 °C; Spectral data were identical to those previously reported.133 1H 
NMR (500 MHz, CDCl3) δ 7.85 (d, J = 7.9 Hz, 1H), 7.47 (dd, J = 7.7, 1.6 Hz, 1H), 7.33 (t, J = 7.4 
Hz, 1H), 6.97 (td, J = 7.7, 1.7 Hz, 1H), 4.60 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 140.3, 140.2, 
130.6, 130.2, 129.0, 100.1, 38.9. 

2-iodo-N-(2-iodobenzyl)aniline (314) 

 

An oven-dried flask was charged with 2-iodoaniline (1 equiv.), the 2-iodobenzyl bromide 312 (1.2 
equiv.), NaHCO3 (2 equiv.), and DMF. The mixture was stirred at 50 °C under air for 4-12 h. After 
the completion of the reaction (monitored by TLC), the reaction mixture was cooled to ambient 
temperature and 15 mL water was added to the mixture, then extracted by EtOAc for 3 times (3 × 
30 mL). The combined extracts were washed with brine, dried over Na2SO4, and the solvent was 
removed in vacuo to provide a crude product, which was purified by column chromatography on 
silica gel to afford pure product 2-iodo-N-(2-iodobenzyl) aniline 314 (85mg mg, 43%).  1H NMR 
(500 MHz, CDCl3) δ 7.87 (d, J = 7.8 Hz, 1H), 7.69 (dd, J = 7.8, 1.5 Hz, 1H), 7.30 (d, J = 4.2 Hz, 
2H), 7.14 (td, J=  7.5, 1.5, 1H), 6.98 (m, 1H), 6.44 (m, 2H), 4.78 (s, 1H), 4.38 (d, J = 5.6 Hz, 2H). 

2-((trimethylsilyl)ethynyl)-N-(2-((trimethylsilyl)ethynyl)benzyl)aniline (317) 
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In 25ml Round bottom flask equipped with reflux condenser and mechanical stirrer 2-iodo-N-(2-
iodobenzyl) aniline 314 (1 equiv.) and distilled Et3N were mixed together, then (2.4 equiv.) of 
trimethylsilyl acetylene, (0.10 equiv.) of PdCl2(PPh3)2 and (0.6 equiv.) of CuI were added to the 
solution at 23 °C. The resulting mixture was left under stirring for 3-6 h at 50 0C, then it was 
hydrolyzed with a sat-urated solution of NH4Cl and extracted with EtOAc. The combined organic 
phases were washed with brine, dried over anhydrous Na2SO4 and the solvent was removed under 
vacuum. The crude product was purified through column chromatography to give 317 (138mg, 
80%). 1H NMR (500 MHz, CDCl3) δ 7.50 (d, J = 7.4 Hz, 1H), 7.37 (d, J = 7.7 Hz, 1H), 7.30 (m, 
2H), 7.21 (t, J = 7.4 Hz, 1H), 7.13 (td, J= 7.8, 1.7 Hz, 1H), 6.61 (t, J = 7.5 Hz, 1H), 6.51 (d, J = 
8.2 Hz, 1H), 5.12 (s, 1H), 4.58 (s, 2H), 0.24 (s, 18H). 13C NMR (126 MHz, CDCl3) δ 149.3, 141.2, 
132.5, 132.2, 130.3, 129.0, 126.9, 126.8, 121.8, 116.5, 109.9, 107.5, 102.5, 102.1, 100.5, 100.2, 
46.3, 0.27, 0.1. 

2-iodo-N-methylaniline (320) 

 

 
 

A round-bottom flask equipped with a magnetic stirrer bar was charged with 2-iodoaniline 306 
(12.0 mmol) and NaH (60% in mineral oil, 40.0 mmol) dissolved in THF (30 mL). The resulting 
mixture was stirred at 0 °C for 30 min. Then iodomethane (10.0 mmol) was added dropwise for 
10 min and left the reaction for 12 h at 23 0C. The reaction mixture was quenched with water and 
the organic layer was extracted with ethyl acetate (3 x 30 mL). The combined extracts were washed 
with brine, dried over Na2SO4, concentrated under reduced pressure and purified by flash column 
chromatography to give product 2-iodo-N-methylaniline 2.12 g (91%) 320.   Colorless oil. Spectral 
data were identical to those previously reported.134 1H NMR (500 MHz, CDCl3) δ 7.68 (dd, J = 
7.7, 1.7 Hz, 1H), 7.26 (dd, J = 15.4, 1.7 Hz, 1H), 6.57 (d, J = 8.2 Hz, 1H), 6.47 (t, J = 7.4 Hz, 1H), 
4.22 (s, 1H), 2.90 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 148.2, 138.9, 129.5, 118.5, 110.1, 85.2, 
31.0. 
N-benzyl-2-iodo-N-methylaniline (322) 

 

 
 

To a solution of 2-iodo-N-methylaniline (0.7 g, 3.0 mmol) 320, in acetonitrile (50 mL) were added 
benzyl bromide (1.43 mL, 12.0 mmol), K2CO3 (3.32 g, 24.0 mmol), and the mixture was heated at 
reflux for 24 h. The solvent was evaporated, and the residue was partitioned between CH2Cl2 and 
water. The organic extracts were dried and concentrated, and the residue was purified by 
chromatography (SiO2, from hexane to 1:1 hexane-EtOAc) to give aniline 322, as an oil. Yield: 
858 mg, 85%. Spectral data were identical to those previously reported.135 1H NMR (500 MHz, 
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CDCl3) δ 7.88 (dd, J = 7.8, 1.5 Hz, 1H), 7.46 (d, J = 7.6 Hz, 2H), 7.30 (m, 4H), 7.10 (dd, J = 8.0, 
1.6 Hz, 1H), 6.81 (td, J = 7.5, 1.5 Hz, 1H), 4.12 (s, 2H), 2.62 (s, 3H). 13C NMR (126 MHz, CDCl3) 
δ 154.2, 140.2, 138.3, 129.1, 128.8, 128.3, 127.2, 125.6, 122.4, 98.7, 61.2, 41.7.  

 

N-benzyl-2-ethynyl-N-methylaniline (324)  

 

 
 

To a solution of 323 (1 equiv.) in MeOH was added K2CO3 (2 equiv.). After being stirred at room 
temperature for 12 h, the mixture was concentrated to the minimum volume and diluted with 
dichloromethane, washed with brine, dried, filtered and concentrated in vacuo. The residue was 
purified through flash column chromatography (hexane and ethyl acetate) to afford, after 
concentration and high vacuum-drying, the final product 324.(180mg, 80% yield), light yellow oil. 
Spectral data were identical to those previously reported.136 1H NMR (500 MHz, CDCl3) δ 7.42 
(d, J = 7.6 Hz, 1H), 7.31 (d, J = 7.0 Hz, 2H), 7.24 (d, J = 7.6 Hz, 2H), 7.18 (m, 2H), 6.83 (m, 2H), 
4.42 (s, 2H), 3.28 (s, 1H), 2.67 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 154.8, 138.8, 135.1, 129.8, 
128.4, 128.3, 127.1, 120.9, 118.4, 114.7, 82.9, 82.8, 60.3, 39.4. 
 
3-benzyl-1-methyl-1H-indole and 2-benzyl-1-methyl-1H-indole (325 & 326) 

 

 
 

To a solution of  N-benzyl-2-ethynyl-N-methylaniline 324 , in Dry-DCE added gold(I)-catalyst 
(10 mol%) at 60 °C for 20-hour. the mixture was concentrated to the minimum volume and diluted 
with dichloromethane, washed with brine, dried, filtered and concentrated in vacuo. The residue 
was purified through flash column chromatography (2% hexane and ethyl acetate system) to afford 
325 and 326. 47.5mg, 95% yield, Pale yellow oil. Product 325 NMR data matches to Spectral data 
were identical to those previously reported.138 1H NMR (500 MHz, CDCl3) δ 7.52 (dd, J = 17.1, 
7.9 Hz, 2H), 7.26 (m, 9H), 7.16 (m, 5H), 7.05 (m, 2H), 6.73 (s, 1H), 6.27 (s, 1H), 4.13 (s, 1H), 
4.09 (s, 2H), 3.71 (s, 3H), 3.54 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 141.5, 139.2, 138.5, 137.8, 

 
138 Porcheddu, A., Mura, M.G., De Luca, L., Pizzetti, M. and Taddei, M., Org. lett.,  2012. 14, 6112-6115. 
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130.4, 128.8, 128.7, 128.4, 127.9, 127.9, 127.2, 126.6, 126.6, 125.9, 125.7, 121.7, 121.0, 120.3, 
120.1, 119.5, 119.4, 119.3, 118.9, 114.4, 109.4, 109.2, 108.9, 101.3, 33.5, 32.7, 31.6, 29.8. 
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Chapter 3. 

<Iodine(III)-Mediated Electrophilic Chlorination and 
Catalytic Nitration of N-Tosyl Anilines Under a Common 

Strategy= 
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3.1 Introduction 
 
      Chlorinated139 and nitrated anilines140 are an important class of organic compounds. In one 
side, chloroanilines are present in N-glucosides plant metabolites,141 dyes, cosmetics, 
pharmaceuticals and herbicides;142 they also display biological activities such as antiprotozoal,143 
receptor tyrosine kinase (RTK) inhibitors,144 and as useful building blocks in organic synthesis.145 
On the other hand, nitroanilines are important in materials science as a highly relevant push-pull 
molecules in non-linear optics,146 photoluminescence,147  synthesis of dyes148 and explosives.149 
The nitroaniline core serves as a building block in the pharmaceutical industry,150 as reagents for 
diazotization in assays of proteases,151 as prodrug-type in neuramidase-triggered activation,152 
metabolic products of PhEBfx against T. cruzi,153 and slow releasers of the endothelial relaxer 
nitric oxide (NO).154  

Concerning their synthesis, to date, some procedures have been described for the introduction of 
the chlorine and nitro groups into the functionalized aniline moiety as anilide or 
benzenesulfonamide. For the case of chlorination, several metal-free procedures involving the use 
of NCS155 (in combination with TMSCl156 or thioureas157), alkyl ammonium chlorides in acid 

 
139 (a) K. Naumann. Pest Manag Sci. 2000, 56, 3-21. (b) M. Z. Hernandes, S. M. T. Cavalcanti, D. R. M. Moreira, 
Curr. Drug Targets. 2010, 11, 303-314. 
140 (a) N. Ono, The Nitro Group in Organic Synthesis; Wiley-VCH: New York, 2001. (b) K.-S. Ju, R. E. Parales, 
Microbiol. Mol. Biol. Rev. 2010, 74, 250-272. (c) K. J. Indest, J. O. Eberly, D. E. Hancock, J. Gen. Appl. Microbiol. 
2015, 61, 217-223. (d) J. C. Spain, Annu. Rev. Microbiol. 1995, 49, 523-555. 
141 R. Winkler, H. Sandermann, J. Agric. Food Chem. 1992, 40, 2008-2012. 
142 A.S. Vangnai,  W. Petchkroh, FEMS Microbiol. Let. 2007, 268, 209-216. 
143 C. Eberle, J. A. Burkhard, B. Stump, M. Kaiser, R. Brun, R. L. Krauth-Siegel, F. Diederich, ChemMedChem. 2009, 
4, 2034-2044. 
144 A. Gangjee, S. Kurup, M. A. Ihnat, J. E. Thorpe, S. S. Shenoy, Bioorg. Med. Chem. 2010, 18, 3575-3587.  
145 Y. Zou, J. E. Melvin, S. S. Gonzales, M. J. Spafford, A. B. Smith III, J. Am. Chem. Soc. 2015, 137, 7095-7098. 
146 (a) C. C. Teng, A. F. Garito, Phys. Rev. 1983, 28, 6766. (b) D. M. Bishop, B. Champagne, B. Kirtman, J. Chem. 
Phys. 1998, 109, 9987-9994. (c) H. Reis, M. G. Papadopoulos, P. Calaminici, K. Jug, A. M. Koster, Chem. Phys. 2000, 
561, 359-371. 
147 (a) C. J. Seliskar, O. S. Khalil, S. P. McGlynn, Excited States, 1974, 1, 231-294. (b) M. M. Szostak, B. 
Kozankiewicz, J. Lipinski, Acta A Mol. Biomol. Spectrosc. SPECTROCHIM ACTA A. 2007, 67, 1412-1416. 
148 (a) C. J. Agudelo-Morales, O. F. Silva, R. E. Galian, J. Perez-Prieto, ChemPhysChem, 2012, 13, 4195-4201. (b) L. 
Hermosilla, M. C. Rezende, V. G. Machado, R. I. Stock, Spectrochimica Acta Part A: Molecular and Biomolecular 
Spectroscopy. 2017, 173, 556-561. 
149 (a) P. R. Lee, J. A. Zukas, W. P. Walters, 2002, 23-45. (b) R. P. Schwar-zenbach, P. M. Gschwend, D. M. Imboden, 
Environmental Organic Chemistry; Wiley-VCH: New York, 2002. 
150 (a) A. Bhattacharya, V. C. Purohit, V. Suarez, R. Tichkule, G. Parmer.; F. Rinaldi, Tetrahedron Lett. 2006, 47, 1861-
1864. (b) A. N. Gritsenko, Z. I. Ermakova, S. V. Zhuravlev, Chem. Heterocycl. Compd. 1970, 6, 1245-1246. (c) S. 
Radl, P. Hezky, J. Proska, I. Krejci, Arch. Pharm. Pharm. Med. Chem. 1999, 332, 13-18. (d) Gerald Booth. Ullmann’s 
Encyclopedia of Industrial Chemistry. Weinheim: Wiley-VHC. 2007. 
151 M. J. Lee, J. H. Anstee, Anal. Biochem.1994, 218, 480-482. 
152 T. Matsushita, M. N. Danyel, T. Koyama, K. Hatano, K. Matsuoka, Bioorg. Med. Chem. Lett. 2020, 30, 126883. 
153 M. Boiani, A. Merlino, A. Gerpe, W. Porcal, F. Croce, S. Depaula, M. A. Rodríguez, H. Cerecetto, M. González, 
Xenobioteca. 2009, 39, 236-248. 
154 (a) P. Chauhan, N. Yan, Carbohydr. Polym. 2017, 174, 1106-1113. (b) A. R. Badour, J. A. Wisniewski, D. K. 
Mohanty, P. J. Squattrito, Acta Crystallogr. C. 2016, 72, 405-410. 
155 R. S. Neale, R. G. Schepers, M. R. Walsh, J. Org. Chem. 1964, 29, 3390-3393. 
156 T. Maibunkaew, C. Thongsornkleeb, J. Tummatorn, A. Bunrit, S. Ruchirawat, Synlett. 2014, 25, 1769-1775. 
157 A. N. Dinh, S. M. Maddox, S. D. Vaidya, M. A. Saputra, C. J. Nalbandian, J. L. Gustafson, J. Org. Chem. 2020, 
85, 13895-13905. 
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media,158 oxidation of the chloride anion (with Oxone159 or m-CPBA160) and N-chloro 
sulfonamide-based reagents (CFBS161 or CMOBSA162) have been reported. The metal-catalyzed 
chlorination has been mainly described with Cu,163 Pd164 or Fe165. In this work, only two protocols 
using iodine(III)-based reagents166 have been described by Swada,167 and Chandrasekharam.168 For 
the nitration of anilides or benzenesulfonamides, different metal-free protocols involving the use 
of nitrocyclohexadienones,169 ionic liquids [Msim]NO3,170 montmorillonite clay,171 urea nitrate172 
or via the formation of the aniline nitric salts-H2SO4 are found in the literature.173 Also, nitration 
of anilides or benzenesulfonamides using the nitrite group present in tBuONO2

174 and pyridinium 
salts,175 or by oxidizing the NaNO2 with Oxone,176 or under photocatalytic conditions with RFTA 
(riboflavin tetraacetate) at 455 nm,177 are the most representative protocols. Other metal-catalyzed 
nitration procedures imply the use of Cu,178 Fe,179 Bi,180 Ag,181 and Ni.182 Regarding this report, 
the nitration of benzenesulfonamides using iodine(III) reagents is restricted to a single report by 
Nachtsheim183 using stoichiometric amounts of PIFA (Scheme 42). 

