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Prologue

This dissertation is divided into 6 sections: First section is the resume of the thesis. The second section is
a short general introduction referring to the topics that were addressed in the work of investigation. The
next four sections are chapters |, Il, lll 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. Inthe first section, the resume talks about all the projects carried out in the doctoral thesis, which
are briefly described in the chapters I-1ll and annex A and B.

2. Inthe second section, the general objectives of this thesis are described.

3. In the third section, the general introduction of chapter | the thesis contains a short overview
about hypervalent iodine (lll) chemistry and gold chemistry about each of the projects that were

investigated, and which will be discussed in chapters II-IIl.

4. In the fourth section, the chapter Il we developed a new gold(l)-catalyzed intermolecular alkyne
dimerization for the Synthesis of pentacyclic bisindolic trans-fused system via domino process.

5. Inthe fifth section, the chapter lll contains the lodine(lll)-Mediated lodination of Free-Anilines via
Acetyl Hypoiodite Formation. Mechanistic Study of the Reaction Pathway.

6. In the sixth section, annex A and B section, are included the copies of *H and *C NMR spectra for
all the synthesized compounds in the thesis and the published articles.






Resume

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

1. In chapter | dissuasion about the general introduction, there are two topics discussed based on
the research carried out in the doctoral thesis. In the first part, the background of hypervalent
iodine compounds, their synthesis methods, and applications in organic synthesis, and in the
second part, gold(l) catalysis with wide use in organic transformation have been described.

1
0o O R R ©
R A5 ©® SbFg
S4s P—Au-NCMe
0—I—0 i
@ R='Bu
R =CHj;, CF3 R1=Cy
Hypervalent iodine(lll) reagents Cataonic gold(l) complexes

2. In chapter Il, we developed a gold(l)-catalyzed intermolecular alkyne dimerization for the
Synthesis of pentacyclic bisindolic trans-fused system via domino process The scope of the
protocol was determined by synthesizing some electron-neutral, electron-poor as well as
electron-rich derivatives. Also, we studied X-Ray Crystallography, The mechanism of this reaction
is following an intermolecular pathway by 5-endo-dig cyclization to pentacyclic bisindolic trans-

fused dimer.
=
— Z gold(l) catalysis
N 77 e »
R—! domino Process
4 l;l—H
Me

* 3 New bonds in one-pot

* Pentacyclic Non-Aromatic system
* Trans-fused bis-indolic system

* 7 atom ring



In chapter lll, The first iodine(lll)-mediated para-selective iodination protocol for free-anilines as
well as the mechanistic elucidation of the reaction pathway is described. The developed method
proceeded under clean, non-toxic, efficient and in general mild reaction conditions. To the best
of our knowledge this report describes for the first time a procedure focused specifically on the
introduction of an iodine atom in free anilines using PIDA [(diacetoxyiodo)benzene] and
ammonium iodide which formed in situ acetyl hypoiodite (AcO-I) as the halogenating species. Our
DFT calculations suggest a reaction mechanism that highlights the role of the ammonium cation
in the AcO-I formation and halogenation. Considering there are few procedures for the iodine
atom introduction in anilines using non-acidic conditions, herein we described an initial report on
a mild and operationally simple alternative using iodine(lll) reagents.

NHz  pIDA (1.2 equiv) NHz b mmmmmgammos
O NHg4l (1.5 equiv) .~ Z

Z H,O-MeCN (1:1), X
23-60 °C, 5-20 min

R

acetyl hypoiodite ,

~ .

® Free-anilines ® Metal-Free ® Mild conditions
® Non-toxic metals or reagents ® Mineral- and Brnsted-acid Free



General objectives of the thesis

This doctoral dissertation is focused on the development of new procedures mediated by hypervalent
iodine(lll) reagents as well as catalyzed by cationic gold(l) complexes directed towards their applications
in the synthesis of new organic molecules.

Chapter |

> We will discuss about the hypervalent iodine(lll) and gold(l) cationic complexes, those are playing a
very important role and their application in organic transformation.

Chapter Il

> We will plan the development of a new gold(l)-catalyzed intermolecular alkyne dimerization for the
Synthesis of pentacyclic bisindolic trans-fused system via domino process.

Chapter I

> We proposed the development the first iodine(lll)-mediated para-selective iodination protocol for free-
anilines as well as the mechanistic elucidation of the reaction pathway.






Chapter-1

lodine Chemistry
1.1. lodine Precedents.

lodine is a 53 number element in the periodic table and is represented by the symbol “I” and
shows the non-metallic character of the halogen group. lodine was found by French chemist Bernard
Courtois,' in the year 1811 It was near the seaweed’s ash. And further J. L. Gay Lussac,? gave its name
“lodine” in 1813. The iodine is a purple-gray blackish color. The iodine gives purple color when heated it’s
also not completely soluble in water but soluble in some solvents like carbon tetrachloride. lodine is very
important for humans for the proper functioning nervous system, and brain. The iodine-containing core
is frequently found in especially | some radioactive isotopes that are very useful in the application of
nuclear medicine in the imaging thyroid gland, which can help to regulate metabolism and generate

iodine-containing hormones drugs,® like (S)-thyroxine (T4) and (S)-triiodothyronine (T3)*> (Figure 1.1).

I |
o I o
X [Jeqe!
HO,C I OH HO,C I OH
|

(S)-Thyroxine T4 (S)-Triiodothyronine T3

Figure 1.1. The iodine-containing core of thyroid gland
hormone.

Swain, P.A.; Bernard C. Bull. Hist. Chem, 2005, 30, 1777-1838.

Rosenfeld, L, J. Chem Edu. 2000, 77, 984.

Roy, G.; Nethaji, M.; Mugesh, G. Org. Biomol. Chem. 2006, 4, 2883- 2887.

Larsen, P.R. J. Clin. Endocrinol. Metab. 1975, 41, 1098-1104.

Robertson, I.; Boddy, K.; Hooper, M.J.; Stevenson, R.D.; McGhie, T.; Alexander, W.D.; Wilson, G.M. Clin. Endocrinol.1976, 5,
151-157.
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Chapter-1

Among the most modified iodophenol and heterocyclic structures which are ubiquitous from the
marine natural products like terpenes or proteinoids origin from sponges Topsetina sp.® or coral genus
Clavularia Viridis.” lodoarenes are also important such as electrophiles in cross-coupling reactions like

Stille, Suzuki as well as Sonogashira alkynylation and Mizoroki-Heck olefination (Figure 1.2).