 

 
158 (a) X. Bao, J. Yao, H. Zhou, G. Xu, Org. Lett. 2017, 19, 5780-5782. (b) X. Xiong, Y. Y. Yeung, Angew. Chem. Int. 
Ed. Engl. 2016, 55, 16101-16105. 
159 V. M. Lakshmireddy, Y. Naga Veera, T. J. Reddy, V. J. Rao, B. China Raju, Asian J. Org. Chem. 2019, 8, 1380-
1384. 
160 C. Y. Chen, G. C. Senadi, M. C. Liu, J. J. Wang, ChemistrySelect. 2016, 1, 2207-2211. 
161 Z. Lu, Q. Li, M. Tang, P. Jiang, H. Zheng, X. Yang, Chem Commun. 2015, 51, 14852-14855. 
162 X. Pu, Q. Li, Z. Lu, X. Yang, Eur. J. Org. Chem. 2016, 2016, 5937-5940. 
163 (a) B. Urones, A. M. Martínez, N. Rodríguez, R. G. Arrayas, J. C. Carretero, Chem. Commun. 2013, 49, 11044-
11046. (b) H. Wang, K. Wen, N. Nurahmat, Y. Shao, H. Zhang, C. Wei, Y. Li, Y. Shen, Z. Sun, Beilstein J. Org. Chem. 
2012, 8, 744-748. 
164 a) H. Shi, P. Wang, S. Suzuki, M. E. Farmer, J. Q. Yu, J. Am. Chem. Soc. 2016, 138, 14876-14879. b) S. Xiuyun, 
S. Gang, S. Yonghui, R. Yu, Angew. Chem. Int. Ed. 2013, 52, 4440-4444. 
165 M. A. Mostafa, R. M. Bowley, D. T. Racys, M. C. Henry, A. Sutherland, J. Org. Chem. 2017, 82, 7529-7537. 
166 M. Wang, Y. Zhang, T. Wang, C. Wang.; D. Xue, J. Xiao, Org. Lett. 2016, 18, 1976-1979.  
167 K. Yamamoto, S. Kamino, D. Sawada, Tetrahedron Lett. 2017, 58, 3936-3938. 
168 B. Vinayak, P. V. Ravindrakumar, D. V. Ramana, M. Chandrasekharam, New J. Chem. 2018, 42, 8953-8959. 
169 M. Lemaire, A. Guy, P. Boutin, J. P. Guette, Synthesis, 1989, 1989, 761-763. 
170 M. A. Zolfigol, A. Khazaei, A. R. Moosavi-Zare, A. Zare, H. G. Kruger, Z. Asgari, V. Khakyzadeh, M. Kazem-
Rostami, J. Org. Chem. 2012, 77, 3640-3645. 
171 S. K. Bharadwaj, P. K. Boruah, P. K. Gogoi, Catal. Commun. 2014, 57, 124-128. 
172 T. P. Sura, M. M. V. Ramana, N. A. Kudav, Synth. Commun. 1988, 18, 2161-2165. 
173 P. Zhang, M. Cedilote, T. P. Cleary, M. E. Pierce, Tetrahedron Lett. 2007, 48, 8659-8664. 
174 (a) B. Kilpatrick, M. Heller, S. Arns, Chem. Commun. 2013, 49, 514-516. (b) P. Chaudhari, S. Gupta, N. Sabieh, J. 
Kandasamy, J. Org. Chem. 2018, 84, 104-119. 
175 P. Natarajan, R. Chaudhary, N. Rani, P. Venugopalan, Tetrahedron Lett. 2020, 61, 151529. 
176 Y. X. Li, L. H. Li, Y. F. Yang, H. L. Hua, X. B. Yan, L. B. Zhao, J. B. Zhang, F. J. Ji, Y. M. Liang, Chem. Commun. 
2014, 50, 9936-9938. 
177 S. J. Düsel, B. König, J. Org. Chem. 2018, 83, 2802-2807. 
178 (a) E. Hernando, R. R. Castillo, N. Rodríguez, R. Gómez Arrayás, J. C. Carretero, Chem. Eur. J. 2014, 20, 13854-
13859. (b) P. Sadhu, S. K. Alla, T. Punniyamurthy, J. Org. Chem. 2015, 80, 8245-8253. (c) B. Vinayak, M. 
Chandrasekharam, Org. Lett. 2017, 19, 3528-3531. 
179 (a) V. Botla, D. V. Ramana, B. Chiranjeevi, M. Chandrasekharam, ChemistrySelect. 2016, 1, 3974-3978. (b) Y. 
Gao, Y. Mao, B. Zhang, I. Zhan, Y. Huo, Org. Biomol. Chem. 2018, 16, 3881-3884. 
180 Y. Lu, Y. Li, R. Zhang, K. Jin, C. Duan, Tetrahedron, 2013, 69, 9422-9427. 
181 N. Iranpoor, H. Firouzabadi, N. Nowrouzi, D. Firouzabadi, Tetrahedron Lett. 2006, 47, 6879-6881. 
182 Tasneem, M. M. Ali, K. C. Rajanna, P. K. Saiparakash, Synth. Commun. 2001, 31, 1123-1127. 
183 U. Kloeckner, B. J. Nachtsheim, Chem. Commun. 2014, 50, 10485-10487. 
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Scheme 42. Known procedures for the chlorination and nitration of N-aryl sulfonamides using 
iodine(III) reagents. 
 
As part of our research on iodine(III) chemistry184 we focused our work in the oxidative 
functionalization185 of aromatic derivatives186 to get compounds mainly with biological 
importance.187  Thus, considering the relevance of chloroaniline as well as the nitroaniline core, 
the design of procedures that avoid the harsh conditions described for the synthesis of both nuclei, 
especially the acidic nitration, is currently an interesting challenge to complete. In this regard, we 
envisioned the development of a mild and non-Brønsted-acidic protocol for the chlorination and 
nitration of N-tosyl anilines. We based our strategy in the application of our recent methods which 
use commercially available iodine(III) reagents188 in synergistic combination with different 
aluminum salts.189 By employing an aluminum salt as a common strategy, we showed that the 
formation of an ionic pair enabled the introduction of chlorine as the functional group.  

 
184 (c) L. A. Segura-Quezada, K. R. Torres-Carbajal, Y. Satkar, K. A. Juarez-Ornelas, N. Mali, D. B. Patil, R. Gámez-
Montaño, J. R. Zapata-Morales, S. Lagunas-Rivera, R. Ortiz-Alvarado, C. R. Solorio-Alvarado, Mini-Rev. Org. Chem. 
2021, 18, 159-172. (d) L. A. Segura-Quezada, K. R. Torres-Carbajal, K. A. Juarez-Ornelas, R. Ortiz-Alvarado, A. J. 
Alonso-Castro, T. Dohi, C. R. Solorio-Alvarado, Org. Biomol. Chem. 2022, 20, 5009-5034. 
185 B. Yahuaca-Juárez, G. González, M. A. Ramírez-Morales, C. Alba-Betancourt, M. A. Deveze-Álvarez, C. L. 
Mendoza-Macías, R. Ortiz-Alvarado, K. A. Juárez-Ornelas, C. R. Solorio-Alvarado, and K. Maruoka, Synth. 
Commun., 2020. 50, 539-548. 
186 a) Y. Satkar, K. Wrobel, D. E. trujillo-González, R. Ortíz-Alvarado, J. O. C. Jiménez-Halla, and C. R. Solorio-
Alvarado. Front. Chem. 2020, 8, 563470. b) P. D. Nahide and  C. R. Solorio-Alvarado. Tetrahedron Lett., 2017, 58, 
279–284. 
187 a)  P. D. Nahide, C. Alba-Betancourt, R. Chávez-Rivera, P. Romo-Rodríguez, M. Solís-Hernández, L. A. Segura-
Quezada, K. R. Torres-Carbajal, R. Gámez-Montaño, M. A. Deveze-Álvarez, M. A. Ramírez-Morales, A. J. Alonso- 
Castro, J. R. Zapata-Morales, A. J. Ruiz-Padilla, C. L. Mendoza-Macías, V. Meza-Carmen, C. J. Cortés-García, A. R. 
Corrales-Escobosa, R. E. N甃Āñez-Anita, R. Ortíz-Alvarado, L. Chacón-García, C. R. Solorio-Alvarado. Bioorg. Med. 
Chem. Lett., 2022, 63, 128649. b) L. A. Segura-Quezada, K. R. Torres-Carbajal, N. Mali, D. B. Patil, M. Luna-
Chagolla, R. Ortiz-Alvarado, M. Tapia-Juárez, I. Fraire-Soto, J. G. Araujo-Huitrado, A. J. Granados-López, R. 
Gutiérrez-Hernández, C. A. Reyes-Estrada, Y. López-Hernández, J. Adrián López, L. Chacón-García, and C. R. 
Solorio-Alvarado. ACS Omega, 2022, 7, 6944-6955. c) V. Ramadoss, R. Gámez-Montaño, J. R. Zapata-Morales, Á. 
J. Alosno-Castro and C. R. Solorio-Alvarado. Med. Chem. Res. 2019,  28, 473-484. d) V. Ramadoss, Á. J. Alonso-
Castro, N. Campos-Xolalpa, R. Ortiz-Alvarado, B. Yahuaca-Juárez and C. R. Solorio-Alvarado. RSC Adv. 2018, 8, 
30761-30776. e) V. Ramadoss, Á. J. Alonso-Castro, N. Campos-Xolalpa and C. R. Solorio-Alvarado. J. Org. 
Chem. 2018, 83,10627-10635. 
188 (a) P. J. Sarang, V. V. Zhdankin, Chem. Rev. 1996, 96, 1123-1178. (b) V. V. Zhdankin, P. J. Sarang, Chem. Rev. 
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In this work, we present our results using the PIFA/AlCl3 and (PhIO)n/Al(NO3)3 systems which 
allowed us the oxidative electrophilic chlorination and to the best of our knowledge, the first 
catalytic nitration of several N-tosyl anilines. 
 
3.2 Results and Discussion 

We initially sought validation of our hypothesis using 4-chloro-N-tosyl aniline (Table 1).  
Table 1. Optimization of the Iodine(III)-mediated the electrophilic chlorination and the catalytic 
nitration of 4-chloro-N-tosyl anilinea,b 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

Ramírez-Morales, C. R. Solorio-Alvarado, J. Org. Chem. 2019, 84, 4149-4164. (e) A. Segura-Quezada, Y. Satkar, D. 
Patil, N. Mali, K. Wrobel, G. González, R. Zarraga, R. Ortiz-Alvarado, C. R. Solorio-Alvarado, Tetrahedron Lett. 
2019, 60, 1551-1555. 
 

Entry 
IIII source 

(equiv) 

AlX3 source 

(equiv) 
Solvent 

T (°C) t (h) Yield (%)c      
2 / 3 

1 PIFA (1.2) AlCl3 (2.4) MeCN 23 12 n.r. / - - 

2 PIFA (1.2) AlCl3 (2.4) MeCN 50 12 n.r. / - - 

3 PIDA (1.2) AlCl3 (2.4) MeCN 70 12 65 / - - 

4 PIFA (1.5) AlCl3 (2.4) MeCN 70 12 68 / - - 

5 PIFA (1.5) AlCl3 (3.0) MeCN 70 12 74 / - - 

6 PIFA (2.0) AlCl3 (3.0) MeCN 70 12 83 / - - 

7 PIFA (2.0) AlCl3 (3.0) DCE 70 12 c.r.m. / - - 

8 PIFA (2.0) AlCl3 (3.0) THF 70 12 c.r.m. / - - 

9 PIFA (2.0) - - MeCN 70 12 c.r.m. / - - 

10 - - AlCl3 (3.0) MeCN 70 12 0 / - - 

11d,e PhIO (0.3) Al(NO3)3 (0.4) MeCN 23 4 - - / 35 

12 d PhIO (0.3) Al(NO3)3 (0.4) MeCN 50 4 - - / 60 

13 d PhIO (0.6) Al(NO3)3 (0.8) MeCN 50 4 - - / 86 

14 d PhIO (1.2) Al(NO3)3 (1.0) MeCN 50 4 - - / 40 

15 d PIDA (0.6) Al(NO3)3 (0.8) MeCN 50 4 - - / 34 

16 PhIO (0.6) -- MeCN 50 4 - - / n.r. 

17 d -- Al(NO3)3 (0.8) MeCN 50 4 - - / 0 
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a Reaction conditions: 4-chloro-N-tosyl aniline (0.5 mmol), solvent (0.3 M), 50 or 70 ºC, no inert 
atmosphere. b The Ac-, Piv- and (PhO)2P(O)- groups at the N- of aniline were tested, however no 
reaction was found. c Isolated yields. d Al(NO3)3·9H2O was used. e 50% of starting material 
recovered. c.r.m. = complex reaction mixture. n.r. = no reaction observed.  
 

Initial attempts to induce the chlorination were carried out using the simple N-tosyl aniline. 
However, a mixture of o- and p-chlorination was obtained. Therefore, to determine the optimum 
stoichiometry, we started with 4-chloro-N-tosyl aniline 330, as the model system. Based on our 
previous chlorination protocol,[189a] 1.2 equivalents of PIFA and 2.4 equivalents of aluminum 
trichloride did not give the expected product 331, at 23 or 50 °C (entries 1 and 2). By heating at 
70 °C, product 331, in 65% yield was isolated (entry 3). The use of 1.5 equivalents of oxidant and 
3 equivalents of the aluminum salt increased the yield to 74% (entries 4 and 5). However, the best 
result was obtained with 2 equivalents of PIFA and 3 equivalents of aluminum trichloride at 70 °C 
in 12 hrs, to get 83% yield (entry 6). Under these conditions, other solvents (entries 7 and 8), 
including the control experiments (entries 9 and 10), did not afford the desired chlorination. 
Concerning the nitration, our previous report on catalytic nitration[189c] provided the starting 
conditions. Thereby, sub-stoichiometric amounts of the oxidant and the aluminum salt, consisted 
in 0.3 equivalents of polymeric iodosylbenzene (PhIO)n and 0.4 equivalents of aluminum nitrate 
nonahydrate, produced the desired nitrated product in 34% yield at 23 °C. The starting material 
was not fully consumed in 12 hrs (entry 11). Nevertheless, at 50 °C, the nitroaniline 332, was 
obtained in 60% yield (entry 12). The use of a double amount of each reagent, still in sub-
stoichiometric quantities, gave the best result with a 78% of isolated yield (entry 13). To our 
delight, these results indicated the nitration process occurred as expected, in catalytic conditions 
and water tolerant. Increasing the amount of both reagents, or changes of the iodine(III) oxidant 
(entries 14 and 15), or in the control experiments (entries 16 and 17) did not improve the yield. 
The use of aluminum tribromide was also attempted and gave the corresponding brominated 
product. However, large excesses of the oxidant and salt were necessary. In consequence, this 
proposal was ruled out. Thus, with the optimal conditions for chlorination and nitration, we 
proceeded to explore the scope of the reaction (Scheme 43). 
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Scheme 43. Scope of the PIFA/AlCl3-mediated electrophilic chlorination and (PhIO)n/Al(NO3)3-
catalyzed nitration of N-tosyl anilinesa,b 

 

a Reaction conditions: substituted N-tosyl aniline (0.5 mmol), solvent (0.3 M), 50-70 ºC, 4-12 h, 
no inert atmosphere, Al(NO3)3·9H2O was used for nitration reactions. b Isolated yields. c PIFA (3 
equiv) / AlCl3 (5.5 equiv) were used for 1-2 days. d(PhIO)n (1.2 equiv) / Al(NO3)3·9H2O (1.6 equiv) 
were used for 2 days. eGram scale reaction. fRegioselectivity was confirmed by NOESY.  
 



 

 

Page | 81  
 

 

Scheme 44. Energy profile for the chlorination mechanism of N-tosyl aniline using the PIFA/AlCl3 
system calculated at the (SMD:acetonitrile)B97X-D/def2-tzvpp//B97X-D/def2-svpp level. 

Chlorination of simple N-tosyl aniline produced bis-chlorinated 331, in 76% yield. The nitration 
gave a separable mixture of o- 333, and p-nitro-N-tosyl aniline 334, in 46 and 40% yield, 
respectively (grey shadow). Several para-substituted N-tosyl anilines containing the complete 
halogen family and the strong electro-attracting nitro group 335-342, were successfully 
chlorinated, and nitrated in yields ranging from 14 to 85%. The p-iodo- and p-nitro derivatives 
gave from modest to low yields, presumably due to the steric hindrance of the iodine atom and to 
the deactivation by the nitro group. The gram scale chlorination for 331, gave 73% yield while the 
nitration for 332, proceeded with a 34% yield. Other donating groups, such as p-methyl, gave rise 
to chlorinated 343, and nitrated 344, in good yields (62 and 53%). With electron-rich N-tosyl 
anilines containing a p-methoxy group, the mono-chlorinated compound could not be obtained as 
the sole product. Instead, bis-chlorinated 345, was obtained in 58% yield using an excess of 
reagents, and the single nitration to get 346, was achieved in 54% yield (green shadow). The ortho-
chloro, -bromo and -nitro substituted N-tosyl anilines led to the formation of the corresponding 
chlorinated and nitrated products 332, 342, and 347-350, in good to excellent yields (40-76%) with 
exception of o-nitro-N-tosyl aniline that gave lower yields for 332, and 342, (22 and 43%). An 
interesting 3,4-dichlorination and -nitration had place to get 348, and 349, which was confirmed 
by NOESY. The o-NTs- derivative also gave the bis-chlorinated compound 351, in good yield 
(74%). The corresponding nitration gave a complex reaction mixture. This poor performance could 
be the result of several nucleophilic centres that compete for the formed electrophile (blue 
shadow). In the assays, with meta-substituted N-tosyl anilines, again, those containing the m-
methoxy group gave the bis-chlorination product 352, in 86% yield and led to the single nitration 
product 353, in 34% yield. The m-chloro N-tosyl aniline gave the chlorinated and nitrated 
substrates 354, and 355, in 82 and 59% yield (brown shadow). Disubstituted N-tosyl anilines, 
containing the methoxy and nitro groups, gave rise to chlorination and nitration products 356-358 
in modest to good yields (35-51%). Strongly deactivated N-tosyl anilines substituted with the nitro 
and fluor groups did not react under these chlorination conditions. However, nitration of this 
compound gave 359, in 54% yield using an excess of reagents. Chlorination of tetra-substituted 
anilines, possessing 1,2-di-NTs groups, formed 360, in 71% yield, while the nitration gave a 
complex reaction mixture as previously observed for this class of substrate (beige shadow).  
To demonstrate the utility of our protocol, starting from 336, we synthesized the highly deactivated 
bis-nitrated derivative 361, in 49% yield. This compound would be difficult to get by other 
electrophilic aromatic substitution procedures (Eq. 16) 
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Finally, the reaction pathway for the developed chlorination process was elucidated. Our 
theoretical calculations at the (SMD:acetonitrile)B97X-D/def2-tzvpp//B97X-D/def2-svpp 
level allowed us to propose a reaction mechanism. It starts with the coordination of one of the 
trifluoroacetate groups of PIFA to AlCl3. Then, the acetate group dissociates as one of the chloride 
ions is transferred to the iodine simultaneously via transition state TS1 (G1

‡ = 18.9 kcal/mol) to 
give Int-1 which is +2.1 kcal/mol from the reactants (the acetate group evolves into species C). 
Int-1 coordinates to a second AlCl3 unit, which lowers the energy for -22.4 kcal/mol (Int-2). This 
spontaneously dissociates into the ion pair A+ and B- releasing 9.1 kcal/mol, which is the active 
form of the catalyst. At this point, the stage of the reaction with N-tosyl aniline can proceed by 
attacking the ortho- or the para- position of aniline. We calculated both transition states: TS21 (o-
chlorination route) and TS22 (p-chlorination route) for the transfer of a chloronium cation from A+ 
to each position of the aromatic ring, resulting in energy barriers of 22.4 and 19.5 kcal/mol, 
respectively. This energy difference of G2

‡
 = 2.9 kcal/mol is even more notable when comparing 

intermediate Int-31 and Int-32 (G3 = 5.8 kcal/mol), despite this reaction step is exergonic for 
both cases (-4.2 and -10.0 kcal/mol, respectively). Moreover, species B- deprotonated via either 
TS31 (G3

‡ = 27.0 kcal/mol) or TS32 (G2
‡ = 19.4 kcal/mol) which is the largest energy difference 

between both routes (G3
‡ = 13.4 kcal/mol). Preliminarily, we can conclude that the p-

chlorination process is much faster than the o-chlorination reaction. The monochlorination 
products Int-41 and Int-42 are only 1.4 kcal/mol distant. In the second chlorination reaction of 
aniline, there is an inversion of the stabilities when transferring the chloronium cation from A+ 
being Int-51 3.1 kcal/mol more stable than Int-52. Despite TS42 is notably faster (G4

‡ = 6.5 
kcal/mol) than TS41 in this step, we can notice that the next and last deprotonation step, TS51 
becomes lower in energy (G5

‡ = 2.4 kcal/mol) than TS52 to reach the bi-chlorinated product. 
When comparing Int-41→ TS-41 (G‡ = 22.5 kcal/mol, now attacking on the para position) and 
Int-42→TS52 (G‡ = 24.0 kcal/mol, now attacking on ortho position), we can observe that, again, 
the attack on the para position is faster. However, this selectivity is decided from the first 
chlorination on the aniline ring. 
 