O~_H
o
MeO N
| OEt
0~ ~0 OH
bactericide activity
antifungal activity
I\Ille
N HN
Se \
® N ®_>
<\_RH/ Se'(r;m
21 Me
lodovulone-I anti-thyroid drug

Figure 1.2. Several antibacterial iodine-containing cores of iodoarenes heterocyclic cores.
Modification of iodine substituted moieties leads to showing different biological activities such as
lodo-4-aryloxy-methyl coumarins bactericide activities,® also the method of protecting substance

showing antifungal activities® and imidazole moieties useful treatment for the anti-thyroid drugs.'®

6. a) lhssen, J.; Schubert, M.; Thény-Meyer, L.; Richter, M. PLoS One, 2014, 9, 89924. b) Satkar, Y.; Yera-Ledesma, L.F.; Mali, N.;
Patil, D.; Navarro-Santos, P.; Segura-Quezada, L.A.; Ramirez-Morales, P.l.; Solorio-Alvarado, C.R. J. Org. Chem. 2019, 84,
4149-4164.

Satish, G., Sharma, A., Gadidasu, K.K., Vedula, R.R. and Penta, S., Chem. Heterocycl. Compd. 2016, 52, 409-414.
Jeyachandran, M.; Ramesh, P.; Sriram, D.; Senthilkumar, P.; Yogeeswari, P. Bioorg. Med. Chem. Lett. 2012.22, 4807-4809.
Dascalu, A.E.; Ghinet, A.; Lipka, E.; Furman, C.; Rigo, B.; Fayeulle, A.; Billamboz, M. Fitoterapia, 2020, 143, 104581.

10. Divi, R.L.; Chang, H.C.; Doerge, D.R. Biochem. Pharmacol, 1997, 54, 1087-1096.
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Chapter-1

1.2 hypervalent iodine compounds.

In the modern synthesis of organic compounds iodine has been a cornerstone role due to its
heaviest element in the periodic table and shows nonmetallic character which has the ability to form a
three-center-four-electron (3c-4e) bond (L-1-L) known as “hypervalent bond”. Nowadays hypervalent
iodine gained popularity due to its mild and highly selective oxidizing properties. The history of
hypervalent iodine reagent was first synthesized by German chemist Conrad Willgerodt,*! in 1886. It was
the first example of a hypervalent iodine reagent, (dichloroiodo)benzene [PhICl;]. Among the
unprecedented development due to being diverse and showing a great deal of heavy metal and readily

available also suitable for environmentally benign (Figure 1.3).

Cl—I——Cl

Ph

Figure 1.3. The structure of hypervalent iodine(lll) species PIDA.

The most commonly hypervalent iodine reagents are iodine(lll) and iodine(V) derivatives and are
useful for the oxidative transformation in organic synthesis it has useful application like oxidative coupling
reaction, the ligand exchange reaction, carbon-carbon, and carbon-nitrogen bond formation are reported
in the literature.’? Furthermost important hypervalent iodine classes are used as an oxidant or

electrophilic reagents (Figure 1.4).13

11. Willgerodt, C. J. Prakt. Chem. 1886, 33, 154—-160.

12. (a) Varvoglis, A. Org. Chem. of Poly. lodine, VCH, New York, 1992, 414. (b) Matveeva, E.D.; Proskurnina, M.V.; Zefirov, N.S.
Heteroat. Chem. 2006, 17, 595-617.

13. (a) Stang, P. J.; Zhdankin, V. V. Chem. Rev. 1996, 96, 1123-1178. b) Zhdankin, V. V.; Stang, P. J. Chem. Rev. 2002, 102, 2523—
2584. (c) Zhdankin, V. V.; Stang, P. J. Chem. Rev. 2008, 108, 5299—- 5358.
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o O o O
Fic— CF; HsC Y-HaC
(0} 3 3 ——
1 2 3 4
lodosylbenzene [Bis(trifluoroacetoxy)iodoarenes] [Bis(acetoxy)iodoarenes] [Hydroxy(tosyloxy)iodoarenes]
(PIFA) (PIDA) (Koser's reagent)
E Cl
| R ® ® 0
Ar—I Ar—l o 'C_I R—II X
L o R Ar Ar
5 6 7 8
(Difluoroiodo)arenes. (Dicholoroiodo)arenes. lodonium Ylieds lodonium Salts
o\ OH Aco. OAc
\|/ F;C—I—O F;C—I—O ‘|'—0Ac
M \
e & e O
(o} o)
9 10 11 12
(IBX) (Togni Reagents 1) (Togni Reagents Il) (DMP)

Figure 1.4. Types of lodinated hypervalent iodine reagents.

The hypervalent reagents,'* have different oxidation states like iodine(lll) and iodine (V) that
are commercially available and very useful for organic transformation, and stable at normal room
temperature. Compounds 1, 2, 3, and 4 belong to the lodine(lll) oxidation state and found widespread
application as reagents for halogenation. Also, 5 and 6 are effective in chlorination and fluorination in
organic transformation. Compounds 7, and 8 are iodonium which is used for several organic

transformations. The reagent iodine(V) like 9, 10, 11, and 12 their application found in numerous organic

transformations.

14. (a) Boye, A.C.; Meyer, D.; Ingison, C.K.; French, A.N; Wirth, T. Org. Lett, 2003, 12, 2157-2159. (b) Shah, A.U.H.A,; Khan, Z.A,;
Choudhary, N.; Lohoélter, C.; Schafer, S.; Marie, G.P.; Farooq, U.; Witulski, B. and Wirth, T. Org. Lett. 2009, 11, 3578-3581.
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Chapter-1

1.3. Preparation method of hypervalent iodine-(lll) reagents.

In the hypervalent iodine(lll) reagents can be prepared by applying various methods which are

described as follows.
1.3.1 Triflic acid applying preparation of (PIDA’S).

The most effective method applied for the preparation of [bis(acetoxy)iodo]arenes PIDA 3 by the
addition of trifluoromethanesulfonic acid (triflic acid) in the reaction of iodoarenes 13 with sodium
perborate in presence of acetic condition by applying acetic acid at 40-45 °C For the less time and

obtaining excellent yield (Eq. 1).*°

AcOH Jl\
NaBO3.H,0,CF3S0,H ?
O- -0
3-8 h 40-45 °C |
86-99% o
13 3 Tl/

1.3.2 Pottasium peroxodisualfate using a preparation of (PIDA’S).

One more convenient method for the synthesis of [bis(acetoxy)iodo]arenes PIDA 3 can carried
out at room temperature in the presence of potassium peroxodisulfate and a mixture of the acetic acid
and concerted sulfuric acid or trifluoromethane sulfonic acid. The advantage of this method reaction is

finished within 2-4 hours and obtained a high yield (Eq. 2).1°

AcOH
K2S20s.
conc Hy,SO,4 or,CF3SO3H
Ar-l » Arl(OAc), 2]
2-4 h,25°C
13 65-96% 3

Ar = CgHs, 4-MeCgH,, 4-CICgH,, 3-CF3CgHy
3'N02C6H4, 1-C10H7, 4-FC6H4.