Also, we determined that after the chlorination and nitration reactions were working, the chemical 
obvious way for accessing to a broad scope is use the aluminum tribromide to get the 
corresponding brominated anilines. Thus, the reaction was explored (Eq. 17), and the 
optimizations is as follow (Table 2). 
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Table 2. Optimization of the Iodine(III)-mediated bromination of N-tosyl aniline (362) 

 

Entry 
PIDA  

(equiv) 
AlBr3 

source 

(equiv) 

 

Solvent 

 

T (ºC) 
 

t (h) 
 

Yield (%) 

1. 3 6 MeCN 23 ºC 48-60 35% 
2. 3 6 MeCN 40 ºC 12-18 crm 
3. 3 6 MeCN 60 ºC 12-18 crm 
4. 3 4 MeCN 70 ºC 12-14 crm 
5. 3 4 DCE 70 ºC 12-14 crm 

crm= complex reaction mixture. 

As can be observed in the optimization of bromination reaction (Table 2), large amounts of oxidant 
as well as aluminum salts were necessary to get reasonable chemical yields. Therefore, we 
conclude that under these conditions there is not a synthetic useful procedure, and we ruled out to 
expand the scope of our protocol to the bromination of anilines. 

3.3 Conclusions 
 
In summary, we have developed an efficient and mild iodine(III)-mediated electrophilic 
chlorination protocol and the first catalytic nitration method of N-tosyl anilines which uses 
polymeric iodosylbenzene (PhIO)n as catalyst and was conducted in neutral and non-Brønsted-
acidic conditions. Under a common strategy, the use of an aluminum salt provided the functional 
group in its ionic pair, which is oxidized by the iodine(III) reagent and finally reacted with the 
aromatic ring. Our DFT calculations allowed us the elucidation of the chlorination reaction 
pathway and indicate that [Cl-PhI OTFA·AlCl3] is the chlorinating species which is operative 
in a cationic route.                                                                                 
 

3.4 Experimental Section  

General Method. All moisture and oxygen sensitive reactions were carried out in flame-dried 
round bottom flask or using Schlenk techniques under an inert atmosphere of nitrogen, unless 
otherwise specified. NMR spectra were measured on 1H and 13C{1H}NMR spectra were acquired 
on Bruker Advance III (500 MHz) and JEOL JNM-ECA500 (500 MHz) spectrometer. Data were 
reported as follows: chemical shifts in ppm from tetramethylsilane as an internal standard in 
CDCl3, integration multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, quin = quintuplet, 
sep= septet, dd = doublet-doublet. m = multiplet, b = broad), coupling constants (Hz), and 
assignment. Infrared (IR) spectra were recorded on a Thermo Scientific Nicolet Is5 spectrometer. 
High resolution mass spectra (HRMS) were performed on Bruker microTOF and Thermo Exactive 
plus. YMC syringe pump (model number: YSP-101) was used when slow addition of a solution of 
a solution was conducted. The products were purified by flash column chromatography (silica gel 
60, Merch and Sigma aldrich, 230-400 mesh) or preparative thin layer chromatography silica gel 
(PLC 60 F254. 0.5mm). Commercially available reagents were purchased from Wako, Aldrich, 
TCI and Alfa-aesar chemicals and used as received. Anhydrous solvents were purchased from 
Sigma Aldrich in SureSealR bottles. Thin layer chromatography was performed with TLC Silica 
gel 60 F256 plates, and visualization was affected with short wavelength UV light (254 nm). 
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Compounds were characterized using 1H NMR, 13C{1H}NMR, melting point, IR (ATR) and Mass 
spectroscopy and copies of spectra are provided in the supporting information for all new 
compounds. Data of known compounds were compared with existing literature characterization 
data and the references are given. 
 
Synthesis of Iodosylbenzene (PhIO)n. In a 250 ml round bottom flask was suspended 
(diacetoxyiodo)benzene (PIDA) (5g, 15.52 mmol, 1equiv) in 75 mL of a 3 M NaOH solution. The 
reaction was strongly stirred to room temperature during 12 h and precipitate was formed. After 
filtered off and neutralized with cold water until neutral pH this solid was washed (3 X 10 mL) 
with CHCl3 to remove impurities of PIDA. The obtained solid was dried at high vacuum without 
heating to yield (PhIO)n (3.1 g, 91%) as a yellowish solid. Caution! (PhIO)n is explosive upon 
drying at 110 0C in vacuum conditions. 
 
General procedure for N-tosyl aniline synthesis. To a solution of the aniline (4.05 mmol, 1 
equiv) in pyridine (20.25 mL, 0.2 M) was added p-toluenesulfonyl chloride (4.45 mmol, 1.1 equiv) 
at 0 0C and then warm at 25 0C. After being stirred at 25 0C or 90 0C for 2-12 hours, the reaction 
mixture was poured into water. The product was extracted with CH2Cl2 (3 x 20 mL), dried over 
MgSO4, and concentrated in vacuo. The residue was purified by column chromatography on silica 
gel to give the corresponding N-tosyl anilines. 
 
General Procedure for Chlorination. A 25 mL oven-dried round bottom flask equipped with a 
magnetic stirrer bas was charged with PIFA bis(trifluoroacetoxy)iodo benzene (2.0 equiv) and 
acetonitrile (0.3 M) at 25 0C. After dissolving and obtaining homogeneous mixture, AlCl3 (3.0 
equiv) was added and stirred for 10 min. Then, the corresponding N-tosyl aniline (1.0 equiv) was 
added and stirred at 70 0C until fully consumption of the starting material (usually 5 to 18 h). To 
quench the reaction, EtOAc (5 mL) was added and concentrated to vacuo. Purification was carried 
out by column chromatography with EtOAc-Hexane system to give the desired product.  
 
General Procedure for Nitration. In a 25 mL oven-dried round bottom flask was suspended 
polymeric (PhIO)n (0.6 equiv) in acetonitrile at 23 0C. Then, Al(NO3)3 (0.8 equiv) was added and 
stirred for 10 min. Then, the corresponding N-tosyl aniline (1.0 equiv) was incorporated in one 
portion. The reaction was stirred at 23 or 50 0C for a period 1- 4 h until the starting N-tosylaniline 
was fully consumed judging its advance by TLC. To quench the reaction, EtOAc (5 mL) was added 
and concentrated to vacuo. Purification was carried out by column chromatography with EtOAc-
Hexane system to give the desired product. 
 
N-(2,4-dichlorophenyl)-4-methylbenzenesulfonamide (331).160 
 

 
The following compound was obtained according to the general procedure for chlorination starting 
from 4-methyl-N-phenylbenzenesulfonamide. The crude material was purified by flash column 
chromatography over silica gel with the system (2-4% EtOAc/Hexane) to afford the product 331, 
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(29.1 mg, 76%). From 4-chloro-N-tosyl aniline (28 mg, 83%) gram scale (812 mg, 73%) as a white 
solid. m.p. = 118-120 0C. IR (neat) v/cm-1 = 3252, 1469, 1330, 1160, 810, 666. 1H (CDCl3, 500 
MHz) ô 7.63 (d, J = 8.2 Hz, 2H), 7.61 (d, J = 8.8 Hz, 1H), 7.26 (s, 1H), 7.23 (d, J = 6.1 Hz, 2H), 
7.21 (dd, J = 9.5, 2.3 Hz, 1H) 6.89 (s, 1H), 2.39 (s, 3H). 13C{1H} NMR (CDCl3, 126 MHz) ô 144.6, 
135.7, 132.4, 130.9, 129.9, 129.2, 128.3, 127.4, 125.9, 123.4, 27.7. HRMS (ESI+) m/z: calcd. for 
C13H12Cl2NO2S [M+H]+= 315.9966, found 315.9966. 
 
N-(4-chloro-2-nitrophenyl)-4-methylbenzenesulfonamide (332).174,176 

 

 
The following compound was obtained according to the general procedure for nitration starting 
from N-(4-chlorophenyl)-4-methylbenzenesulfonamide. The crude material was purified by flash 
column chromatography over silica gel with the system (2-4% EtOAc/Hexane) to afford the 
product 332, (30 mg, 86%), gram scale (393 mg, 34%). From 2-nitro-N-tosyl aniline (25 mg, 22%) 
as a yellow solid. m.p. = 98-102 0C. IR (neat) v/cm-1= 3306, 3085, 2925, 1345, 1168, 1086, 814. 
1H NMR (500 MHz, CDCl3) ô 9.7 (s, 1H), 8.09 (d, J = 2.4, 1H), 7.83 (d, J = 9.0 Hz, 1H), 7.71 (d, 
J = 8.4 Hz, 2H), 7.53 (dd, J = 8.9, 2.6 Hz, 1H), 7.27 (d, J = 7.8 Hz, 2H), 2.39 (s, 3H). 13C{1H} 
NMR (126 MHz, CDCl3) ô 145.2, 137.3, 136.0, 135.5, 132.7, 130.2, 129.4, 127.4, 125.3, 122.5, 
21.7. HRMS (ESI+) m/z: calcd. for C13H11ClN2O4S [M+Na]+= 349.0026, found 349.0034. 
 
4-methyl-N-(2-nitrophenyl)benzenesulfonamide (333).176 

 

 
The following compound was obtained according to the general procedure for nitration starting 
from 4-methyl-N-phenylbenzenesulfonamide. The crude material was purified by flash column 
chromatography over silica gel with the system (2-4% EtOAc/Hexane) to afford the product 333, 
(54.4 mg, 46%), as a yellow solid. m.p. = 98-99 0C. IR (neat) v/cm-1= 3272, 1479, 1334, 1160, 
910, 810, 650. 1H NMR (500 MHz, CDCl3) ô 9.99 (s, 1H), 8.02 (dd, J= 8.4, 1.5 Hz, 1H), 7.76 (dd, 
J = 8.5, 1.2 Hz, 1H), 7.65 (d, J = 8.4 Hz, 2H), 7.50 (td, J = 7.9, 1.5 Hz, 1H), 7.18 (d, J = 7.9 Hz, 
2H), 7.07 (td, J = 7.8 Hz, 1.3 Hz, 1H), 2.30 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3) ô 144.9, 
136.0, 134.12, 130.1, 129.6, 129.5, 127.3, 126.3, 123.3, 121.1, 21.7. HRMS (ESI+) m/z: calcd. for 
C13H13N2O4S [M +H]+= 293.0596, found 293.0524. 
 
4-methyl-N-(4-nitrophenyl)benzenesulfonamide (334). 176 

 



 

 

Page | 86  
 

The following compound was obtained according to the general procedure for nitration starting 
from 4-methyl-N-phenylbenzenesulfonamide. The crude material was purified by flash column 
chromatography over silica gel with the system (6-10% EtOAc/Hexane) to afford the product 334, 
(47.3 mg, 40%), as a yellow solid. m.p. = 186-187 0C. IR (neat) v/cm-1= 3327, 1515, 1334, 1151, 
900, 656. 1H NMR (500 MHz, CDCl3) ô 8.06 (d, J = 9.1 Hz, 2H), 7.72 (d, J = 8.4 Hz, 2H), 7.24 
(d, J = 8.2 Hz, 2H), 7.18 (d, J = 9.1 Hz, 2H), 2.35 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3) ô 
144.6, 143.6, 143.5, 136.0, 130.0, 127.2, 125.3, 118.2, 21.6. HRMS (ESI+) m/z: calcd. for 
C13H13N2O4S [M +H]+= 293.0596, found 293.0597. 
 
N-(2-chloro-4-fluorophenyl)-4-methylbenzenesulfonamide (335).160 
 

 
The following compound was obtained according to the general procedure for chlorination starting 
from N-(4-fluorophenyl)-4-methylbenzenesulfonamide. The crude material was purified by flash 
column chromatography over silica gel with the system (2-4% EtOAc/Hexane) to afford the 
product 335, (27.4 mg, 81%), as a white solid. m.p. = 109-111 0C. IR (neat) v/cm-1= 3242, 1484, 
1334, 1160, 806, 671. 1H NMR (500 MHz, CDCl3) d 7.65 (dd, J = 8.8, 5.5 Hz, 1H), 7.59 (d, J = 
8.3 Hz, 2H), 7.21 (d, J = 8.4 Hz, 2H), 6.98 (m, 2H), 6.80 (s, 1H), 2.38 (s, 3H). 13C{1H} NMR (126 
MHz, CDCl3) d 159.8 (d, J= 249.3 Hz), 144.5, 135.8, 129.9 (d, J= 3.6 Hz), 129.8, 127.4, 127.0 (d, 
J= 10.9 Hz), 125.1 (d, J= 9.1 Hz), 116.8 (d, J= 25.9 Hz), 115.2 (d, J= 22.3 Hz), 21.7. 19F NMR 

(500 MHz, CDCl3) d/ppm: -114.22. HRMS (ESI+) m/z: calcd. for C13H12ClFNO2S [M+H]+= 

300.0261, found 300.0266. 

N-(4-fluoro-2-nitrophenyl)-4-methylbenzenesulfonamide (336).  
 

 
The following compound was obtained according to the general procedure for nitration starting 
from N-(4-fluorophenyl)-4-methylbenzenesulfonamide. The crude material was purified by flash 
column chromatography over silica gel with the system (2–4% EtOAc/Hexane) to afford the 
product 336, (28.7 mg, 82 %), as a yellow solid. m.p. = 116-118 0C. IR (neat) v/cm-1 = 3257, 1490, 
1160, 881, 806, 650. 1H NMR (500 MHz, CDCl3) d 9.51 (s, 1H), 7.88 (dd, J = 9.2, 4.9 Hz, 1H), 
7.78 (dd, J = 8.6, 3.0 Hz, 1H), 7.66 (d, J = 8.5 Hz, 2H), 7.34 (td, J = 7.9 Hz, 3.0 Hz, 1H), 7.24 (d, 
J = 7.8 Hz, 2H), 2.38 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3) d 157.9 (d, J= 249.7 Hz), 145.1, 
138.0 (d, J= 8.2 Hz), 135.5, 130.2, 127.3, 124.0 (d, J= 8.2 Hz), 123.6 (d, J= 22.3 Hz), 113.0, 112.8, 
21.7. 19F NMR (500 MHz, CDCl3) d/ppm: -114.67. HRMS (ESI+) m/z: calcd. for C13H12FN2O4S 
[M +H]+ 311.0502; found, 311.0471. 
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N-(4-bromo-2-chlorophenyl)-4-methylbenzenesulfonamide (337).160 
 

 
The following compound was obtained according to the general procedure for chlorination starting 
from N-(4-bromophenyl)-4-methylbenzenesulfonamide. The crude material was purified by flash 
column chromatography over silica gel with the system (2-4 % EtOAc/Hexane) to afford the 
product 337, (26.5 mg, 80%),  as a white solid. m.p. = 115-117 0C. IR (neat) v/cm-1= 3257, 1469, 
1330, 810, 746, 671. 1H NMR (500 MHz, CDCl3) ô 7.64 (d, J = 8.4 Hz, 2H), 7.54 (d, J = 8.7 Hz, 
1H), 7.40 (d, J = 2.2 Hz, 1H), 7.34 (dd, J = 9.0, 2.2 Hz, 1H), 7.23 (d, J = 8.4 Hz, 2H), 6.95 (s, 1H), 
2.39 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3) ô 144.6, 135.7, 132.9, 132.0, 131.1, 129.9, 127.3, 
126.3, 123.6, 118.1, 21.7. HRMS (ESI+) m/z: calcd. for C13H12BrClNO2S [M+H]+= 359.9461, 
found 359.9499. 
 
N-(4-bromo-2-nitrophenyl)-4-methylbenzenesulfonamide (338).176 
 

 
The following compound was obtained according to the general procedure for nitration starting 
from N-(4-bromophenyl)-4-methylbenzenesulfonamide. The crude material was purified by flash 
column chromatography over silica gel with the system (2-4 % EtOAc/Hexane) to afford the 
product 338, (29 mg, 85%), as a yellow solid. m.p. = 101-102 0C. IR (neat) v/cm-1 = 3298, 1477, 
1340, 1164, 1082, 816, 650. 1H NMR (500 MHz, CDCl3) ô 9.74 (s, 1H), 8.23 (d, J = 2.4 Hz, 1H), 
7.76 (d, J = 8.8 Hz, 1H), 7.71 (d, J = 8.5 Hz, 2H), 7.66 (dd, J = 9.0, 2.4 Hz, 1H), 7.27 (d, J = 8.0 
Hz, 2H), 2.39 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3) ô 145.3, 138.8, 137.4, 135.5, 133.2, 
130.3, 128.8, 127.4, 122.5, 116.2, 21.7. HRMS (ESI+) m/z: calcd. for C13H12BrN2O4S [M+H]+= 
370.9701, found 370.9765. 
 
N-(2-chloro-4-iodophenyl)-4-methylbenzenesulfonamide (339).160 
 

 
The following compound was obtained according to the general procedure for chlorination starting 
from N-(4-iodophenyl)-4-methylbenzenesulfonamide. The crude material was purified by flash 
column chromatography over silica gel with the system (2-4% EtOAc/Hexane) to afford the 
product 339 (19 mg, 58%), as a white solid. m.p. = 118-120 0C. IR (neat) v/cm-1 = 3232, 1469, 
1330, 1160, 806, 666. 1H NMR (500 MHz, CDCl3) ô 7.65 (d, J = 8.2 Hz, 2H), 7.57 (s, 1H), 7.52 
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(d, J = 8.5, 1H), 7.39 (d, J = 8.7, 1H), 7.23 (d, J = 8.3 Hz, 2H), 6.94 (s, 1H), 2.39 (s, 3H). 13C{1H} 
NMR (126 MHz, CDCl3) ô 144.6, 137.6, 137.0, 135.7, 133.6, 129.9, 127.4, 125.8, 123.5, 88.2, 
21.7. HRMS (ESI+) m/z: calcd. for C13H12ClINO2S [M+H]+= 407.9322, found 407.9310. 
 

N-(4-iodo-2-nitrophenyl)-4-methylbenzenesulfonamide (340).174 
 

 
The following compound was obtained according to the general procedure for chlorination starting 
from N-(4-iodophenyl)-4-methylbenzenesulfonamide. The crude material was purified by flash 
column chromatography over silica gel with the system (2-4% EtOAc/Hexane) to afford the 
product 340, (43 mg, 39%), as yellow solid. m.p. = 157-159 0C. IR (neat) v/cm-1 = 3257, 1469, 
1334, 1160, 810, 656. 1H NMR (500 MHz, CDCl3) ô 9.69 (s, 1H), 8.40 (d, J = 2.0 Hz, 1H), 7.82 
(dd, J = 8.8, 2.0 Hz, 1H), 7.72 (d, J = 8.4 Hz, 2H), 7.60 (d, J = 8.8 Hz, 1H), 7.27 (d, J = 7.8, 2H), 
2.39 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3) ô 145.2, 144.5, 137.2, 135.5, 134.6, 133.8, 130.2, 
127.3, 122.4, 85.5, 21.7. HRMS (ESI+) m/z: calcd. for C13H12IN2O4S [M+H]+= 418.9562, found 
418.9622. 
 
N-(2-chloro-4-nitrophenyl)-4-methylbenzenesulfonamide (341).176 
 

 
The following compound was obtained according to the general procedure for chlorination starting 
from 4-methyl-N-(4-nitrophenyl)benzenesulfonamide. The crude material was purified by flash 
column chromatography over silica gel with the system (2-4 % EtOAc/Hexane) to afford the 
product 341, (16 mg, 14%), as a white solid. m.p. = 157-158 0C. IR (neat) v/cm-1 = 3287, 1510, 
1334, 1160, 810, 656. 1H NMR (500 MHz, CDCl3) ô 8.20 (d, J = 2.6 Hz, 1H), 8.08 (dd, J = 9.4, 
2.6 Hz, 1H), 7.76 (m, 3H), 7.45 (s, 1H), 7.29 (d, J = 8.2, 2H), 2.40 (s, 3H). 13C{1H} NMR (126 
MHz, CDCl3) ô 145.4, 143.6, 139.6, 135.3, 130.3, 127.4, 125.3, 123.6, 123.3, 118.8, 21.7. HRMS 
(ESI+) m/z: calcd. for C13H12ClN2O4S [M+H]+= 327.0206, found 327.0229. 
 

N-(2,4-dinitrophenyl)-4-methylbenzenesulfonamide (342).174 
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The following compound was obtained according to the general procedure for chlorination starting 
from 4-methyl-N-(4-nitrophenyl)benzenesulfonamide. The crude material was purified by flash 
column chromatography over silica gel with the system (4-8 % EtOAc/Hexane) to afford the 
product 13 (22 mg, 38%). From 4-methyl-N-(2-nitrophenyl)benzenesulfonamide (25.0 mg, 43%) 
as a light-yellowish white solid. m.p. = 154-156 0C. IR (neat) v/cm-1 = 3251, 2922, 1620, 1348, 
1169, 886. 1H NMR (500 MHz, CDCl3) ô 10.34 (s, 1H), 9.06 (d, J = 2.7 Hz, 1H), 8.39 (dd, J = 
9.3, 2.7 Hz, 1H), 8.0 (d, J = 9.3 Hz, 1H), 7.84 (d, J = 8.5 Hz, 2H), 7.34 (d, J = 8.3 Hz, 2H), 7.42 
(s, 3H). 13C{1H} NMR (126 MHz, CDCl3) ô 146.0, 141.9, 139.4, 135.1, 134.8, 130.5, 130.2, 127.6, 
122.8, 119.6, 21.8. HRMS (ESI+) m/z: calcd. for C13H11N3O6S [M+Na]+= 360.0267, found 
360.0259. 
 
N-(2-chloro-4-methylphenyl)-4-methylbenzenesulfonamide (343).160 

 

 

The following compound was obtained according to the general procedure for chlorination starting 
from 4-methyl-N-(p-tolyl)benzenesulfonamide. The crude material was purified by flash column 
chromatography over silica gel with the system (2-4% EtOAc/Hexane) to afford the product 343 
(35 mg, 62%), as a white solid. m.p. = 93-95 0C. IR (neat) v/cm-1 = 3242, 1490, 1330, 1160, 806, 
661. 1H NMR (500 MHz, CDCl3) ô 7.62 (d, J = 8.2 Hz, 2H), 7.53 (d, J = 8.2 Hz, 1H), 7.20 (d, J = 
8.2 Hz, 2H), 7.03 (m, 2H), 6.81 (s, 1H), 2.37 (s, 3H), 2.25 (s, 3H). 13C{1H} NMR (126 MHz, 
CDCl3) ô 144.2, 136.5, 136.1, 130.9, 129.8, 129.8, 128.7, 127.4, 125.4, 123.0, 21.7, 20.8. HRMS 
(ESI+) m/z: calcd. for C14H15ClNO2S [M+H]+= 296.0512, found 296.0545.  
 
4-methyl-N-(4-methyl-2-nitrophenyl)benzenesulfonamide (344).176 
 

 
The following compound was obtained according to the general procedure for nitration starting 
from 4-methyl-N-(p-tolyl)benzenesulfonamide. The crude material was purified by flash column 
chromatography over silica gel with the system (2-4% EtOAc/Hexane) to afford the product 344, 
(31 mg, 53%), as a yellow solid. m.p. = 148-149 0C. IR (neat) v/cm-1 = 3277, 1525, 1160, 881, 810, 
650. 1H NMR (500 MHz, CDCl3) ô 9.54 (s, 1H), 7.87 (s, 1H), 7.73 (d, J = 8.5 Hz, 1H), 7.67 (d, J 
= 8.5 Hz, 2H), 7.39 (dd, J = 8.5, 2.1 Hz, 1H), 7.23 (d, J = 7.9 Hz, 2H), 2.37 (s, 3H), 2.33 (s, 3H). 
13C{1H} NMR (126 MHz, CDCl3) ô 144.7, 137.4, 136.8, 135.8, 134.6, 131.4, 130.0, 127.3, 126.0, 
121.7, 21.7, 20.6. HRMS (ESI+) m/z: calcd. for C14H15N2O4S [M+H]+= 307.0753, found 
307.0717. 
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N-(2,5-dichloro-4-methoxyphenyl)-4-methylbenzenesulfonamide (345).  
 

 
The following compound was obtained according to the general procedure for chlorination starting 
from N-(4-methoxyphenyl)-4-methylbenzenesulfonamide. The crude material was purified by 
flash column chromatography over silica gel with the system (2-4 % EtOAc/Hexane) to afford the 
product 345, (36 mg, 58%), as a white solid. m.p. = 132-134 0C. IR (neat) v/cm-1 = 3252, 1490, 
1330, 1165, 1080, 810, 666. 1H NMR (500 MHz, CDCl3) ô 7.71 (s, 1H), 7.60 (d, J = 8.2 Hz, 2H), 
7.22 (d, J = 8.2 Hz, 2H), 6.78 (s, 1H), 6.64 (s, 1H), 3.82 (s, 3H), 2.39 (s, 3H). 13C{1H} NMR (126 
MHz, CDCl3) ô 153.2, 144.4, 135.8, 129.8, 127.4, 126.8, 125.9, 125.4, 122.1, 112.6, 56.7, 21.7. 
HRMS (ESI+) m/z: calcd. for C14H14Cl2NO3S [M+H]+= 346.0071, found 346.0093. 
 

N-(4-methoxy-2-nitrophenyl)-4-methylbenzenesulfonamide (346).176 
 

 
The following compound was obtained according to the general procedure for nitration starting 
from N-(4-methoxyphenyl)-4-methylbenzenesulfonamide. The crude material was purified by 
flash column chromatography over silica gel with the system (2-4 % EtOAc/Hexane) to afford the 
product 346, (63 mg, 54%), as a yellow solid. m.p. = 101-102 0C. IR (neat) v/cm-1 = 3252, 1490, 
1275, 1155, 885, 646. 1H NMR (500 MHz, CDCl3) ô 9.17 (s, 1H), 7.79 (d, J = 9.1 Hz, 1H), 7.60 
(d, J = 8.3 Hz, 2H), 7.48 (d, J = 3.0 Hz, 1H), 7.21 (d, J = 7.8 Hz, 2H), 7.18 (dd, J = 9.1, 3.0 Hz, 
1H), 3.81 (s, 3H), 2.37 (s, 3H). 13C{1H}  NMR (126 MHz, CDCl3) ô 156.3, 144.7, 139.1, 135.6, 
130.0, 127.2, 126.7, 124.9, 123.2, 109.1, 56.0, 21.7. HRMS (ESI+) m/z: calcd. for C14H15N2O5S 
[M+H]+= 323.0702, found 323.0676. 
 
4-methyl-N-(2,3,4-trichlorophenyl)benzenesulfonamide (347).  
 

 
The following compound was obtained according to the general procedure for chlorination starting 
from N-(2-chlorophenyl)-4-methylbenzenesulfonamide. The crude material was purified by flash 
column chromatography over silica gel with the system (1-2% EtOAc/Hexane) to afford the 
product 347, (22 mg, 72%), as white-solid. m.p. = 121-123 0C. IR (neat) v/cm-1 = 3257, 1450, 
1165, 941, 806, 661. 1H NMR (500 MHz, CDCl3) ô 7.66 (d, J = 7.6 Hz, 2H), 7.56 (d, J = 9.0 Hz, 
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1H), 7.33 (d, J = 8.8 Hz, 1H), 7.25 (d, J = 8.4 Hz, 2H), 7.03 (s, 1H), 2.39 (s, 3H). 13C{1H} NMR 
(126 MHz, CDCl3) ô 144.9, 135.6, 133.8, 132.0, 130.1, 130.0, 128.8, 127.3, 125.0, 120.0, 217. 
HRMS (ESI+) m/z: calcd for C13H11Cl3NO2S [M +H]+= 349.9576, found 349.9551. 
 
N-(2-chloro-3,4-dinitrophenyl)-4-methylbenzenesulfonamide (348).  
 

 

The following compound was obtained according to the general procedure for nitration starting 
from N-(2-chlorophenyl)-4-methylbenzenesulfonamide. The crude material was purified by flash 
column chromatography over silica gel with the system (6-10% EtOAc/Hexane) to afford the 
product 348 (23 mg, 40%), as white-solid. m.p. = 114-118 0C. IR (neat) v/cm-1 = 3226, 1593, 1330, 
1162, 1088, 943, 825. 1H NMR (500 MHz, CDCl3) ô 7.86 (d, J = 8.8 Hz, 1H), 7.78 (d, J = 8.3 Hz, 
2H), 7.66 (s, 1H), 7.32 (d, J = 8.4 Hz, 2H), 7.11 (dd, J = 8.9, 2.4 Hz, 1H), 2.42 (s, 3H). 13C{1H} 
NMR (126 MHz, CDCl3) ô 145.4, 143.3, 141.6, 135.2, 130.4, 129.4, 127.6, 127.4, 121.1, 116.9, 
21.8. HRMS (ESI+) m/z: calcd. for C13H10ClN3O6S [M+Na]+ = 393.9877, found 393.9871. 
 
N-(2-bromo-4-chlorophenyl)-4-methylbenzenesulfonamide (349).190 
 

 
The following compound was obtained according to the general procedure for chlorination starting 
from N-(2-bromophenyl)-4-methylbenzenesulfonamide. The crude material was purified by flash 
column chromatography over silica gel with the system (2-6% EtOAc/Hexane) to afford the 
product 349, (29.5 mg, 53%), as white-solid. m.p. = 119-120 0C. IR (neat) v/cm-1 = 3252, 1465, 
1330, 1160, 1085, 806, 656. 1H NMR (500 MHz, CDCl3) ô 7.62 (m, 3H), 7.40 (d, J = 2.3 Hz, 1H), 
7.23 (m, 3H), 6.91 (s, 1H), 2.38 (s, 3H). ). 13C{1H}  NMR (126 MHz, CDCl3) ô 144.6, 135.7, 
133.6, 132.2, 131.1, 129.9, 128.8, 127.4, 123.5, 116.2, 21.7. HRMS (ESI+) m/z: calcd. for 
C13H12BrClNO2S [M +H]+= 359.9461, found 359.9493. 
 
N-(2-bromo-4-nitrophenyl)-4-methylbenzenesulfonamide (350).176 
 

 

 
190 M. E. Krolski, A. F. Renaldo, D. E. Rudisill, J. K. Stille, J. Org. Chem. 1998, 53, 1170-1176. 
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The following compound was obtained according to the general procedure for nitration starting 
from N-(2-bromophenyl)-4-methylbenzenesulfonamide. The crude material was purified by flash 
column chromatography over silica gel with the system (2-6% EtOAc/Hexane) to afford the 
product 350, (24 mg, 76%), as a yellowish brown solid. m.p. = 133-134 0C. IR (neat) v/cm-1 = 
3287, 2918, 1479, 1155, 1085, 895, 656. 1H NMR (500 MHz, CDCl3) ô 8.35 (d, J = 2.4 Hz, 1H), 
8.12 (dd, J = 9.1, 2.4 Hz, 1H), 7.75 (m, 3H), 7.42 (s, 1H), 7.29 (d, J = 8.4 Hz, 2H), 2.40 (s, 3H). 
13C{1H} NMR (126 MHz, CDCl3) ô 145.4, 143.8, 140.8, 135.3, 130.2, 128.5, 127.5, 124.2, 118.2, 
113.8, 21.7. HRMS (ESI+) m/z: calcd. for C13H12BrN2O4S [M +H]+= 370.9701, found 370.9689. 
 
N,N'-(4,5-dichloro-1,2-phenylene)bis(4 methylbenzenesulfonamide) (351).  
 

 
The following compound was obtained according to the general procedure for chlorination starting 
from N,N'-(1,2-phenylene)bis(4-methylbenzenesulfonamide). The crude material was purified by 
flash column chromatography over silica gel with the system (12-18% EtOAc/Hexane) to afford 
the product 351, (42 mg, 72%), as a white solid. m.p. = 196-197 0C. IR (neat) v/cm-1 = 3247, 3213, 
1475, 1320, 1155, 1085, 800, 716. 1H NMR (500 MHz, CDCl3) ô 7.60 (d, J = 8.4 Hz, 4H), 7.27 
(d, J = 8.2 Hz, 4H), 7.06 (s, 2H), 6.87 (s, 2H), 2.42 (s, 6H). 13C{1H} NMR (126 MHz, CDCl3) ô 
144.9, 135.0, 131.0, 130.2, 129.9, 127.6, 127.1, 21.7. HRMS (ESI+) m/z: calcd. for C20H19 
Cl2N2O4S2 [M+H]+= 485.0163, found 485.0188. 
 
N-(2,4-dichloro-5-methoxyphenyl)-4 methylbenzenesulfonamide (352).  
 

 
The following compound was obtained according to the general procedure for chlorination starting 
from N-(3-methoxyphenyl)-4-methylbenzenesulfonamide. The crude material was purified by 
flash column chromatography over silica gel with the system (6-10% EtOAc/Hexane) to afford the 
product 352, (54 mg, 86%), as a white solid. m.p. = 192-195 0C. IR (neat) v/cm-1 = 3263, 1479, 
1330, 1155, 1080, 870, 661. 1H NMR (500 MHz, CDCl3) ô 7.63 (d, J = 8.4 Hz, 2H), 7.30 (s, 1H), 
7.23 (m, 3H), 6.88 (s, 1H), 3.90 (s, 3H), 2.39 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3) ô 154.6, 
144.7, 135.6, 133.0, 129.96, 129.94, 127.3, 119.4, 116.3, 106.4, 56.7, 21.7. HRMS (ESI+) m/z: 
calcd. for C14H14 Cl2NO3S [M+H]+= 346.0071, found 346.0051. 
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N-(3-methoxy-4-nitrophenyl)-4-methylbenzenesulfonamide (353).178 
 

 
The following compound was obtained according to the general procedure for nitration starting 
from N-(3-methoxyphenyl)-4-methylbenzenesulfonamide. The crude material was purified by 
flash column chromatography over silica gel with the system (4-8% EtOAc/Hexane) to afford the 
product 353, (20 mg, 34%), as a light-yellow solid. m.p. = 133-135 0C. IR (neat) v/cm-1 = 3245, 
2923, 1582, 1278, 1085, 816, 648. 1H NMR (500 MHz, CDCl3) ô 10.28 (s, 1H), 8.10 (d, J = 9.5 
Hz, 1H), 7.77 (d, J = 8.4 Hz, 2H), 7.27 (m, 3H), 6.59 (dd, J = 9.4, 2.6 Hz, 1H), 3.87 (s, 3H), 2.39 
(s, 3H). 13C{1H} NMR (126 MHz, CDCl3) ô 165.4, 145.0, 136.9, 135.8, 130.1(x2), 128.6, 127.5, 
110.6, 103.5, 56.2, 21.7. HRMS (ESI+) m/z: calcd. for C14H15N2O5S [M +H]+ 323.0702, found 
323.0695. 
 
N-(3,4-dichlorophenyl)-4-methylbenzenesulfonamide (354).  

 

The following compound was obtained according to the general procedure for chlorination starting 
from N-(3-chlorophenyl)-4-methylbenzenesulfonamide. The crude material was purified by flash 
column chromatography over silica gel with the system (2–4% EtOAc/Hexane) to afford the 
product 354, (46 mg, 82%), as a white solid. m.p. = 114-116 0C. IR (neat) v/cm-1 = 3257, 1475, 
1335, 1167, 1090, 813, 768. 1H NMR (500 MHz, CDCl3) ô 7.63 (d, J = 8.4 Hz, 2H), 7.61 (d, J = 
8.8 Hz, 1H), 7.21 (m, 4H), 6.90 (s, 1H), 2.38 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3) ô 144.6, 
135.7, 132.4, 130.9, 129.9, 129.2, 128.3, 127.3, 125.9, 123.4, 21.7. HRMS (ESI+) m/z: calcd. for 
C13H12Cl2NO2S [M+H]+ = 315.9966, found 315.9965. 
 