15. Hossain, M.D.; Kitamura, T. J. Org. Chem. 2005, 70, 6984-6986.
16. Hossain, M.D.; Kitamura, T. Synth. 2005, 1932-1934.
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1.3.3 Oxone® applying preparation of (PIFA).

The general convenient synthesis of [bis(trifluoroacetoxy)iodolarenes 2 is carried out by
corresponding aryl iodide 13 with Oxone® and trifluoroacetic acid in chloroform at room temperature
within 2-4 hours and the advantage of this synthesis if required less time and gives a high yield,'” also the

product is more stable in room temperature (Eq. 3).

Oxone® ,(1.5 mol-equiv),

CF5SO3H
Ard »  Arl(OCOCF;), 3]
CHCl3,1.2-4 h, 23 °C
13 54-97% 2

Ar = CgHs, 4-FCgHy, 4-BrCgHy, 4-CICgH,, 3-CICgH,, 2-CICgH,, 4-CF3CgH,
3,5-(CF3),CgHs, 4-NO,CgHj, 3-NO,CgHy, 4-HOOCCgH,,3-HOOCCgH,, CeFs.

1.3.4 Synthesis of lodosylarenes.

There are several procedures described for the synthesis of iodosylarenes 1. But this is one of the
most effective and convenient ways from the PIDA 3 with aq. NaOH was stirred to room temperature
within 18 hours and obtained a good amount of yield.!® This procedure can be applied to the substituted

iodosylbenzene (Eq. 4).

OJ\ . NaOH
7\ } o > -|_i_0-ln_ [4]

R/_ I 18 h, 23 °C

°\n/ 80-99% Ph
3 1

17. Zagulyaeva, A. A.; Yusubov, M.S.; V.V. Zhdankin. J. Org. Chem. 2010, 75, 2119-2122.
18. (a) Ghosh, S. K.; Hu, M.; Comito, R. J. Eur. J. Chem. 2021, 27, 17601-17608. (b) Schardt, B. C.; Hill, C. L. Inorg. Chem. 1983,
22,1563-1565.
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1.4 Recent study and application of hypervalent iodine-(lll) reagents.

Hypervalent iodine reagents have useful applications in reactions such as halogenation, carbon-

carbon bond formation, carbon-hetero bond formation, and sigmatropic reactions.
1.4.1 Fluorination.

Fluorination is particularly important in aromatic compounds, Jacques et al.’® described methods
on 4-substituted phenol 14 by using PIFA [bis(trifluoroacetoxy)iodobenzene] 2 and PPHF (pyridinium
polyhydrogen fluoride). In this oxidation, reaction PIFA and Olas reagent as the fluoride source. The result

was to obtain mono- and polycyclic 4-fluorocyclohexa-2,5-dienes 15 with high yields (Eq. 5).

OH Py.HF (30:70 v/v) 0
PhI(OCOCF3), 2
> (3]
DCM, 23 °C
R R F
14 R=Me (68)% 15

R=Et (61)%

Hu and co-workers?® have reported the efficient and catalytic procedure of Balz-Schiemann by
using iodine(lll) reagents 5 and 11 to get fluorinated arenes 17 from substituted aryls 16. This reaction
took place in mild conditions that are safe to carry out and obtained various substituted examples with
moderate and good yields (Eq. 6).
lodine(lll) reagents/ BF3'OEt, F

(5-20 mol%) AN

3 R-- 6]
—Z

R

=
<\ /\>
b

PhCl, 25-60 °C, 36 h

17 R= Me, OMe

16 X= N,BF, lodine(lll) reagents Cl. OPh. Ph

F—l—O

F\I\
/©/ F @o
Me
5 1"

19. Karam, O.; Jacquesy, J.C.; Jouannetaud, M.P. Tetrahedron Lett. 1994, 35, 2541- 2544.
20. Xing, B.; Ni, C.; Hu, J. Angew. Chem. Int. Ed. 2018, 57, 9896-9900.
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1.4.2 Chlorination.

In 2017, Solorio-Alvarado and co-workers?! developed an elegant and broad efficient method of
chlorination for various substituted phenols and naphthols from various substituted compounds 17 by
applying the PIFA 2 /AICI; system. The regioselective ortho-chlorination phenol yielded and phenol-ethers

18 at room temperature with excellent yield (Eq. 7)

OR OR
PhI(OTFA), 2/ AICl, Z Cl
R > R— [7]
~ MeCN, 23 °C X
20-88% R=-H, -Me
17 18

Recently Yu co-workers?? developed iodine(lll)-catalyzed C-2 selective oxidation to get mono
chlorination of oxindoles 20 from 19 or C-3 selective bis-chlorination of indoles 21 from the substituted
indoles 19. This reaction proceeds in a one-pot transformation. This method prefers to form on
chlorooxidation of indoles C-2 and C-3 sites and which take place with high yield (Scheme 1).

Cl—I—O

o Ci
(2 equiv) AN
A g\ > R,—- o
L Y DMF/CF3CO,H/H,0 Z~N
\ ) . \
19 R 23 °C, 10 min 20 R,
Cl—I—O
o Cl e
X (3 equiv) AN
2 N 1,4 dioxane/H,0 Z~N
\
\ 0 H
R, 80 °C, 30 min 21 R4

19

Scheme 1. 1-chloro 1,2-benziodoxol-3-one mediated synthesis of 3-chlorooxindoles.

Nahide, P.D.; Ramadoss, V.; Judrez-Ornelas, K.A.; Satkar, Y.; Ortiz-Alvarado, R.; Cervera-Villanueva, J.M.J.;
Alonso-Castro, A.l.; Zapata-Morales, J.R.; Ramirez-Morales, M.A.; Ruiz-Padilla, A.J.; Deveze-Alvarez, M.A.;

Solorio-Alvarado C.R. Eur. J. Org. Chem, 2018, 485-493.
Jiang, X.; Yang, L.; Yang, W.; Zhu, Y.; Fang, L.; Yu, C. Org. Biomol. Chem. 2019, 17, 6920-6924

21.