N-(3-chloro-4-nitrophenyl)-4-methylbenzenesulfonamide (355).176 
 

 
The following compound was obtained according to the general procedure for nitration starting 
from N-(3-chlorophenyl)-4-methylbenzenesulfonamide. The crude material was purified by flash 
column chromatography over silica gel with the system (2–6% EtOAc/Hexane) to afford the 
product 355, (27 mg, 59%), as aa yellowish-brown solid. m.p. = 165-168 0C. IR (neat) v/cm-1 = 
3342, 3078, 1590, 1469, 1334, 1160, 1035, 810, 656. 1H NMR (500 MHz, CDCl3) ô 8.20 (d, J = 
2.5 Hz, 1H), 8.08 (dd, J = 9.1, 2.6 Hz, 1H), 7.76 (m, 3H), 7.44 (s, 1H), 7.29 (d, J = 8.3 Hz, 2H), 
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2.40 (s, 3H). 13C{1H} NMR (126 MHz, CDCl3) ô 145.4, 143.6, 138.6, 135.4, 130.2, 127.4, 125.3, 
123.6, 123.3, 118.8, 21.7. HRMS (ESI+) m/z: calcd. for C13H12ClN2O4S [M+H]+ = 327.0206, 
found 327.0290. 
 
N-(2-chloro-4,5-dimethoxyphenyl)-4-methylbenzenesulfonamide (356).  
 

 
 

The following compound was obtained according to the general procedure for chlorination starting 
from N-(3,4-dimethoxyphenyl)-4-methylbenzenesulfonamide. The crude material was purified by 
flash column chromatography over silica gel with the system (4–8% EtOAc/Hexane) to afford the 
product 356, (12 mg, 35%), as a whitish-brown solid. m.p. = 195-198 0C. IR (neat) v / cm-1 = 3252, 
2932, 1504, 1334, 1155, 985, 806, 666. 1H NMR (500 MHz, CDCl3) ô 7.58 (d, J = 8.2 Hz, 2H), 
7.23 (s, 1H), 7.20 (d, J = 8.2 Hz, 2H), 6.67 (s, 1H), 6.64 (s, 1H), 3.89 (s, 3H), 3.79 (s, 3H), 2.38 
(s, 3H). 13C{1H} NMR (126 MHz, CDCl3) ô 148.5, 147.4, 144.2, 135.8, 129.7, 127.4, 126.2. 117.6, 
111.7, 108.0, 56.4, 56.3, 21.7. HRMS (ESI+) m/z: calcd. for C15H17ClNO4S [M+H]+ = 342.0567, 
found 342.0598. 
 
N-(4-chloro-5-methoxy-2-nitrophenyl)-4 methylbenzenesulfonamide (357).  
 

 

The following compound was obtained according to the general procedure for chlorination starting 
from N-(5-methoxy-2-nitrophenyl)-4-methylbenzenesulfonamide. The crude material was 
purified by flash column chromatography over silica gel with the system (2–4% EtOAc/Hexane) 
to afford the product 357, (22 mg, 51%), as a yellow-solid. m.p. = 196-198 0C. IR (neat) v/cm-1 = 
3252, 2917, 2850, 1567, 1245, 1156, 818, 724. 1H NMR (500 MHz, CDCl3) ô 10.17 (s, 1H), 8.17 
(s, 1H), 7.74 (d, J = 8.4 Hz, 2H), 7.37 (s, 1H), 7.28 (d, J = 8.2 Hz, 2H), 3.98 (s, 3H), 2.40 (s, 3H). 
13C{1H} NMR (126 MHz, CDCl3) ô 160.7, 145.3, 135.6, 135.4, 130.2, 129.7, 127.8, 127.4, 118.1, 
102.3, 57.2, 21.7. HRMS (ESI+) m/z: calcd. for C14H13ClN2O5S [M+Na]+= 379.0132, found 
379.0124. 
N-(5-methoxy-2,4-dinitrophenyl)-4-methylbenzenesulfonamide (358).178 
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The following compound was obtained according to the general procedure for nitration starting 
from N-(5-methoxy-2-nitrophenyl)-4-methylbenzenesulfonamide. The crude material was 
purified by flash column chromatography over silica gel with the system (2–6% EtOAc/Hexane) 
to afford the product 358, (22 mg, 42%), as white-solid. m.p. 161-163 0C. IR (neat) v/cm-1= 3250, 
2924, 2854, 1588, 1273, 1177, 828, 745. 1H NMR (500 MHz, CDCl3) ô 10.48 (s, 1H), 8.86 (s, 
1H), 7.82 (d, J = 8.3 Hz, 2H), 7.74 (s, 1H), 7.34 (d, J = 8.2 Hz, 2H), 4.04 (s, 3H), 2.43 (s, 3H). 
13C{1H} NMR (126 MHz, CDCl3) ô 158.4, 146.1, 139.9, 135.2, 133.4, 130.5, 128.7, 127.5, 126.0, 
102.2, 57.6, 21.8. HRMS (ESI+) m/z: calcd. for C14H13N3O7S [M+Na]+= 390.0372, found 
390.0365.  
 
N-(2-fluoro-4,5-dinitrophenyl)-4-methylbenzenesulfonamide (359).  
 

 
The following compound was obtained according to the general procedure for nitration starting 
from N-(2-fluoro-5-nitrophenyl)-4-methylbenzenesulfonamide. The crude material was purified 
by flash column chromatography over silica gel with the system (2–6% EtOAc/Hexane) to afford 
the product 359, (28 mg, 54%), as a white solid. m.p. = 198-201 0C. IR (neat) v/cm-1 = 3263, 2922, 
1510, 1341, 1157, 1089, 868, 745. 1H NMR (500 MHz, CD3CN) d 8.12 (d, J = 6.8 Hz, 1H), 7.84 
(d, J = 9.6 Hz, 1H), 7.79 (d, J = 8.4, 2H), 7.39 (d, J = 8.4 Hz, 2H), 2.40 (s, 3H). 13C{1H} NMR 
(126 MHz, CD3CN) d 154. (d, J= 257.5 Hz), 146.5, 136.7, 132.4 (d, J= 13.6 Hz), 131.1, 130.5, 
128.0, 127.2, 117.5 (d, J= 3.1 Hz), 115.0 (d, J= 26.8 Hz), 21.5. 19F NMR (500 MHz, CD3CN) 
d/ppm: -117.14. HRMS (ESI+) m/z: calcd. for C13H10FN3O6S [M+Na]+= 378.0172, found 
378.0167. 

N,N'-(4,5-dibromo-3-chloro-1,2-phenylene)bis(4 methylbenzenesulfonamide) (360). 
 

 
The following compound was obtained according to the general procedure for nitration starting 
from N,N'-(4,5-dibromo-1,2-phenylene)bis(4-methylbenzenesulfonamide. The crude material was 
purified by flash column chromatography over silica gel with the system (12–18% EtOAc/Hexane) 
to afford the product 360, (38 mg, 71%), as a light brown-solid. m.p. = 174-176 0C. IR (neat) v/cm-

1 = 3222, 2922, 1444, 1555, 1085, 808, 658. 1H NMR (500 MHz, CDCl3) ô 8.56 (s, 1H), 7.96 (s, 
1H), 7.75 (d, J = 8.4 Hz, 2H), 7.42 (d, J = 8.4, 2H), 7.28 (d, J = 8.4 Hz, 2H), 7.20 (d, J = 8.2 Hz, 
2H), 6.02 (s, 1H), 2.41 (s, 6H). 13C{1H} NMR (126 MHz, CDCl3) ô 145.6, 144.6, 136.24, 135.9, 
134.2, 133.9, 130.0, 129.9, 127.8, 127.6, 125.9, 125.8, 124.6, 121.5, 21.8, 21.7. HRMS (ESI+) 
m/z: calcd. for C20H18Br2ClN2O4S2 [M+H]+= 606.8763, found 606.8746. 
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N-(4-fluoro-2,6-dinitrophenyl)-4-methylbenzenesulfonamide (361).  
 

 
The following compound was obtained according to the general procedure for nitration starting 
from N-(4-fluoro-2-nitrophenyl)-4-methylbenzenesulfonamide 7. The crude material was purified 
by flash column chromatography over silica gel with the system (6–10 % EtOAc/Hexane) to afford 
the product 361, (17 mg, 49%), as a white solid. m.p. = 165-167 0C. IR (neat) v/cm-1 = 3238, 3082, 
2913, 1535, 1334, 1160, 810, 675. 1H NMR (500 MHz, CDCl3) ô 8.2 (s, 1H), 7.89 (d, J = 6.9 Hz, 
2H), 7.45 (d, J = 8.4 Hz, 2H), 7.25 (d, J= 8.3 Hz, 2H), 2.43 (s, 3H). 13C{1H} NMR (126 MHz, 
CDCl3) ô 158.9 (d, J= 258.4 Hz), 147.5, 145.8, 134.2, 130.5, 127.2, 122.0 (d, J= 4.5 Hz), 117.9 
(d, J= 26.8 Hz), 21.8. HRMS (ESI+) m/z: calcd. for C13H11FN3O6S [M+H]+=  356.0353, found 
356.0340. 
 
N-(2,4-dibromophenyl)-4-methylbenzenesulfonamide (363).160  
 

 
A 25 mL oven-dried round bottom flask equipped with a magnetic stirrer bas was charged with 
PIDA (Diacetoxyiodo)benzene (3.0 equiv) and acetonitrile (0.3 M) at 25 0C. After dissolving and 
obtaining homogeneous mixture, AlBr3 (6.0 equiv) was added and stirred for 10 min. Then, the 
corresponding N-tosyl aniline (1.0 equiv) was added and stirred at 25 0C until fully consumption 
of the starting material (usually 48 to 60 h). To quench the reaction, EtOAc (5 mL) was added and 
concentrated to vacuo. Purification was carried out by column chromatography to give the desired 
product 363. The crude material was purified by flash column chromatography over silica gel with 
the system (0-2 % EtOAc/Hexane) to afford the product 363 (57 mg, 35%), as a white solid. 
Spectral data were identical to those previously reported.160  
1H NMR (500 MHz, CDCl3) δ 7.64 (d, J = 8.0 Hz, 2H), 7.55 (m, 2H), 7.39 (d, J = 8.7 Hz, 1H), 
7.23 (d, J = 8.0 Hz, 2H), 6.92 (s, 1H), 2.39 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 144.6, 135.7, 
134.9, 134.1, 131.8, 129.9, 127.4, 123.7, 118.4, 116.3, 21.7. 
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Computational Techniques. All the gas-phase theoretical calculations were performed using the 
Gaussian09 program.191 First, carried out geometry optimizations, with no restrictions, using the 
range-divided B97X-D192 density functional in combination with the Aldrich9s basis set def2-
svpp.193 A subsequent harmonic frequency calculation, for each optimized geometry, was done to 
corroborate the character of each critical point in the potential energy surface (PES): reactants, 
intermediates and products must present all the frequencies as positive whereas transition state 
must have one and just one negative frequency. Thermal and entropy corrections to the total energy 
were taken from the thermochemistry  analysis in the output file at 298K and 1 atm. Also, we 
performed calculations for including the solvent effect through the PCM model194 using the SMD 
parameters195 according to the Truhlars model using acetonitrile (õ = 35.688) as solvent. These 
calculations were performed as single points of the optimized geometry at the level of theory 
mentioned above. Other single-point calculations were run using a more robust basis set, def2-
tzvpd, to improve the accuracy of the calculated electronic energies. The obtained energies were 
added to the gas-phase calculations and were reported as our final values.  
 

 

 

 

 

 

 

 

 

 

 
191 Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, 
V.; Petersson, G. A.; Nakatsuji, H.; Li, X.; Caricato, M.; Marenich, A. V.; Bloino, J.; Janesko, B. G.; Gomperts, R.; 
Mennucci, B.; Hratchian, H. P.; Ortiz, J. V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams-Young, D.; Ding, F.; 
Lipparini, F.; Egidi, F.; Goings, J.; Peng, B.; Petrone, A.; Henderson, T.; Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; 
Rega, N.; Zheng, G.; Liang, W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, 
T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Throssell, K.; Montgomery Jr., J. A.; Peralta, J. E.; Ogliaro, F.; 
Bearpark, M. J.; Heyd, J. J.; Brothers, E. N.; Kudin, K. N.; Staroverov, V. N.; Keith, T. A.; Kobayashi, R.; Normand, 
J.; Raghavachari, K.; Rendell, A. P.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Millam, J. M.; Klene, M.; 
Adamo, C.; Cammi, R.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B. and Fox, D. J. 
Gaussian 16, Revision C.01, Gaussian, Inc., Wallingford CT, 2019.  
192 Chai, J.-D. and Head–Gordon, M. Phys. Chem. Chem. Phys. 2008, 10, 6615-6620. 
193 Weigend F. and Ahlrichs, R. Phys. Chem. Chem. Phys. 2005, 7, 3297-3305. 
194 a) Barone, V. and Cossi, M. J. Phys. Chem. A. 1998, 102, 1995-2001. b) Cossi, M.; Barone, V.; Mennucci, B. and 
Tomasi, J.  Chem. Phys. Lett. 1998, 286, 253-260. c) Barone, V.; Cossi, M. and Tomasi, J. J. Comp. Chem. 1998, 19, 
404-417. d) Tomasi, J.; Mennucci, B. and Cammi, R. Chem. Rev. 2005, 105, 2999-3094. 
195 Marenich, A. V.; Cramer, C. J. and Truhlar, D. G.. J. Phys. Chem. B, 2009, 113, 6378-6396.     
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DFT Calculations for chlorination reaction 

 

Figure S1. Energy profile (enthalpy scale) for the chlorination reaction calculated at the 

(SMD:acetonitrile)B97X-D/def2-tzvpp//B97X-D/def2-svpp level. 

 

 

 

 

Figure S2. Energy profile (Gibbs free energy scale) for the chlorination reaction calculated at the 

(SMD:acetonitrile)B97X-D/def2-tzvpp//B97X-D/def2-svpp level. 
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Table S1. Cartesian coordinates (in x-y-z format) of all the optimized structures involved in the 

reaction mechanisms calculated at the B97X-D/def2-svpp level. 

Chlorination mechanism 

PIFA_AlCl3 

E(scf) = 23203.17089354 a.u. 

I -0.682430 -0.139318 -0.571435 

C -1.071509 1.602396 0.528278 

C -1.798373 2.639602 -0.053397 

C -0.547573 1.663672 1.819214 

C -2.009564 3.788353 0.707316 

H -2.205296 2.552426 -1.062501 

C -0.769866 2.826243 2.555976 

H 0.025921 0.833099 2.242411 

C -1.497226 3.880481 2.002440 

H -2.579519 4.616874 0.279097 

H -0.369927 2.901947 3.570273 

H -1.667419 4.787667 2.588435 

O -2.511366 -0.976293 -0.051374 

O 1.254527 0.992378 -1.046015 

C -3.588421 -0.481893 -0.624925 

C 2.431027 0.847764 -0.661901 

O -3.640636 0.430770 -1.398670 

O 2.934397 -0.080208 -0.002461 

C 3.369978 2.027261 -1.020033 

C -4.844903 -1.250813 -0.145131 

Al 2.661533 -1.834515 0.560771 

Cl 4.568456 -2.660962 0.889294 

Cl 1.584576 -2.634587 -1.126411 

Cl 1.418483 -1.596072 2.288371 

F -4.977845 -1.122004 1.170711 

F -5.924708 -0.768743 -0.732193 

F -4.734159 -2.540447 -0.439523 

F 4.636629 1.698430 -0.861740 

F 3.173224 2.407506 -2.273503 

F 3.083804 3.048202 -0.213961 

 

 

 

 

 

 

TS1 

E(scf) = 23203.13626369 a.u. 

min = 262.4 cm21 

I -0.644631 0.392073 0.601788 

C -1.590109 2.121773 -0.113893 

C -1.783156 2.234212 -1.494338 

C -1.975541 3.128540 0.775759 

C -2.384727 3.389631 -1.988230 

H -1.478460 1.430588 -2.170047 

C -2.574875 4.276405 0.262350 

H -1.812605 3.025332 1.851767 

C -2.777773 4.403782 -1.113240 

H -2.546401 3.495925 -3.063959 

H -2.883486 5.075590 0.941190 

H -3.248388 5.307949 -1.508986 

O -2.409098 -0.574462 0.902120 

O 1.913331 1.501788 0.440240 

C -2.979902 -1.096067 -0.180083 

C 2.952174 0.879555 0.311992 

O -2.615212 -0.979683 -1.307973 

O 3.113172 -0.366812 0.086989 

C 4.298774 1.633584 0.433828 

C -4.250850 -1.876938 0.241550 

Al 2.348661 -1.842620 -0.570152 

Cl 3.650633 -3.475076 -0.540267 

Cl 1.260507 -1.317527 -2.302134 

Cl 0.491660 -2.246350 1.264735 

F -5.112198 -1.044939 0.820066 

F -4.819670 -2.410523 -0.821247 

F -3.940157 -2.836555 1.098659 

F 5.001080 1.480133 -0.684700 

F 4.105945 2.925620 0.639664 

F 5.001996 1.140430 1.447821 
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AlCl3 

E(scf) = 21622.72010132 a.u. 

Al -0.000088 -0.000020 -0.000004 

Cl 0.993808 1.828144 0.000001 

Cl -2.080107 -0.053433 0.000001 

Cl 1.086366 -1.774696 0.000001 

 

Tolylaniline 

E(scf) = 21105.63523265 a.u. 

C 3.034003 -2.506001 0.074328 

C 2.277732 -2.339113 -1.085290 

C 1.723631 -1.096614 -1.386688 

C 1.947992 -0.003803 -0.542347 

C 2.719850 -0.165112 0.613642 

C 3.246441 -1.417381 0.921601 

H 3.461129 -3.483106 0.316258 

H 2.104026 -3.185060 -1.756397 

H 3.845334 -1.538503 1.828793 

N 1.391259 1.262894 -0.852715 

H 1.148729 1.407167 -1.829775 

S 0.223445 1.955840 0.139701 

O -0.231348 3.121577 -0.593236 

O 0.784291 2.041782 1.473417 

C -1.093670 0.759264 0.178172 

C -1.035909 -0.301413 1.081976 

C -2.135380 0.863861 -0.741952 

C -2.033589 -1.271145 1.049330 

H -0.218716 -0.361408 1.804567 

C -3.127610 -0.112550 -0.755444 

H -2.169901 1.712293 -1.430113 

C -3.092408 -1.193587 0.135075 

H -1.988787 -2.107274 1.753929 

H -3.950329 -0.030311 -1.472524 

C -4.186267 -2.229889 0.135869 

H -4.977949 -1.957014 0.857134 

H -4.658357 -2.319885 -0.856011 

H -3.801474 -3.221034 0.427107 

H 2.893483 0.695559 1.261459 

H 1.106425 -0.971095 -2.281731 
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C 

E(scf) = 21688.32437511 a.u. 