22.
8
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1.4.3 Bromination.

In 2012 Togo,* reported efficient and novel Csp-H functionalization of indoles via 1,3-migration
of imide groups from the protected indoles 22. In this synthesis, they have applied metal-free conditions
which are useful for environmentally sustainable and easy to handle. They have used imide-combined
with PIDA 3 which is converted into 2-bis(sulfonyl)amino-3-bromo-indoles 23 in a one-pot process and

high yield (Eq. 8).

Phl(OAc), 3 (1.2 equiv)

(PhS0O,),NH (1.2 equiv) Br
A 1,3,5-tribromohidantoin (0.6 equiv)
: N—R (8]
N DCE,40°C 7 h N,
PG -
29 63-81% R= -NH,(SO,Ph) 23 PG

In 2018 Solorio-Alvarado and co-workers,?* developed a new efficient electrophilic bromination
procedure to get phenols and heterocycles 25 from substituted aryls 24 by applying the PIDA 3 /AIBr;
system. This showed broad scope and is also applicable for mild reaction conditions and applicable for the

gram-scale reaction which can be obtained at a high yield (Eq. 9).

Br

_ OR PhI(OAC), 3 / ABrs_ P OR
R MeCN, 23 °C X [9]

o 12-96% 25  R=-H,-Me,-Ac.-Bn.-Piv

23. Moriyama, K.; Ishida, K.; Togo, H. Chem. Commun, 2015, 51, 2273-2276.
24. Satkar, Y.; Ramadoss, V.; Nahide, P.D.; Garcia-Medina, E.; Juarez-Ornelas, K.A.; Alonso-Castro, A.J.; Chavez-Rivera, R.;
Jiménez-Halla, J.0.C.; Solorio-Alvarado, C.R. RSC Adyv, 2018, 8, 17806- 17812.
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1.4.4 lodination.

lodine substituted aryl or heteroaryls are very important, especially in organic synthesis. In 2003
Chen and co-workers,* synthesized iodinated pyrazoles 27 from substituted pyrazoles 26 by using PIDA 3
/12 system in dichloromethane at room temperature. This system is broadly used and quite easy for

carrying out high yields of iodinating derivatives (Eq. 10)

R, R, I
;/ 5 Phl(OAc), 3/ 1 !
N‘N\ Rs D((ZM 2)32°c > N‘N\ Rs [10]
| ! |
R4 88-90% R,
26 Ry=-H,-Ph 27
R,= Me
Rs= -Me, -Ph

In 2018 Solorio-Alvarado co-workers,?® developed a new iodinating species 29 the electrophilic
iodination procedure for phenols from substituted aryls 28 by using iodine(lll) 1 /NH4l with K3PO,4 to get
selectively mono-iodination 30 for several examples of substituted phenols the advantage of K3PO, acts
as a buffering agent also within short reaction time. While the absence of KsPO4 phenols produced di-
iodinating derivatives 31 one of the best benefits of this system on naphthol which can be also produced

mono-iodination of naphthol 32 and other heterocyclic derivatives with high yields (Scheme 2).

(Ph10),, 1/ NHyl oH ®
n 4 ' n "
I Controlled ' I synthon
H L R—:\ Mono-iodination :
MeOH, 0 ° C Z ! (HaN---HO )
OH 5 mi 30 N
Z min OH : . |
R— | ' c
AT . | S—
(PhlO), 1/NH,l = yZ OH . a
28 ——————» R—— | or R1_ . 29 |
MeOH, 23°C NS N . .
. : plausible
R =-CI,Br,F 20 min 31 | 32 + | iodinating species
R4=-H,Br,Ph Diiodination Mono-iodination

Scheme 2. The (PhlO)n/NHal system-mediated controlled mono or di-iodination of phenols.

25. Cheng, D. P.; Chen, Z. C.; Zheng, Q. G. Syn. Commun, 2003, 33, 2671-2676.
26. Satkar, Y.; Yera-Ledesma, L.F.; Mali, N.; Patil, D.; Navarro-Santos, P.; Segura-Quezada, L.A.; Ramirez-Morales, P.l.; Solorio-
Alvarado, C.R. J. Org. Chem. 2019, 84, 4149-4164.
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1.4.5. Carbon-Carbon bond formation.

Carbon-carbon (C-C) bond-forming reactions are very important in organic transformations
because C-C bonds form the backbone of every organic molecule, whether it is naturally occurring or
synthetic. This is an important class of reactions for developing basic organic reactions. Due to its
importance in organic chemistry, various C—C bond-forming reactions using transition metal or metal-free
conditions are known in the literature. Therefore, iodine has made a great contribution in the field of C-C

bond formation reactions.

In 2000 Kita and co-workers? reported oxidative biaryl coupling reaction of phenol and ether
derivatives by using oxidative hypervalent iodine(lll) reagent, phenyliodide(lll), bis trifluoroacetate (PIFA)
2 in presence of BF;#OEt; to produce a variety of substituted biphenyl and binaphthyl compounds. Among
the same group developed oxidative coupling of alkylthiophene 34 derivatives from the 2,2’-bithiophene

33 by using PIFA 2 and BF;¢OEt; system which can give to high yield (Eq. 11).

R 3
R, R 2
2 /"% PhI(OTFA),2/ BF;.OEt, TN\ SR
/ \ > o~y (1]
Ri™ g DCM, -78 °C 3-7 h 1 LR,
36-70% 3
33 Ri=-HMe 34
R,= -H,Me
R3=-Me,Hexyl

27. Tohma, H.; lwata, M.; Maegawa T.; Kiyono, Y.; Maruyama, A.; Kita, Y. Org. Biomol. Chem, 2003, 1, 1647-1649.
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In 2007 another oxidative the C-C bond formation reaction by using PIFA 2 and BF;¢OEt; system
towards broad scope in the synthesis of biologically active molecules. Ruchirawat and co-workers?®
showed the application of oxidative C-C bond formation in the synthesis of pentasubstituted aporphine

alkaloids 36 from substituted aryl moiety 35 to forming biaryl systems (Eq. 12).

OMe OMe

MeO MeO
O NR, PhI(OTFA), 2 / BF3.0Et, O NR,
MeO » MeO [12]
DCM, -40°C 1h

R3 35 R,=-Me, -CHO R3 26
Ry R,=-OMe, -OCH,0 R
R3= -OMe

Since the process proceeds through the generation of cationic radical intermediates, this was
originally proposed by Kita®® via the interaction of phenolic ethers or other electron-rich aromatic
substrates with PIDA or PIFA. In addition to phenolic electron-rich substrates, electron-rich aromatic
substrates are also coupled using [bis(acyloxy)iodo]arenes under oxidative conditions. Kita and co-
workers reported a facile and efficient oxidative coupling reaction that can be applied to various alkyl
arenes prepared by applying PIFA 2 and BF3eOEt2 systems to alkyl biaryls 38 from substituted aryls 37 as

well as BTI-promoted direct oxidation of iodinated arenes the coupling reaction (Eq. 13).°
R R R
PhI(OTFA), 2 / BF3.0Et,
: - L
DCM, -78°C 3-6 h
R R

R 74-90%

37 38

R=-Me, -Et, -I

28. Pingaew, R.; Ruchirawat, S. Synlett, 2007,15, 2363-2366.

29. Hamamoto, H.; Hata, K.; Nambu, H.; Shiozaki, Y.; Tohma, H.; Kita, Y. Tetrahedron Lett. 2004, 45, 2293-2295.

30. (a) Tohma, H.; lwata, M.; Maegawa, T.; Kita, Y. Tetrahedron Lett. 2002, 43, 9241-9244. (b) Mirk, D.; Willner, A.; Froehlich, R.;
Waldvogel, S. R. Adv. Synth. Catal. 2004, 346, 675-681.
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Subsequently, in 2017 Sakhuja and co-workers achieved the homocoupling of 2-arylimidazo
heterocycles from substituted imidazole 39. The transformation of this by using a PIDA 3 /BF;*OEt,-
accelerated the protocol at room temperature. And the other hand desirable biimidazo 40 heterocycles
are also achieved by a catalytic amount of iodobenzene 1 and m-CPBA/AcOH which can also give a good
amount of yield (Scheme 3).3!

PhI(OAc), 3 (1.5 equiv)
BF3.0Et, (0.2 equiv)

DCM, 23 °C
% ai
R1'— /,
N N\ _7p, DCM, 23 °C
W
39 Phl 1 (0.2 equiv)

m-CPBA (3 equiv)
AcOH (5 equiv)

Scheme 3. The homocoupling of dimer 2-arylimidazo.

Another protocol was developed by Tang an interesting C-H functionalization by using PIDA 3
with EtsN and oxidative addition iodine(lll) which can be transformed to construct carbon-carbon bond
formation. This system is applicable for the electron-rich and electron-deficient aryl or alkyne substituted
anilides 41 to form 3-(1-arylmethylene)oxindoles 42 moieties and obtaining moderate and good yield

without using bases (Eq. 14).32

R Ar
Pd(OAC), R
N Jﬂ AIOARI BN .
R CH3CNITHF (4:1) 100 °C A [14]
0 5-48 h &,
a0 N2 41

R=-H, -Me, -Ar.
R4= -Me, -OMe, -CI, -NO,.
R,=-H, -Me, -Ac, -Bn

31. Shakoor, S. A.; Mandal, S.K.; Sakhuja,R. Eur. J. Org. Chem. 2017, 18, 2596—-2602.
32. Tang, S.; Peng, P.; Zhong, P.; Li, J.H. J. Org. Chem. 2008 73, 5476-5480.
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1.4.6. Carbon-Hetero bond formation reaction.

Another important class of organic reaction is the C-Hetero bond formation reaction. The
heterocycles are found in a variety of biologically active natural as well as synthetic compounds. These
hetero-carbon compounds were used for a very long time as traditional medicines.

Hetero-annulation reaction constitutes a broad range of organic reactions which can be
achieved under metal-free conditions using hypervalent iodine(lll) as a reagent.

In 2009 Malamidou and co-workers reported efficient and novel oxidative Csp*N bond
formation by applying [bis(trifluoroacetoxy)iodobenzene] PIFA 2 in DCM at room temperature for the
synthesis of indenodiazepinones 44 via intramolecular cyclization to nitrenium ion intermediate
generation 43 from substituted moiety 42. This metal-free system is broadly used for the intramolecular
oxidative Csp?-N bond formation the yield is the example depending upon substituents on the ring.

(Scheme 4).33

Qs RO« d
NH 'i' PhI(OTFA), 2 (1.5 equiv) NH HN
N—Ar1 y N—Ar1 > N<p 1
O‘ DCM 23 °C Os N Ar
o] o o
o) i o) A o
42 43 4 >75%

Scheme 4. PIFA-mediated intramolecular cyclization of indenodiazepinones.

33. Malamidou-Xenikaki, E.; Spyroudis, S.; Tsanakopoulou, M.; Hadjipavlou-Litina, D. J. Org. Chem. 2009, 74, 7315-7321.
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In 2015, Zhao and co-workers synthesized four rings fused heterocycle chromeno[2,3-blindol-
11(6H)-ones 46 from the substituted chroman 45. This method is very useful due to the use as metal-free
reagent [bis(acetoxy)iodo]arenes] PIDA 3 for the oxidative intramolecular cyclization and the best way for
carbon-nitrogen bond formation. This method is also useful for substituted aryl moieties at room

temperature with high yield (Eq. 15).3*

PhI(OAc), 3

15
DCE, 23 °C (o] H [19]

45 R,=-H, -F, -Cl, -Br, -OBn, -OMe, -Me 46

R,= -H, -F, -ClI, -Br, -OMe, -Me

Recently Liang and co-workers developed a novel and efficient synthesis of phenanthridinones
48 via oxidative C-H amidation of N-methoxybenzamides 47 under in situ generations of hypervalent
iodine(lll) using lodosylbenzene 1 with m-CPBA as co-oxidant, and HFIP. This method is very easy to handle

at room temperature in the open flask with excellent yield (Eq. 16).3°

o) o)

N,OMe Phl 1 (10 mol%), m-CPBA (1 eq) N,OMe
5¢. - C
O HFIP, air, 23°C, 1 h O

47 48

34. Sun, J.; Zhang-Negrerie, D.; Du, Y.; Zhao, K. J. Org. Chem. 2015, 80, 1200-1206
35. Liang, D.; Yu, W.; Nguyen, N.; Deschamps, J. R.; Imler, G. H.; Li, Y.; MacKerell Jr, A. D.; Jiang, C.; Xue, F. J. Org. Chem. 2017,
82, 3589-3596
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In 2007 Marsini and co-workers reported of novel and efficient by using PIFA 2 to the
stereoselective transformation of spironitronates 50. This mechanistic route involved ipso oxidative
addition cyclization of nitro-components 49. This methodology is very applicable and easy to handle at

room temperature with high yield (Eq. 17).3
| OO
Hom PhI(OTFA),2 o, o (7]
No, DCM.23°C12h Va