O -0.205966 -0.011157 1.066004 

C -0.848090 -0.012765 -0.018136 

O -0.195039 -0.009431 -1.092954 

C -2.386043 -0.004718 -0.004635 

Al 1.391688 -0.000539 0.000960 

Cl 2.394140 -1.826191 0.001260 

Cl 2.365753 1.840634 0.001840 

F -2.864028 -0.101259 -1.228813 

F -2.821818 -1.023787 0.719209 

F -2.802740 1.128499 0.541497 

 

 

Int1 

E(scf) = 21514.80979013 a.u. 

I -0.766507 -1.191259 -0.078650 

C -1.300678 0.851445 -0.048933 

C -2.125708 1.325786 -1.065141 

C -0.838071 1.652696 0.990128 

C -2.492758 2.669928 -1.037299 

H -2.490655 0.668507 -1.857663 

C -1.215045 2.996652 0.992262 

H -0.182329 1.250934 1.765574 

C -2.037092 3.502181 -0.013819 

H -3.138723 3.065980 -1.825279 

H -0.860608 3.647955 1.795491 

H -2.328243 4.555932 -0.000503 

O 1.268491 -0.543189 -0.593573 

C 2.042482 -0.147262 0.364763 

O 1.768803 -0.002509 1.531753 

C 3.465977 0.158973 -0.165306 

F 4.263708 0.552112 0.815048 

F 3.996612 -0.924616 -0.730366 

F 3.418630 1.126094 -1.081064 

Cl -3.104594 -1.795984 0.332523 

    
 

Int2 

E(scf) = 23137.59762171 a.u. 

I -1.168454 -1.006857 -0.687468 

C -2.447087 0.326102 0.319468 

C -3.615607 0.761443 -0.299798 

C -2.061068 0.734284 1.593741 

C -4.432772 1.648011 0.399594 

H -3.893971 0.421350 -1.300094 

C -2.890569 1.629235 2.269091 

H -1.135948 0.371443 2.051997 

C -4.069490 2.081084 1.675892 

H -5.356739 2.005588 -0.062225 

H -2.609477 1.968332 3.269399 

H -4.714669 2.780124 2.214679 

O 0.084445 1.012079 -0.881649 

C 1.206529 1.432312 -0.572548 

O 2.165204 0.823593 -0.043591 

C 1.460081 2.940798 -0.817675 

Al 2.578578 -0.876610 0.552789 

A+ 

E(scf) = 2988.884234671 a.u. 

I -1.123771 -0.588120 0.001253 

C 0.910888 -0.158102 0.000382 

C 1.561149 -0.031426 -1.234027 

C 1.561049 -0.025483 1.234206 

C 2.927250 0.231740 -1.217079 

H 1.029180 -0.132970 -2.183270 

C 2.927144 0.237636 1.216088 

H 1.029010 -0.122510 2.183881 

C 3.602903 0.365315 -0.000782 

H 3.465914 0.334032 -2.162374 

H 3.465726 0.344538 2.160921 

H 4.676086 0.573509 -0.001227 

Cl -2.061667 1.556216 -0.003356 

 

B- 

E(scf) = 22148.55209093 a.u. 

O -1.345897 -1.740760 0.000192 
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Cl 4.636153 -0.901087 0.997129 

Cl 1.988606 -2.103006 -1.125332 

Cl 1.249412 -1.131258 2.220651 

F 2.710498 3.158022 -1.188007 

F 0.648098 3.415471 -1.748910 

F 1.229179 3.594787 0.320401 

Cl -2.701812 -2.823883 -0.526579 

 

 

C -1.362357 -0.537077 0.000315 

O -0.380987 0.297198 0.000299 

C -2.717222 0.215679 0.000032 

Al 1.414564 0.048494 0.000014 

Cl 2.226130 2.044016 -0.000612 

Cl 1.965752 -1.006141 -1.791061 

Cl 1.966624 -1.005305 1.791274 

F -2.836533 0.996536 -1.078934 

F -3.747939 -0.627496 0.000065 

F -2.836796 0.996823 1.078933 

 

 

TS21 

E(scf) = 22094.55305028 a.u. 

min = 2178.6 cm21 

C 0.780807 -3.783938 0.185001 

C 0.172303 -3.013265 1.126139 

C 0.425696 -1.593571 1.180016 

C 1.446776 -1.019214 0.306573 

C 2.021921 -1.845302 -0.693658 

C 1.695365 -3.178528 -0.732138 

H 0.579648 -4.855130 0.120112 

H -0.538297 -3.435550 1.840634 

H 2.159898 -3.805255 -1.499133 

N 1.783162 0.261963 0.498603 

H 1.294372 0.795691 1.216422 

S 2.761839 1.319106 -0.510330 

O 2.391545 2.606665 0.023435 

O 2.518050 0.916684 -1.874967 

C 4.404035 0.900805 -0.042183 

C 5.199797 0.159292 -0.915243 

C 4.892837 1.356921 1.185370 

C 6.502010 -0.149362 -0.533573 

H 4.815015 -0.151474 -1.889587 

C 6.193660 1.033267 1.546249 

H 4.269605 1.969126 1.842185 

C 7.018525 0.277032 0.697244 

H 7.134509 -0.726110 -1.214280 

H 6.585194 1.385470 2.504907 

C 8.438639 -0.028446 1.087128 

H 9.093153 0.825184 0.834420 

H 8.529402 -0.203852 2.171190 

H 8.824359 -0.912541 0.555747 

TS22 

E(scf) = 22094.55536044 a.u. 

min = 2186.0 cm21 

C -0.135005 1.452148 -1.033173 

C 0.245944 0.713526 -2.215704 

C 1.297746 -0.147411 -2.193349 

C 2.075729 -0.315675 -0.997028 

C 1.745193 0.441650 0.174286 

C 0.691752 1.303955 0.142753 

H -0.707700 2.375753 -1.156381 

H -0.339601 0.844567 -3.129297 

H 0.438187 1.885001 1.033220 

N 3.098254 -1.178528 -1.029134 

H 3.268096 -1.704404 -1.885807 

S 4.214032 -1.669281 0.242022 

O 4.817717 -2.825482 -0.371215 

O 3.441152 -1.716429 1.460038 

C 5.354380 -0.331901 0.302699 

C 5.301934 0.568833 1.366351 

C 6.320436 -0.222564 -0.701903 

C 6.222417 1.611901 1.404895 

H 4.568899 0.441799 2.166588 

C 7.225552 0.828419 -0.644332 

H 6.374007 -0.958645 -1.508166 

C 7.193106 1.761235 0.405426 

H 6.192249 2.319006 2.238648 

H 7.985469 0.921904 -1.425472 

C 8.208863 2.868387 0.472426 

H 9.150054 2.493285 0.913251 

H 8.447006 3.256593 -0.531034 

H 7.858062 3.704528 1.097329 
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H 2.720638 -1.425825 -1.415280 

H 0.205818 -1.066620 2.113871 

I -3.560632 0.370834 -1.364167 

C -4.858212 0.429417 0.290488 

C -5.653863 -0.683043 0.567444 

C -4.905734 1.583914 1.073036 

C -6.517519 -0.630378 1.661061 

H -5.611283 -1.578631 -0.057004 

C -5.776368 1.616878 2.161966 

H -4.281891 2.450557 0.841403 

C -6.579216 0.514464 2.456100 

H -7.150016 -1.492902 1.887334 

H -5.827688 2.516642 2.780836 

H -7.261745 0.549399 3.309234 

Cl -1.304957 -0.782370 0.011943 

 

 

H 2.319024 0.304626 1.089224 

H 1.565653 -0.720282 -3.084999 

I -4.209627 -1.269310 0.458074 

C -5.582592 0.306396 0.214460 

C -5.817530 1.171862 1.283416 

C -6.238165 0.451446 -1.008668 

C -6.734631 2.208886 1.114575 

H -5.301561 1.044235 2.238040 

C -7.151901 1.494470 -1.157709 

H -6.049166 -0.236235 -1.836425 

C -7.399823 2.370821 -0.100962 

H -6.931312 2.891771 1.945388 

H -7.675786 1.616958 -2.109438 

H -8.120039 3.183834 -0.224330 

Cl -1.885588 0.216724 -0.379884 
 

Int31 

E(scf) = 21565.40484274 a.u. 

C -3.742449 -2.192938 -0.349800 

C -3.812487 -1.359427 0.703348 

C -2.701451 -0.407383 0.997860 

C -1.700157 -0.188486 -0.118511 

C -1.638633 -1.159999 -1.161048 

C -2.625263 -2.100909 -1.261048 

H -4.523798 -2.933424 -0.533423 

H -4.633069 -1.397929 1.425218 

H -2.586467 -2.800404 -2.102079 

N -0.897817 0.844465 -0.017924 

H -1.102774 1.533702 0.712565 

S 0.482091 1.370862 -1.060889 

O 0.542032 2.762591 -0.706547 

O 0.164221 0.879142 -2.377160 

C 1.811955 0.476450 -0.358526 

C 2.233444 -0.713544 -0.957039 

C 2.440739 0.992436 0.779470 

C 3.294988 -1.404411 -0.384449 

H 1.758712 -1.080589 -1.870053 

C 3.497397 0.281600 1.332476 

H 2.121217 1.943658 1.212803 

C 3.941939 -0.923490 0.764157 

H 3.639008 -2.332823 -0.848749 

H 3.999494 0.677446 2.219729 

Int32 

E(scf) = 21565.40863258 a.u. 

C -3.643146 1.242686 -0.273997 

C -3.422733 0.393572 -1.476663 

C -2.364986 -0.428391 -1.591978 

C -1.394196 -0.540594 -0.516210 

C -1.582900 0.226237 0.699554 

C -2.643275 1.048695 0.811806 

Cl -5.292766 0.935625 0.377546 

H -4.158546 0.468552 -2.283170 

H -2.801896 1.615390 1.734496 

N -0.366857 -1.343575 -0.688373 

H -0.304471 -1.876642 -1.558059 

S 0.990211 -1.796997 0.425506 

O 1.442883 -2.992660 -0.232509 

O 0.415590 -1.761343 1.745727 

C 2.113128 -0.475706 0.192266 

C 2.187971 0.539617 1.148933 

C 2.941849 -0.488493 -0.934799 

C 3.098372 1.571547 0.952137 

H 1.566595 0.510066 2.047153 

C 3.839838 0.555505 -1.109166 

H 2.898870 -1.311171 -1.653151 

C 3.934499 1.599689 -0.174092 

H 3.171552 2.367084 1.698856 

H 4.494609 0.554577 -1.985108 
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C 5.116097 -1.656820 1.349533 

H 6.056709 -1.256209 0.929984 

H 5.164176 -1.534290 2.443219 

H 5.080289 -2.732568 1.116654 

H -0.873150 -1.074422 -1.931443 

Cl -3.281159 1.120735 1.716862 

H -2.096116 -0.902016 1.789762 

 

 

C 4.944240 2.697896 -0.356322 

H 5.920967 2.382304 0.053095 

H 5.094386 2.934951 -1.421629 

H 4.644407 3.617245 0.170451 

H -0.887958 0.096098 1.528115 

H -2.223335 -1.034344 -2.491083 

H -3.633283 2.305708 -0.582274 
 

TS31 

E(scf) = 23714.07461184 a.u. 

min = 21565.1 cm21 

C -0.486461 -3.373273 -0.864952 

C -1.264585 -3.311048 0.264415 

C -2.187994 -2.231678 0.432961 

C -2.442173 -1.317882 -0.652951 

C -1.633830 -1.434465 -1.805247 

C -0.676519 -2.424897 -1.892283 

H 0.281440 -4.142112 -0.964057 

H -1.153325 -4.029587 1.079438 

H -0.044212 -2.466057 -2.782145 

N -3.390463 -0.349133 -0.504191 

H -3.999544 -0.405659 0.309502 

S -3.357924 1.227469 -1.183425 

O -4.507136 1.844253 -0.559543 

O -3.227771 1.082934 -2.616564 

C -1.866184 1.922832 -0.534019 

C -0.758037 2.084480 -1.364304 

C -1.834914 2.319947 0.803904 

C 0.398058 2.650988 -0.838331 

H -0.794913 1.771909 -2.409434 

C -0.665472 2.875241 1.311593 

H -2.717832 2.209144 1.438734 

C 0.467275 3.051174 0.501747 

H 1.271246 2.766284 -1.485184 

H -0.632860 3.185294 2.359598 

C 1.742433 3.634978 1.047022 

H 2.042083 4.525065 0.467978 

H 1.637799 3.927651 2.103103 

H 2.563705 2.900981 0.972825 

H -1.789239 -0.735956 -2.627575 

Cl -3.283891 -2.254953 1.795407 

H -1.006106 -1.176267 0.733260 

TS32 

E(scf) = 23714.09257564 a.u. 

min = 2819.6 cm21 

C 0.347650 3.386236 -0.038273 

C 1.379447 3.400195 0.961739 

C 2.397524 2.491689 0.912702 

C 2.499764 1.572832 -0.174294 

C 1.569867 1.650590 -1.243977 

C 0.562486 2.580858 -1.206183 

Cl -0.686175 4.805000 -0.176987 

H 1.287749 4.091966 1.802824 

H -0.164282 2.632716 -2.020775 

N 3.488018 0.646944 -0.131801 

H 4.121257 0.654986 0.663694 

S 3.679025 -0.798290 -1.071076 

O 4.964139 -1.271415 -0.608550 

O 3.417832 -0.443725 -2.447494 

C 2.388867 -1.822908 -0.452884 

C 1.171019 -1.892551 -1.130855 

C 2.594394 -2.501445 0.749807 

C 0.137460 -2.633221 -0.570789 

H 1.024184 -1.383626 -2.085533 

C 1.542280 -3.226402 1.296466 

H 3.565481 -2.460354 1.249480 

C 0.295613 -3.290198 0.657728 

H -0.816971 -2.704202 -1.098603 

H 1.690589 -3.752488 2.243939 

C -0.865823 -4.018312 1.273952 

H -1.329628 -4.709241 0.551041 

H -0.562452 -4.587996 2.166613 

H -1.646143 -3.294518 1.565452 

H 1.675616 0.997982 -2.109758 

H 3.131721 2.447198 1.721140 

H -0.447205 2.503204 0.506334 
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O 0.314302 -0.558410 0.334531 

C 1.161121 -0.086167 1.102636 

O 2.314078 0.254767 0.751795 

C 0.850387 0.034888 2.610702 

Al 3.154459 -0.392114 -0.810070 

Cl 5.031017 0.585311 -0.740508 

Cl 1.987872 0.101505 -2.541412 

Cl 3.116850 -2.503057 -0.448307 

F 1.287894 1.176887 3.111938 

F -0.464752 -0.050050 2.824572 

F 1.437523 -0.968786 3.249249 

 

 

O -1.419980 1.605909 0.774991 

C -1.336670 0.448589 1.204119 

O -2.013771 -0.530155 0.813054 

C -0.292885 0.143998 2.303613 

Al -3.086170 -0.563775 -0.733821 

Cl -3.589673 -2.627605 -0.905535 

Cl -1.702966 0.061687 -2.266833 

Cl -4.714781 0.745703 -0.401559 

F 0.892344 -0.084813 1.722487 

F -0.147791 1.192673 3.108336 

F -0.614645 -0.911022 3.024281 

 

 

Int41 

E(scf) = 21565.09200251 a.u. 

C -2.907862 2.241768 0.930347 

C -2.126768 2.324879 -0.219828 

C -1.598604 1.163004 -0.776481 

C -1.864274 -0.097180 -0.217051 

C -2.664539 -0.162613 0.929326 

C -3.170353 0.998248 1.505996 

H -3.315155 3.154293 1.373656 

H -1.910025 3.288374 -0.686026 

H -3.788590 0.928058 2.404791 

N -1.328597 -1.277469 -0.774623 

H -1.068645 -1.201538 -1.756362 

S -0.136439 -2.126149 0.068791 

O 0.310162 -3.145831 -0.858707 

O -0.681833 -2.440720 1.374400 

C 1.164138 -0.933208 0.285144 

C 1.111809 -0.047449 1.360319 

C 2.172161 -0.844474 -0.673667 

C 2.080164 0.947580 1.462155 

H 0.321422 -0.140431 2.108887 

C 3.135288 0.151342 -0.550672 

H 2.198431 -1.555337 -1.503272 

C 3.103121 1.063684 0.512807 

H 2.039536 1.648803 2.301236 

H 3.929992 0.223395 -1.299650 

C 4.166098 2.122813 0.648043 

H 5.044056 1.724180 1.188148 

H 4.514836 2.471014 -0.338075 

H 3.797388 2.994937 1.212059 

Int42 

E(scf) = 21565.08965897 a.u. 