2
49 50 R

In 2017 one of the efficient C-O bond formation processes was developed by Suryavanshi and
co-workers, This method is applicable under hypervalent iodine conditions for the synthesis of
spirooxazolines 52 and 53 oxazolines in quantitative yields from S-amidoketones 51 via oxidative
functionalization using PIDA in combination with Lewis acid BF;#OEt,. Also, this reaction undergoes via

formation of a-iodo substituted ketone followed by elimination to give oxazolines (Scheme 5).%”

BF;.Et,0 o S
(0.25 equiv) O’\<
—eeeee R1
R3
A . Ry
O HN” O PhI(OAc), (2 equiv) 52
R] R, DCM, 0-23°C 8-14 h.
51 BF3.Et,0 R4
(0.5 equiv) o o>_R
R4 = Ph,cyclohexyl N/ 3
R,= Me,PhMe. R2
Rs=Ph 53

Scheme 5. Synthesis of oxazoles and spiro-oxazole.

36. Marsini, M. A.; Huang, Y.; Van De Water, R.W.; Pettus, T. R. Org. Lett. 2007, 9, 3229-3232.
37. Chavan,S. S.; Rupanwar, B.D.; Kamble, R.B.; Shelke, A.M.; Suryavanshi, G. Org. Chem. Front. 2018, 5, 544-548.
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1.4.7. Rearrangements.

As discussed above the hypervalent iodine reagents have been used for various C-C, C-hetero
bond formation and oxidation reactions which acts as the best replacement for toxic transition metals.
The scope of hypervalent iodine is not limited for these reactions but it is also used in the various

rearrangements which will discuss in this part as follows.

In 1984, Loudon,*® developed the conversion of aliphatic amides 54, into amines 55, using
hypervalent iodine(lll) reagents like PIFA 2. Whereas aromatic amines were oxidized further due to the
iodine(lll) reagent. The reaction works via isocyanate intermediate which hydrolyses immediately to the

amine. The retention of configuration was observed in the case of chiral amides (Eq. 18).

JOL PhI(OTFA), 2
—————> RNH 18
R” NH,  H,0,23°C 2 8]
54 55

Oxidative rearrangements with aryl group migrations using hypervalent iodine reagents have

been discovered some time ago.

Aryl group migration or rearrangement under oxidative conditions using hypervalent iodine
reagents has gained great importance in this class of reactions. Recently, in the last decade, these
reactions were discovered. Alkenes were common synthons used in combination with hypervalent iodine

in organic synthesis.

38. a) Loudon, G. M.; Radhakrishna, A. S.; Almond, M. R.; Blodgett, J. K.; Boutin, R. H. J. Org. Chem. 1984, 49, 4277-4284. b)
Boutin, R.H.; Loudon, G. M. J. Org. Chem. 1984, 49, 4277-4284.
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Besides, In 2007 Tu and co-workers subjected tertiary substituted allylic alcohols 56 and
aminoisoindoline 57 under oxidative aryl rearrangement using PIDA 3 to give famidoketones 59. The
reaction mechanistically works via formation of aziridine ring 58 followed by silica gel accelerated aryl

migration which can give famidoketones with good yield (Scheme 6).%°

o
HO PhI(OAc), 3 (2.5 equiv)
PhthNH, (2.5 equiv) o
SA® T OBy
0 N O pcm, 23 °C Silica gel N=-N @I'"
+ NH,
56 57 s8 ©

Scheme 6. PIDA-mediated Synthesis of f~amidoketones.

Another rearrangement example come from Zhao and co-workers synthesizing 3-arylquinolin-2-
one 61 from readily available N-methyl-N-phenylcinnamamides 62 with phenyliodine bis(trifluoroacetate)

PIFA 2 in the presence of Lewis acid. This novel procedure not only give oxidative (Sp? or Sp?) bond

formation but also 1,2-aryl migration. (Eq. 19).%°

R
Ra PhI(OTFA), 2 TFA ﬁz o
N Ar  BF,.OFt S
AN 3- 2
R W > R [19]
TS/ O R, DCE, 0- 23 °C NP A
60 61 R,
R, = -H, -Me, -OMe, -F, -Cl, -Br, -CF3, -CO,Me
R5=-Me, -Bn
Rs= -H, -Ar

39. Zhang, E.; Ty, Y.Q.; Fan, C.A,; Zhao, X.; Jiang, Y.J.; Zhang, S.Y. Org. Lett. 2008, 10, 4943-4946.
40. Liu, L,; Lu, H.; Wang, H.; Yang, C.; Zhang, X.; Zhang-Negrerie, D.; Du, Y.; Zhao, K. Org. Lett. 2013, 15, 2906-2909.
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1.5. Recent literature lodination of anilines.

The lodinated anilines having a great significance in organic transformation mostly are useful of
synthetic organic chemistry, due to the important intermediate in biologically active compounds and

useful in cross-coupling reactions like Sonagashira alkynylation, Suzuki, and stille.

The several methods researchers reported in the literature but in, a few important iodination methods

are described in the following.

In 2001 Tour has reported the synthesis of 4-iodo-N-phenylaniline 63 reagents from
diphenylamine 62 by using benzyltriethylammonium dichloroiodate in the presence of sodium
bicarbonate in methanol. The benefit of this method is environmentally friendly and easy for handling to

give a moderate good yield (Eq. 20).*

® ©
©\ Ph” > NEL,IC, ©\
Ny NaHCO; NH
—_— [20]
DCM/MeOH
58%
62 I 63

41. Monnereau, C.; Blart, E.; Odobel, F. Tetrahedron Lett. 2005, 46, 5421-5423.
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In 2005 Odobel and co-workers reported selectively para-iodination to get several anilines 65
from substituted anilines 64 by using very cheap and mild reaction conditions which are easy for handling.
They have used source as molecular iodine in a mixture of pyridine/dioxane (1/1 vol) and obtained a high

yield (Eq. 21).%?

R1\N/R2 R1\N/R2
2 [21]
—»
Pyridine, 0 °C
I
64 R, =H, Me,Et 65
R,= H, Me,

Recently Karunakaran reported simple and efficient method of iodination to get aromatic
compounds 67 from substituted aryls 66. The protocol uses molecular iodine, choline chloride and
potassium peroxodisulfate at heating condition in acetonitrile to give moderate to good product yield (Eq.

22).48

H I, choline H
A chloride/k,S,04 N 22
|// CH3CN, 65°C, 2 h = I \/ ! []
R R/
66 67

R = -OH, -NH,, -CHa, -Br, -Cl

42. Kosynkin, D.V.; Tour, J.M. Org. Lett., 2001, 3, 991-992.
43. Parthiban, D.; Karunakaran, R. Asian J. Chem. 2018, 30, 1659-1663.
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Gold Chemistry

1.6. Introduction.

Gold has been the most precious metal for thousands of years due to naturally occurring
element form can be mined directly from the earth. In the past years ancient civilization used by artifacts
as representation of wealth and god. Also, the Mayan art or Egyptian burial masks look as beautiful as
when they were first cast, emphasizing the resilience and inertness of metallic gold. The nowadays biggest
use of gold metal for making jewelry and coin, currency due to the unreactive and durable nature of
metallic. Gold has been used in dentistry and more recently in electronics as it is also highly conductive to
electricity. The justification about the gold in the periodic table has the symbol Au and 79 atomic
number* In (figure 1.5)and a series of transition metals belonging to the group, 11, as well as possesses
the electronic configuration [Xe] 414 5d*° 6s. Its oxidation state varies from 1" to 5" but is commonly useful

from 1* to 3*. Early alchemists avoided in compared to other transition metals when chemists really began

to explore homogeneous catalysis.

Nowadays has improved modern chemistry, and gold has been using the catalyst. The use of

gold complexes in homogeneous catalysis remains a recent advance in the field of organic synthesis,

mostly due to the assumed chemical inertia of metallic gold.

Gola
106066568

Figure 1.5 The general use of gold with atomic number.

44. Bardaji, M.; Laguna, A. J. Chem. Educ. 1999, 76, 201.
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1.6.1. Relativistic effect and Chemical nature of gold.

The special properties of gold are due to unique nature; gold arise nuclear charge on itself called
relativistic effect. Many transition metal has good regular periodic behavior in the sixth period, but gold
has disturbed the periodic behavior due to high nuclear charge also the high velocity of the internal shell
electrons passing at close to the speed of light. According to the Schrédinger equation.**® The strong
contraction of the 6s and 6p orbitals and expansion of the 5d orbital can indicate a relativistic effect in

most exemplified as describing well realistically shape expressed theoretically and properly (Figure

1.6)47’48’49

nonrelativistic o
lonization A relativistic
Energy (eV)
0
1.958 A
. —— O
6s -~ 0
\‘\\ 1620 A contracted and
. O lower in energy
——— 0
10 0.839 A
0.817 A
Expanded and
-7 higher in energy
5( =——"
15

Figure 1.6. The calculated sizes and energies contraction of 6s and 5d orbitals of gold.

The most important experimental observed point discussed follows.

45. Schrodinger, E. Phys. Rev. 1926, 26, 1049-1070.

46. Dirac, P. A. M. Proc. R. Soc. 1928, 117, 610-624.

47. Pyykko, P. Angew. Chem. Int. Ed. 2004, 43, 4412-4456.
48. Pyykko, P. Inorg. Chim. Acta. 2005, 358, 4113-4130.
49. Pyykko, P. Inorg. Chim. Acta. 2005, 358, 4113-4130.

23



Chapter-1

1.6.2. The effect of 6s and 6p orbitals contraction.

The gold has tendency to make stronger bond due to contraction on 6s and 6p orbitals, most
important point is cationic form of gold(l) has ability to outstanding Lewis acidity instead of other cationic
metals of the group 11 in the periodic table. Besides of this gold has one more interesting property
originated which can be avoided the relativistic effect due to the high electronegativity 2.5°° compare
with carbon 2.4 this indicates that the bond between C-Au, observed gold has more electron density

corresponding to electronegativity trend which can be disobeyed relativistic effect.

1.6.2.1 The expansion of 5d orbitals.

The expansion of 5d orbital effect on increasing high ionization energy (9.22 eV).5! Due to
disturbing the electronic crowd and diminishing electron-electron repulsion, this effect is relevant in
catalysis because as a corollary of this relativistic effect. Also, the important result 5d orbital shows gold

carbenoid behavior.

1.6.2.2 Gold(l) Act as a Soft Lewis Acid.

Another more important fact about gold(l) complexes, gold complexes are excellent Lewis acids.
Lewis generalizes the concept in 1923. This can be important for the easy-to-understand electron-pair

theory of acid bases.>>%3

In case of talking more about gold, complexes could diffuse orbitals, they have preferred orbitals
instead of charge interactions. However, they can be soft Lewis acid and react with the soft species like

(m- systems) and exist more oxophilic.

50. Electronegativity is given in Pauling scale.

51. Neale, R. S. ). Phys. Chem. 1964, 68, 143-146.

52. W.B Jensen R. Chem. Techno. 1982, 55, 881-901.
53. Pearson, R. G. J. Chem. Educ. 1987, 64, 561.
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An among in 1963 Pearson modified the hard and soft Lewis acid bases (HSAB).>* About the
statement clarified that in case metal atom high positive charge and smaller ionic sizes tend to be hard
Lewis acid and which affect goes to low polarizable. In the other hand in case of soft acid has bigger ionic

size low charge which affect goes to low highly polarizable (figure 1.7).5>°®

H* Li* Na* K* Ti**,cr* ,cré*, Cu*, Ag*,TI* ,Cs* ,I" ,Br* ,Hg?*,

Be?* Mg?* ,Ca®" ,Sr?* ,Sn?} Pd2*,Cd?*, Pt2*, Hg?*, TI?,

AIR* Si*t . Au*, Aud*.

Hard Acids Soft acids

Figure 1.7. Gold act as soft Lewis acid.

In the (figure 1.7). has separately mentioned some of the periodic elements those are indicating

hard acid and soft acid depending on the present charge and gold(l)and gold(lll) acting as soft Lewis acid.

54. Pearson, R. G. J. Am. Chem. Soc. 1963, 85, 3533-35309.
55. Pearson, R. G. J. Chem. Educ. 1968, 45, 581-586.
56. Pearson, R. G. J. Chem. Educ. 1968, 45, 643-648.
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1.6.3. Types of the homogeneous gold catalysts.