C 3.280795 0.422856 0.123438 

C 2.502914 0.649606 1.257046 

C 1.387261 -0.149840 1.490238 

C 1.062824 -1.191465 0.614942 

C 1.862216 -1.419892 -0.510601 

C 2.961738 -0.605378 -0.763304 

Cl 4.665979 1.431901 -0.186717 

H 2.760149 1.458306 1.944381 

H 3.585257 -0.778245 -1.643202 

N -0.071549 -2.004095 0.855501 

H -0.396352 -2.032951 1.818771 

S -1.384082 -1.972400 -0.200134 

O -2.403179 -2.760323 0.464556 

O -0.879839 -2.296848 -1.519663 

C -1.895690 -0.268486 -0.214046 

C -1.273931 0.630315 -1.080460 

C -2.865506 0.158872 0.691513 

C -1.626274 1.975506 -1.024548 

H -0.526173 0.275515 -1.793556 

C -3.208905 1.507391 0.728713 

H -3.353024 -0.565068 1.349524 

C -2.595707 2.435316 -0.123563 

H -1.137257 2.684186 -1.699906 

H -3.974153 1.845879 1.434098 

C -2.994605 3.888009 -0.098950 

H -3.791730 4.082932 -0.839187 

H -3.380795 4.184358 0.889849 

H -2.144095 4.543153 -0.349069 
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H -2.869598 -1.144305 1.358917 

Cl -0.590550 1.275957 -2.196868 

 

 

H 1.607960 -2.236368 -1.188220 

H 0.756083 0.043548 2.362691 
 

TS41 

E(scf) = 22554.00523729 a.u. 

min = 2192.3 cm21 

C -0.233536 1.281143 -1.148226 

C 0.154332 0.245598 -2.073398 

C 1.197873 -0.579932 -1.793466 

C 1.974764 -0.411147 -0.582374 

C 1.628098 0.652792 0.311689 

C 0.579894 1.474085 0.028128 

H -0.807345 2.127859 -1.535161 

H -0.414171 0.112335 -2.996508 

H 0.320624 2.283137 0.715522 

N 2.985645 -1.247684 -0.351642 

H 3.149846 -1.993030 -1.031501 

S 4.103172 -1.341946 1.009870 

O 4.679452 -2.643115 0.788182 

O 3.337820 -0.990337 2.181904 

C 5.263772 -0.075147 0.639467 

C 5.224070 1.124805 1.349816 

C 6.228745 -0.313005 -0.343891 

C 6.158343 2.110709 1.047487 

H 4.490772 1.276865 2.145322 

C 7.147742 0.687193 -0.630417 

H 6.269665 -1.272318 -0.866177 

C 7.129401 1.912159 0.056682 

H 6.139032 3.052062 1.603830 

H 7.906995 0.510413 -1.397619 

C 8.159531 2.967219 -0.239095 

H 9.094143 2.748259 0.308124 

H 8.406065 2.998498 -1.312648 

H 7.817973 3.967058 0.071362 

H 2.192761 0.774266 1.234545 

Cl 1.632919 -1.855782 -2.880968 

I -4.310862 -0.920857 1.033795 

C -5.722169 0.377887 0.169629 

C -6.062727 1.552126 0.842183 

C -6.297380 0.036030 -1.054909 

C -7.005520 2.402639 0.265500 

H -5.608694 1.805504 1.803151 

TS42 

E(scf) = 22554.00190972 a.u. 

min = 2180.0 cm21 

C -0.775258 3.425802 0.151031 

C -0.172024 2.682628 1.118740 

C -0.400019 1.263645 1.174129 

C -1.405999 0.661633 0.305519 

C -1.972402 1.466562 -0.723527 

C -1.665934 2.798705 -0.782439 

Cl -0.500488 5.119937 0.010892 

H 0.515707 3.134207 1.836337 

H -2.114388 3.417333 -1.564385 

N -1.744369 -0.612872 0.518643 

H -1.269658 -1.128992 1.258741 

S -2.706039 -1.697455 -0.486835 

O -2.321510 -2.972501 0.065144 

O -2.454795 -1.304276 -1.852632 

C -4.354223 -1.292234 -0.032727 

C -5.148590 -0.556529 -0.912406 

C -4.848343 -1.750303 1.192122 

C -6.455088 -0.255783 -0.539864 

H -4.760092 -0.244765 -1.884951 

C -6.153654 -1.434466 1.543507 

H -4.225974 -2.358017 1.853906 

C -6.977315 -0.684117 0.688105 

H -7.086633 0.316066 -1.225536 

H -6.549540 -1.788206 2.499777 

C -8.401802 -0.386892 1.067698 

H -9.049913 -1.242763 0.806158 

H -8.502210 -0.216352 2.151640 

H -8.787469 0.497359 0.536576 

H -2.652134 1.027841 -1.451926 

H -0.167377 0.748537 2.111160 

I 3.591992 -0.691382 -1.367737 

C 4.880320 -0.712442 0.294503 

C 5.643583 0.421805 0.574648 

C 4.953762 -1.864217 1.079169 

C 6.500958 0.394115 1.674066 

H 5.580717 1.315071 -0.051417 
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C -7.238372 0.899643 -1.614941 

H -6.025833 -0.889137 -1.568863 

C -7.591652 2.078840 -0.958433 

H -7.284845 3.323969 0.783512 

H -7.700342 0.642182 -2.571772 

H -8.332571 2.748895 -1.402247 

Cl -1.985747 0.286331 -0.169602 

 

 

C 5.817865 -1.871948 2.173691 

H 4.355072 -2.747742 0.844956 

C 6.588448 -0.747598 2.471261 

H 7.108197 1.273854 1.903198 

H 5.889624 -2.769072 2.794349 

H 7.266022 -0.762727 3.328912 

Cl 1.316160 0.438006 -0.005128 
 

Int51 

E(scf) = 22024.85688786 a.u. 

C 3.446040 1.438303 0.424407 

C 3.273183 0.165549 1.175276 

C 2.232114 -0.657433 0.960681 

C 1.221186 -0.341869 -0.056446 

C 1.370107 0.874503 -0.831356 

C 2.414418 1.695053 -0.615331 

Cl 5.074177 1.453202 -0.344858 

H 4.026457 -0.084046 1.927909 

H 2.534825 2.600296 -1.218116 

N 0.221344 -1.169512 -0.223944 

H 0.214250 -2.017648 0.352325 

S -1.175650 -1.156377 -1.390345 

O -1.501503 -2.555645 -1.384996 

O -0.690620 -0.437443 -2.540109 

C -2.357332 -0.220159 -0.506623 

C -2.518811 1.136650 -0.800144 

C -3.135519 -0.863880 0.461471 

C -3.469416 1.859579 -0.089767 

H -1.931785 1.613886 -1.588427 

C -4.076074 -0.117462 1.158133 

H -3.020073 -1.933759 0.652881 

C -4.259819 1.250407 0.897241 

H -3.611340 2.919940 -0.316284 

H -4.692766 -0.610288 1.914909 

C -5.313325 2.032742 1.629656 

H -6.284452 1.930983 1.112064 

H -5.447661 1.663643 2.658794 

H -5.068746 3.105743 1.668840 

H 0.646662 1.082831 -1.618850 

Cl 2.045043 -2.125436 1.855415 

H 3.445339 2.277812 1.145266 
 

Int52 

E(scf) = 22024.85117113 a.u. 

C 3.638858 1.071506 0.018005 

C 3.447891 0.138394 0.968612 

C 2.121455 -0.529980 1.112246 

C 1.164043 -0.376828 -0.052198 

C 1.399190 0.692702 -0.971836 

C 2.583893 1.364725 -0.934096 

Cl 5.115282 1.940387 -0.131246 

H 4.213482 -0.097158 1.712049 

H 2.774237 2.144719 -1.677528 

N 0.136313 -1.185525 -0.105638 

H 0.127090 -1.978353 0.544651 

S -1.270285 -1.251299 -1.255122 

O -1.623556 -2.638274 -1.130874 

O -0.784264 -0.639113 -2.464858 

C -2.425170 -0.221414 -0.442180 

C -2.535730 1.119731 -0.820041 

C -3.230205 -0.775241 0.558779 

C -3.462562 1.919044 -0.162363 

H -1.927597 1.526197 -1.631654 

C -4.147475 0.046211 1.200578 

H -3.153956 -1.834659 0.816591 

C -4.280224 1.400755 0.854297 

H -3.564345 2.967941 -0.454443 

H -4.785999 -0.376519 1.981282 

C -5.308768 2.265129 1.527631 

H -6.272400 2.188336 0.992011 

H -5.483314 1.949589 2.568381 

H -5.011851 3.325644 1.525520 

H 0.679505 0.890348 -1.765529 

Cl 2.275534 -2.226096 1.654205 

H 1.603038 0.001125 1.941054 
 

TS51 TS52 
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E(scf) = 24173.53099530 a.u. 

min = 21422.6 cm21 

C 1.340326 3.085827 -0.439051 

C 2.415325 2.760720 0.455017 

C 3.001158 1.528063 0.400721 

C 2.614658 0.558614 -0.585972 

C 1.605233 0.913360 -1.516624 

C 1.023090 2.155630 -1.482238 

Cl 0.920577 4.775214 -0.644885 

H 2.722657 3.487281 1.209937 

H 0.237053 2.410587 -2.197349 

N 3.207702 -0.651481 -0.568796 

H 3.924760 -0.816259 0.135877 

S 2.777286 -2.105884 -1.415164 

O 3.880918 -2.970574 -1.067633 

O 2.470625 -1.724651 -2.774942 

C 1.313707 -2.602777 -0.577973 

C 0.066780 -2.332539 -1.147205 

C 1.433878 -3.203866 0.674392 

C -1.075330 -2.652402 -0.423698 

H -0.019996 -1.888389 -2.138641 

C 0.277921 -3.501272 1.385252 

H 2.419297 -3.434781 1.091750 

C -0.990772 -3.213894 0.860745 

H -2.058112 -2.455684 -0.859526 

H 0.356440 -3.953642 2.377957 

C -2.253325 -3.493220 1.629573 

H -2.844498 -4.308435 1.120054 

H -2.014625 -3.810250 2.680919 

H -2.899387 -2.567536 1.646479 

H 1.309345 0.201486 -2.286213 

Cl 4.229714 1.104818 1.552598 

H 0.234999 2.543275 0.355298 

O -1.131901 1.991476 0.688928 

C -1.322821 0.875739 1.185200 

O -2.297203 0.128374 0.943057 

C -0.266556 0.312170 2.163667 

Al -3.461974 0.339960 -0.519608 

Cl -4.578592 -1.473169 -0.494710 

Cl -2.079047 0.429672 -2.177093 

Cl -4.594972 2.097854 -0.197759 

F 0.702067 -0.282234 1.452630 

E(scf) = 24173.52527525 a.u. 

min = 21612.3 cm21 

C -2.023639 -3.150230 -0.491302 

C -2.635699 -2.624665 0.618808 

C -2.840124 -1.210569 0.705989 

C -2.604749 -0.363088 -0.435333 

C -1.968984 -0.958016 -1.551443 

C -1.681200 -2.304514 -1.569673 

Cl -1.669053 -4.838637 -0.580643 

H -2.905895 -3.250160 1.471349 

H -1.174890 -2.729476 -2.438680 

N -2.951410 0.946733 -0.366945 

H -3.472452 1.256632 0.451080 

S -2.502837 2.253161 -1.397466 

O -3.397917 3.298112 -0.956008 

O -2.501048 1.737211 -2.748482 

C -0.853863 2.626853 -0.902359 

C 0.222108 2.000991 -1.535407 

C -0.657509 3.544838 0.129836 

C 1.510689 2.284351 -1.099242 

H 0.068841 1.302885 -2.360347 

C 0.640752 3.812179 0.549443 

H -1.511415 4.042358 0.595302 

C 1.741202 3.179527 -0.044447 

H 2.359144 1.797353 -1.587558 

H 0.802712 4.521819 1.365633 

C 3.142421 3.415791 0.443827 

H 3.798554 3.738836 -0.381711 

H 3.174262 4.177952 1.238227 

H 3.565508 2.475303 0.836527 

H -1.743036 -0.344454 -2.422314 

Cl -3.786687 -0.590082 2.038706 

H -1.277805 -0.988414 1.038758 

O 0.208791 -1.173753 0.839026 

C 0.994517 -0.321676 1.287932 

O 2.181734 -0.179375 0.933082 

C 0.486525 0.596771 2.422900 

Al 3.097735 -1.105726 -0.434646 

Cl 3.569659 -2.982968 0.425984 

Cl 4.727428 0.208189 -0.826560 

Cl 1.729794 -1.204843 -2.090937 

F 1.296678 1.602734 2.667515 
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F 0.298322 1.297039 2.856465 

F -0.777328 -0.569823 3.000667 

 

 

F -0.721188 1.078559 2.094333 

F 0.343914 -0.124729 3.529566 
 

Product 

E(scf) = 22024.54528099 a.u. 

C 3.213319 0.332500 -0.210190 

C 2.417536 0.679410 0.878409 

C 1.299900 -0.097380 1.169164 

C 0.979596 -1.234607 0.410792 

C 1.809899 -1.567061 -0.665459 

C 2.913002 -0.785191 -0.988053 

Cl 4.599533 1.309038 -0.595455 

H 2.652713 1.553656 1.486900 

H 3.550733 -1.049848 -1.833732 

N -0.157631 -2.016257 0.696516 

H -0.498963 -1.935478 1.652625 

S -1.459572 -2.004818 -0.383534 

O -2.505354 -2.737287 0.300519 

O -0.937896 -2.404589 -1.675384 

C -1.917110 -0.289803 -0.477543 

C -1.255006 0.549123 -1.372999 

C -2.870019 0.209869 0.408722 

C -1.547368 1.909996 -1.364301 

H -0.521768 0.137075 -2.070338 

C -3.154317 1.571437 0.397032 

H -3.384140 -0.467220 1.095378 

C -2.496949 2.442052 -0.482758 

H -1.025762 2.572998 -2.061262 

H -3.903399 1.967927 1.089305 

C -2.829983 3.911135 -0.503795 

H -3.661062 4.109653 -1.204747 

H -3.143631 4.267512 0.490961 

H -1.968362 4.515042 -0.831941 

H 1.562920 -2.451227 -1.254929 

Cl 0.280954 0.356664 2.507662 
 

D 

E(scf) = 2529.162648764 a.u. 

I 1.551544 0.000000 -0.000005 

C 0.556068 -0.000001 -0.000011 

C 1.245859 1.213292 0.000026 

C 1.245860 -1.213293 0.000026 

C 2.641162 1.206228 0.000025 

H 0.702667 2.161507 0.000088 

C 2.641164 -1.206227 0.000025 

H 0.702669 -2.161509 0.000088 

C 3.340977 0.000001 -0.000074 

H 3.182751 2.156552 0.000069 

H 3.182753 -2.156551 0.000069 

H 4.434455 0.000001 -0.000148 

 

E 

E(scf) = 22149.01306956 a.u. 

O -1.358076 -1.626064 -0.001586 

C -1.323114 -0.346858 0.004287 

O -0.319605 0.360956 0.006001 

C -2.722109 0.310564 0.002999 

Al 1.587330 0.117444 0.000131 

Cl 2.188099 0.972862 -1.821315 

Cl 1.604315 -2.065206 -0.010800 

Cl 2.197609 0.954829 1.826788 

F -3.357332 -0.035281 -1.106355 

F -3.406051 -0.120580 1.050936 

F -2.608677 1.618553 0.057168 

H -0.424343 -2.014610 -0.005927 
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Annex A. 

1H and 13C NMR spectrums of Chapter 2 and 3 
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1H and 13C NMR spectrums of chapter 2 
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(4-nitrophenyl)methanol (304) 
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1-(bromomethyl)-4-nitrobenzene (305) 

 

 



 

 

Page | 119  
 

2-iodo-N-(4-nitrobenzyl)aniline (307) 
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(2-((trimethylsilyl)ethynyl)phenyl)methanol (309) 
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((2-(bromomethyl)phenyl)ethynyl)trimethylsilane (310) 
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N-(2-ethynylbenzyl)-2-iodo-N-(4-nitrobenzyl)aniline (311) 
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1-(bromomethyl)-2-iodobenzene (312) 
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2-iodo-N-(2-iodobenzyl)aniline (314) 
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2-((trimethylsilyl)ethynyl)-N-(2-((trimethylsilyl)ethynyl)benzyl)aniline (317) 
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2-iodo-N-methylaniline (320) 
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N-benzyl-2-iodo-N-methylaniline (322) 
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N-benzyl-2-ethynyl-N-methylaniline (324) 
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3-benzyl-1-methyl-1H-indole (325) and 2-benzyl-1-methyl-1H-indole (326) 
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1H, 13C, 19F, and NOE NMR spectrums of Chapter 3 
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N-(2,4-dichlorophenyl)-4-methylbenzenesulfonamide (331) 
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N-(2,4-dichlorophenyl)-4-methylbenzenesulfonamide (331) 
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N-(4-chloro-2-nitrophenyl)-4-methylbenzenesulfonamide (332). 
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4-methyl-N-(2-nitrophenyl)benzenesulfonamide (333) 
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4-methyl-N-(4-nitrophenyl)benzenesulfonamide (334) 
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N-(2-chloro-4-fluorophenyl)-4-methylbenzenesulfonamide (335) 
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N-(4-fluoro-2-nitrophenyl)-4-methylbenzenesulfonamide (336) 
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N-(4-bromo-2-chlorophenyl)-4-methylbenzenesulfonamide (337) 
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N-(4-bromo-2-nitrophenyl)-4-methylbenzenesulfonamide (338) 
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N-(2-chloro-4-iodophenyl)-4-methylbenzenesulfonamide (339) 
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N-(4-iodo-2-nitrophenyl)-4-methylbenzenesulfonamide (340) 
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N-(2-chloro-4-nitrophenyl)-4-methylbenzenesulfonamide (341) 
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N-(2,4-dinitrophenyl)-4-methylbenzenesulfonamide (342) 
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N-(2-chloro-4-methylphenyl)-4-methylbenzenesulfonamide (343). 
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4-methyl-N-(4-methyl-2-nitrophenyl)benzenesulfonamide (344) 
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N-(2,5-dichloro-4-methoxyphenyl)-4-methylbenzenesulfonamide (345) 
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N-(4-methoxy-2-nitrophenyl)-4-methylbenzenesulfonamide (346) 
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4-methyl-N-(2,3,4-trichlorophenyl)benzenesulfonamide (347) 
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N-(2-chloro-3,4-dinitrophenyl)-4-methylbenzenesulfonamide (348) 
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     348 
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N-(2-bromo-4-chlorophenyl)-4-methylbenzenesulfonamide (349) 
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N-(2-bromo-4-nitrophenyl)-4-methylbenzenesulfonamide (350) 
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N-(4-chloro-2-nitrophenyl)-4-methylbenzenesulfonamide (332). 
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N-(2,4-dinitrophenyl)-4-methylbenzenesulfonamide (342) 
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N,N'-(4,5-dichloro-1,2-phenylene)bis(4 methylbenzenesulfonamide) (351) 
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N-(2,4-dichloro-5-methoxyphenyl)-4 methylbenzenesulfonamide (352) 
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N-(3-methoxy-4-nitrophenyl)-4-methylbenzenesulfonamide (353) 
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                                                                      353 
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N-(3,4-dichlorophenyl)-4-methylbenzenesulfonamide (354) 
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N-(3-chloro-4-nitrophenyl)-4-methylbenzenesulfonamide (355) 
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N-(2-chloro-4,5-dimethoxyphenyl)-4-methylbenzenesulfonamide (356) 
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N-(4-chloro-5-methoxy-2-nitrophenyl)-4 methylbenzenesulfonamide (357) 
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         357 
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N-(5-methoxy-2,4-dinitrophenyl)-4-methylbenzenesulfonamide (358) 
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N-(2-fluoro-4,5-dinitrophenyl)-4-methylbenzenesulfonamide (359) 
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N,N'-(4,5-dibromo-3-chloro-1,2-phenylene)bis(4 methylbenzenesulfonamide) (360) 
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N-(4-fluoro-2,6-dinitrophenyl)-4-methylbenzenesulfonamide (361) 

 

 



 

 

Page | 173  
 

4-methyl-N-phenylbenzenesulfonamide (362) 
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N-(2,4-dibromophenyl)-4-methylbenzenesulfonamide (363) 
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ANNEX B 

Theoretical Studies on Gold(I)-Catalyzed Sequential Indole Formation-Benzylic 

Migration. 

(Under the guidance of Prof. Dr. Cesar Rogelio Solorio Alvarado and Prof. Dr. Jose Oscar 

Carlos Jimenez Halla, at Universidad de Guanajuato, Mexico.) 
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1. Theoretical Results and discussion- 

      We started DFT-study based on b97xd/3-21g* level for fukui-functions and chemical shift 
of 1H, 13C NMR-calculation for Comparative study of Experimental and theoretical discussion is 
as shown in below-  

A. Fukui-function calculation- for Tertiary-aniline:- 

      DFT-study based on b97xd/3-21g* level of fukui-functions calculation for tertiary-
aniline 324, to check the reactivity pattern and confirmation about cyclization by gold(I)-
catalyst. In this fukui function calculation, we calculate the NBO-Charges and fukui-
function value is as shown in bellow table- 

Table 1. NBO-charges and Fukui-function values calculations of tertiary-aniline 324. 

 

       f = Fukui function 

 
 
 

Atom no. Atom NBO Charges (Neutral) NBO Charges (Cation) NBO Charges (Anion) f+ f- f0

1 C -0.12523 -0.073112 -0.168685 0.052118 0.043455 0.0477865

2 C 0.346441 0.332116 0.302259 -0.014325 0.044182 0.0149285

3 C -0.217884 -0.173519 -0.236299 0.044365 0.018415 0.03139

4 C -0.21764 -0.204903 -0.282554 0.012737 0.064914 0.0388255

5 C -0.224256 -0.181533 -0.229107 0.042723 0.004851 0.023787

6 C -0.201176 -0.184691 -0.23982 0.016485 0.038644 0.0275645

7 H 0.21871 0.273837 0.141161 0.055127 0.077549 0.066338

8 H 0.221345 0.288591 0.119879 0.067246 0.101466 0.084356

9 H 0.219135 0.2955 0.135655 0.076365 0.08348 0.0799225

10 H 0.227837 0.287787 0.146173 0.05995 0.081664 0.070807

11 N -0.717549 -0.609283 -0.7165 0.108266 -0.001049 0.0536085

12 C -0.435301 -0.490949 -0.407384 -0.055648 -0.027917 -0.0417825

13 H 0.248291 0.316973 0.20527 0.068682 0.043021 0.0558515

14 H 0.194605 0.279206 0.160356 0.084601 0.034249 0.059425

15 H 0.230057 0.286122 0.211277 0.056065 0.01878 0.0374225

16 C -0.267013 -0.313952 -0.251665 -0.046939 -0.015348 -0.0311435

17 H 0.272815 0.308842 0.283657 0.036027 -0.010842 0.0125925

18 H 0.210951 0.288666 0.168915 0.077715 0.042036 0.0598755

19 C -0.012367 -0.022256 -0.007511 -0.009889 -0.004856 -0.0073725

20 C -0.20411 -0.216027 -0.191797 -0.011917 -0.012313 -0.012115

21 C -0.227376 -0.220226 -0.230569 0.00715 0.003193 0.0051715

22 C -0.221705 -0.212066 -0.226507 0.009639 0.004802 0.0072205

23 H 0.239109 0.220374 0.258951 -0.018735 -0.019842 -0.0192885

24 C -0.217275 -0.208623 -0.223365 0.008652 0.00609 0.007371

25 H 0.209438 0.232341 0.189733 0.022903 0.019705 0.021304

26 C -0.222927 -0.212549 -0.231045 0.010378 0.008118 0.009248

27 H 0.217691 0.249021 0.19506 0.03133 0.022631 0.0269805

28 H 0.217058 0.254874 0.184605 0.037816 0.032453 0.0351345

29 H 0.216628 0.255576 0.183293 0.038948 0.033335 0.0361415

30 C 0.091315 0.070796 0.063919 -0.020519 0.027396 0.0034385

31 C -0.366496 -0.268478 -0.516199 0.098018 0.149703 0.1238605

32 H 0.296876 0.351547 0.208842 0.054671 0.088034 0.0713525
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                                a.                                             b.                                           c.                              

Figure 1. Structures related to tertiary aniline a. Structure of tertiary-aniline. b. Structure of 
tertiary-aniline with numbering to the atom. c. Structure of tertiary-aniline with Fukui-function 
values. 

       According to Table 1. and figure 2. (a.b.c.) and their results shows the Fukui-functions value 
for the indications of reactivity pattern of tertiary-aniline 324. this fukui-functions value gives the 
concrete proof and support to the cyclization with the formation five member N-containing ring 
was happened in tertiary aniline by gold(I)-catalyzed reaction. The tertiary-aniline fukui function 
value for all atom is in the Table 1. and selective fukui-function value for the indication of 
cyclization in tertiary aniline with the reactive site of nitrogen and terminal carbon of acetylene is 
as shown in figure 2. (a.b.c.). 

 

B. Chemical-shift calculations of 1H and 13C-spectrum 

       The chemical-shift values calculations of  1H and 13C- spectrum of Tertiary-aniline 1 
and Substituted-indole 2, by DFT-study based on b97xd/3-21g* level for chemical shift 
of 1H, 13C NMR-calculations for comparative study of experimental and theoretical 
spectrum with their data. 

a. Tertiary aniline 324, chemical shift values of H1, C13-Spectrum calculations 

                

           i.                          ii. 

Figure 2. Structures related to Tertiary aniline. i. structure of tertiary-aniline. ii. Structure of 
aniline with numbering to the atom. 
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Table 2. 1H-Chemical shift calculation of Tertiary aniline 324, in Gas-phase and THF-Phase.  

 

TMS = Tetramethylsilane. GP = Gas Phase. THF = Tetrahydrofuran solvent Phase. Aniline = Tertiary aniline. Cn = Numbering 
to carbon atom in aniline. Hn = Numbering to hydrogen atom in aniline, ô = Chemical shift value. 

Table 3. 13C-Chemical shift calculation of Tertiary aniline 324, in Gas-phase and THF-Phase.  

 

TMS = Tetramethylsilane. GP = Gas Phase. THF = Tetrahydrofuran Solvent Phase. Aniline = Tertiary aniline 324. Cn = 
Numbering to carbon atom in aniline. Hn = Numbering to hydrogen atom in aniline, ô = Chemical shift value. 

Experimental Data of Tertiary aniline (324) :-  
1H NMR (500 MHz, Chloroform-d) δ 7.81 (dd, J = 7.9, 1.5 Hz, 1H), 7.41 – 7.37 (m, 2H), 7.29 – 
7.16 (m, 4H), 7.03 (dd, J = 8.0, 1.5 Hz, 1H), 6.73 (td, J = 7.5, 1.5 Hz, 1H), 4.05 (s, 2H), 2.55 (s, 
3H), 1.48 (s, 1H). 
13C NMR (126 MHz, Chloroform-d) δ 154.25, 140.26, 138.35, 129.16, 128.86, 128.35, 127.25, 
125.62, 122.43, 98.70, 61.27, 41.73. 

TMS (GP)(IV) TMS-THF (IV) Hn Aniline (GP)(IV) Hn Aniline-THF (IV) Chemical-shift-Aniline (GP) Chemical-shift-Aniline-THF

C-Atom 201.8241 202.7277 H-7 26.4314 H-7 26.027 6.3116 6.649

H-Atom 32.743 32.676 H-8 25.9201 H-8 25.5322 6.8229 7.1438

H-9 26.3647 H-9 26.0451 6.3783 6.6309

H-10 25.6915 H-10 25.4279 7.0515 7.2481

H-13 30.0641 H-13 30.1041 2.6789 2.5719

H-14 30.4061 H-14 30.1236 2.3369 2.5524

H-15 30.3179 H-15 30.1474 2.4251 2.5286

H-17 27.6159 H-17 27.6386 5.1271 5.0374

H-18 29.3551 H-18 28.9913 3.3879 3.6847

H-23 24.5794 H-23 24.5803 8.1636 8.0957

H-25 25.9512 H-25 25.5687 6.7918 7.1073

H-27 25.6609 H-27 25.3581 7.0821 7.3179

H-28 25.7812 H-28 25.4341 6.9618 7.2419

H-29 25.7587 H-29 25.4367 6.9843 7.2393

H-32 29.7808 H-32 29.2971 2.9622 3.3789

TMS (GP)(IV) TMS-THF (IV) Cn Aniline (GP)(IV) Cn Aniline-THF (IV) Chemical-shift Aniline (GP) Chemical-shift-Aniline-THF 

C-Atom 201.8241 202.7277 C-1 104.3368 C-1 105.7009 97.4873 97.0268

H-Atom 32.743 32.676 C-2 68.0364 C-2 67.4919 133.7877 135.2358

C-3 101.2636 C-3 100.5492 100.5605 102.1785

C-4 90.5995 C-4 89.4183 111.2246 113.3094

C-5 99.9484 C-5 99.9144 101.8757 102.8133

C-6 85.0725 C-6 85.1051 116.7516 117.6226

C-12 173.032 C-12 173.3516 28.7921 29.3761

C-16 152.104 C-16 152.4743 49.7201 50.2534

C-19 80.628 C-19 79.474 121.1961 123.2537

C-20 90.3088 C-20 90.734 111.5153 111.9937

C-21 92.3104 C-21 91.8087 109.5137 110.919

C-22 91.895 C-22 91.7152 109.9291 111.0125

C-24 92.3706 C-24 91.6962 109.4535 111.0315

C-26 92.8633 C-26 92.6526 108.9608 110.0751

C-30 133.5442 C-30 132.9856 68.2799 69.7421

C-31 126.7677 C-31 126.3533 75.0564 76.3744
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Table 4. Tertiary aniline 324, comparative ô-value with experimental and calculated (Gas-phase 
and THF-solvent Phase) 1H, 13C-spectra. 
 

 

TMS = Tetramethylsilane. GP = Gas Phase. THF = Tetrahydrofuran solvent phase. Aniline = Tertiary aniline. Cn = Numbering 
to carbon atom in aniline. Hn = Numbering to hydrogen atom in aniline. Exp = Experimental Chemical shift value. ô = Chemical 
shift value. 

 

b. Substituted-indole 325, chemical shift values of 1H, 13C-Spectrum calculations- 

 

 

i.                                                                                      ii. 

Figure 3.  Structures related to Substituted indole. i. structure of Substituted-indole. ii. Structure 
of Substituted-indole with numbering to the atom. 

 
 
 
 

Cn Exp. ô2value Aniline GP-ô2value Aniline THF-ô2value Hn Exp. ô2value Aniline GP-ô2value Aniline THF-ô2value
C-1 140 97.4873 97.0268 H-7 7.3 6.3 6.649

C-2 154 133.7877 135.2358 H-8 7.4-7.3 6.8229 7.1438

C-3 128.3 100.5605 102.1785 H-9 7.4-7.3 6.3783 6.6309

C-4 129 111.2246 113.3094 H-10 7.81 7.0515 7.2481

C-5 128.8 101.8757 102.8133 H-13 2.55 2.6789 2.5719

C-6 128 116.7516 117.6226 H-14 2.55 2.3369 2.5524

C-12 41 28.7921 29.3761 H-15 2.55 2.4251 2.5286

C-16 61 49.7201 50.2534 H-17 4.2 5.1271 5.0374

C-19 138 121.1961 123.2537 H-18 4.2 3.3879 3.6847

C-20 127 111.5153 111.9937 H-23 7.29-7.16 8.1636 8.0957

C-21 127 109.5137 110.919 H-25 6.73 6.7918 7.1073

C-22 127 109.9291 111.0125 H-27 7.29-7.16 7.0821 7.3179

C-24 127 109.4535 111.0315 H-28 7.29-7.16 6.9618 7.2419

C-26 122 108.9608 110.0751 H-29 7.29-7.16 6.9843 7.2393

C-30 125 68.2799 69.7421 H-32 1.48 2.9622 3.3789

C-31 98 75.0564 76.3744
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Table 5. 1H-Chemical shift calculation of 3-Benzyl-1-methyl-1H-indole 325, in Gas-phase and 
THF-Phase. 

 

TMS = Tetramethylsilane. GP = Gas Phase. THF = Tetrahydrofuran solvent phase. Indole = 3-Benzyl-1-methyl-1H-indole Cn 
= Numbering to carbon atom in Indole. Hn = Numbering to hydrogen atom in Indole. Exp = Experimental Chemical shift value. 
ô = Chemical shift value. 

Table 6. 13C-Chemical shift calculation of 3-Benzyl-1-methyl-1H-indole 325, in Gas-phase and 
THF-Phase. 

 

TMS = Tetramethylsilane. GP = Gas Phase. THF = Tetrahydrofuran solvent phase. Indole = 3-Benzyl-1-methyl-1H-indole Cn 
= Numbering to carbon atom in Indole. Hn = Numbering to hydrogen atom in Indole. Exp  =Experimental Chemical shift value. 
ô = Chemical shift value. 

TMS (GP)(IV) TMS-THF (IV) Hn Indole (GP)(IV) Hn Indole-THF (IV) Chemical-shift-indole (GP) Chemical-shift-indole-THF

C-Atom 201.8241 202.7277 H-9 26.2236 H-9 25.7561 6.5194 6.9199

H-Atom 32.743 32.676 H-10 25.9035 H-10 25.5998 6.8395 7.0762

H-11 25.9964 H-11 25.725 6.7466 6.951

H-12 25.6208 H-12 25.294 7.1222 7.382

H-13 27.666 H-13 27.3179 5.077 5.3581

H-16 29.3468 H-16 29.1403 3.3962 3.5357

H-17 29.3468 H-17 29.1403 3.3962 3.5357

H-18 29.6463 H-18 29.2479 3.0967 3.4281

H-20 29.1511 H-20 28.9568 3.5919 3.7192

H-21 29.1511 H-21 28.9568 3.5919 3.7192

H-26 25.7098 H-26 25.4248 7.0332 7.2512

H-28 25.7098 H-28 25.4248 7.0332 7.2512

H-30 25.7424 H-30 25.4082 7.0006 7.2678

H-31 25.7424 H-31 25.4082 7.0006 7.2678

H-32 25.8053 H-32 25.4725 6.9377 7.2035

TMS (GP)(IV) TMS-THF (IV) Cn Indole (GP)(IV) Cn Indole-THF (IV) Chemical-shift Indole (GP) Chemical-shift-Indole-THF 

C-Atom 201.8241 202.7277 C-1 91.9216 C-1 92.9679 109.9025 109.7598

H-Atom 32.743 32.676 C-2 85.3562 C-2 85.4278 116.4679 117.2999

C-3 108.7586 C-3 107.6856 93.0655 95.0421

C-4 97.0911 C-4 97.1603 104.733 105.5674

C-5 99.4799 C-5 99.8223 102.3442 102.9054

C-6 99.0845 C-6 99.0496 102.7396 103.6781

C-7 100.5131 C-7 101.0417 101.311 101.686

C-8 89.861 C-8 88.9286 111.9631 113.7991

C-15 175.9563 C-15 176.269 25.8678 26.4587

C-19 175.1324 C-19 175.9396 26.6917 26.7881

C-22 80.3038 C-22 79.6592 121.5203 123.0685

C-23 89.8969 C-23 89.6599 111.9272 113.0678

C-24 89.8969 C-24 89.6599 111.9272 113.0678

C-25 91.7282 C-25 91.2224 110.0959 111.5053

C-27 91.7282 C-27 91.2224 110.0959 111.5053

C-29 93.737 C-29 93.29 108.0871 109.4377
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Experimental Data of  3-Benzyl-1-methyl-1H-indole :-  
1H NMR (300 MHz, CDCl3) d 7.63 (d, J ) 7.9 Hz, 1H), 7.45-7.24 (m, 7H), 7.18 (m, 1H), 6.83 (s, 
1H), 4.21 (s, 2H), 3.79 (s, 3H). 

13C NMR (75 MHz, CDCl3) d 141.4, 137.1, 128.6, 128.3, 127.8, 127.1, 125.8, 121.5, 119.2, 
118.7, 114.3, 109.1, 32.5, 31.5 

Table 7. 3-Benzyl-1-methyl-1H-indole 325, comparative d-value with experimental and 
calculated (Gas-phase and THF-solvent Phase) 1H, 13C-spectra. 

 
TMS = Tetramethylsilane. GP = Gas Phase. THF= Tetrahydrofuran solvent phase. Indole = 3-Benzyl-1-methyl-1H-indole Cn = 
Numbering to carbon atom in Indole. Hn = Numbering to hydrogen atom in Indole. Exp = Experimental Chemical shift value. 
ô = Chemical shift value. 

According to the above results and discussion Fukui-function calculation support the cyclization 
reaction and 1H, 13C NMR calculation shows slightly different results than experimental. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Cn Exp. ô-value indole GP-ô-value indole THF-ô-value Hn Exp. ô-value indole GP-ô-value indole THF-ô-value

C-1 128.6 109.9025 109.7598 H-9 7.63 6.5194 6.9199

C-2 141.4 116.4679 117.2999 H-10 7.45-7.24 6.8395 7.0762

C-3 127.8 93.0655 95.0421 H-11 7.45-7.24 6.7466 6.951

C-4 129 104.733 105.5674 H-12 7.18 7.1222 7.382

C-5 128.8 102.3442 102.9054 H-13 6.83 5.077 5.3581

C-6 128 102.7396 103.6781 H-16 3.79 3.3962 3.5357

C-7 128.3 101.311 101.686 H-17 3.79 3.3962 3.5357

C-8 137.1 111.9631 113.7991 H-18 3.79 3.0967 3.4218

C-15 31.5 25.8678 26.4587 H-20 4.21 3.5917 3.7192

C-19 32.5 26.6917 26.7881 H-21 4.21 3.5919 3.7192

C-22 118.7 121.5203 123.0685 H-26 7.45-7.24 7.0332 7.2512

C-23 119.2 111.9272 113.0678 H-28 7.45-7.24 7.0332 7.2512

C-24 119.2 111.9272 113.0678 H-30 7.45-7.24 7.0006 7.2678

C-25 119.2 110.0959 111.5053 H-31 7.45-7.24 7.0006 7.2678

C-27 119.2 110.0959 111.5053 H-32 7.45-7.24 6.9377 7.2035

C-29 109.1 108.0871 109.4377
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Conclusion- 

i. Fukui-function calculations also support the reactivity and cyclization was happened in 
experimentally. 

ii. 1H and 13C chemical shift calculation shows the slightly difference chemical shift value 
than experimental based on b97xd/3-21g* Level. 

iii. We need to try 1H and 13C chemical shift calculation based on higher level of basis set. 
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Annex C. 

Copies of the published articles 
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