Generally, two type of classified gold catalyst mainly exist 1* and 3" oxidation states. Both the

types are extensively used for organic transformation. We shall see more information gold(l) catalyst.

1.6.3.1.Gold(l)-Catalysts.

Gold(l)-catalyst are d'® complexes and showed both form LAuX and L,Au* composition. They are

indicating a linear, coordinated geometry.>” The reactivity of the complexes depends on ligand attached

to the gold and their electron-donating properties. In the case of this class of complexes need strong o-

donor-like ligands for the stabilizing metal center (figure 1.8).

©
16 e complexes

R Cy
Ry~ Oy s

68:R=Cy,R'=H

69: R = tBu, R' = H ﬁ
70: R=Cy, R'=i-Pr N
:< 0

77

P-Au-Cl F-Au-Cl tBu I
R, MeO Au
S CENIYS ST, R S
3 74: R = Mes, R'= Me
71 el 75:R=R'=Me

76: R =R'=2,6-i-Pr,CgH3

[S]
14 e complexes

tB ,_‘_|®@pF Ar= 2,6--Pr,CeH
-Bu — s Ar=2,6-i-PryCgHs
—|®§bF _N—N_ 82: L= NCMe
tBu 0--P—Au—NCPh o AT A 83: L=NCPh
3 Alu 84: Ar= Mes
81 L L= 2,4,6-(MeO)3CgH,CN
R @0
Ras ] SbFg R R ®9
P-Au-NCM R o | SbF
Au-NCMe P-Au-NTf,  [Au(PPh3)(NCMe) 6
R,
VS O o
R
87: R=tBu 89:R =t-Bu, R =H
88:R=Cy 90:R =Cy, R' = /-Pr

85: Ar= Mes
86: Ar= 2,6,-i-Pr,CgH3

Figure 1.8. Some of the most useful 16 e and 14 e  gold(l)

complexes.

57. For discussion about the choice of coordination number in d1° complexes of group 11 metals, see Carvajal, M. A.; Novoa, J.

J.; Alvareze, S. J. Am. Chem. Soc. 2004, 126, 1465-1477.
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Notably, there are classified two types of electron donating complexes, 16 electron complexes
and 14 electron complexes.

The 16 electron complexes such as 68,69,70,71,72,73,74,75,76,78,79 and 80 have showing
higher catalytic activity compared to the 14 electron complexes like 81,82,83,84,85,86,87,89,90 and 91.
The extraction of cationic from generally from the halogen sources, commonly using 1 equivalent of Ag(l)
salt and non-coordinating species®®. The benefit of these class complexes, they are soluble in the reaction
medium and stable in solid-state.

The more explanation about gold(l) cationic complexes are we can find with bulky-biphenyl
based phosphines as ligands which can come out by Pd-cross coupling reactions® Related complexes
containing a labile bis(trifluoromethanesulfonyl)amide (NTf,) as ligand have been reported showing
similar properties®

While synthesis talks about 68-71 and 87 to 88 complexes which have been reported by the

Echavaren co-worker’s to developing gold(l)-catalyzed reactions®?.

As well as some of the bulky catalysts like bis-adamantyl phosphine ligand 77 to 80 such used in
hydroamination of alkynes with di-alkylamines, also 72%2 relevance of bearing tris-(2,6-di-tert-
butylphenyl)phosphite as the ligand and cationic counterpart 81% highly electrophilic, some N-
heterocyclic carbene (NHC) used as a precatalyst,®

58. (a) Nieto-Oberhuber, C; Mufioz, M. P.; Bufiuel, E.; Nevado, C.; Cardenas, D. J.; Echavarren, A. M. Angew. Chem. Int. Ed.
2004, 43, 2402-2406. (b) Nieto-Oberhuber, C.; Mufioz, M. P.; Lépez, S.; Jiménez-Nufiez, E.; Nevado, C.; Herrero-Gémez, 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 Lett. 2007, 63, 6306-6316.

59. (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.

60. (a) de Frémont, P.; Scott, N. M.; Stevens, E. D; Nolan, S. P. Organometallics. 2005, 24, 2411-2418 (b) de Frémont, Stevens,
E.D.; Fructos, M.R.; Diaz-Requejo, M.M.; Pérez, P.J.; Nolan, S.P. Chem Commun. 2006, 2045-2047. (c) Liu, X.Y.; Ding, P.;
Huang, J. S.; Che, C, M.; Org. Lett. 2007, 9, 2645-2648.

61. (a) Partyka, D. V.; Robilotto, T. J.; Hunter, A. D.; Gray, T. G. Organometallics 2008, 27, 28-32. (b) Mézailles, N.; Ricard, L..;
Gagosz, F. Org. Lett. 2005, 7, 4133-4136.

62. Loépez, S.; Herrero-Gomez, H.; Pérez-Galan, P.; Nieto-Oberhuber, C.; Echavarren, A. M. Angew. Chem. Int. Ed. 2006, 45,
6029-6032. (b) Nieto-Oberhuber, C.; Pérez-Galan, P.; Herrero-Gomez, E.; Lauterbach, T.; Rodriguez, C.; Lépez, S.; Bour, C;
Roselldn, A.; Cardenas, D. J.; Echavarren, A. M. J. Am. Chem. Soc. 2008, 130, 269-279.

63. Amijs, C. H. M.; Lépez-Carrillo, V.; Raducan, M.; Pérez-Galan, P.; Ferrer, C.; Echavarren, A. M. J. Org. Chem. 2008, 73, 7721-
7730.

64. Nieto-Oberhuber, C.; Lopez, S.; Echavarren, A. M. J. Am. Chem. Soc. 2005, 127, 6178-6179
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A similar NHC included complexes like 77 to 78 and 84, 85 and 86 to study their-acceptor

properties.® such more cationic 82-84% and those bearing labile properties such as NTf, 77 and 86°” have

been reported.

65. Alcarazo, M.; Stork, T.; Anoop, A.; Thiel, W.; Flirstner, A. Angew. Chem. Int. Ed. 2010, 49, 2542- 2546.

66. Lopez, S.; Herrero-Gomez, H.; Pérez-Galan, P.; Nieto-Oberhuber, C.; Echavarren, A. M. Angew. Chem. Int. Ed. 2006, 118,
6175-6178.

67. Li, G.; Zhang, L. Angew. Chem. Int. Ed. 2007, 46, 5156-5159.
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1.6.4. General mechanism of gold(l) catalyst.

The beneficial role of gold catalyst which can be reacting out under air to gold-catalyzed
reaction, the cationic gold(l) complexes have a good affinity to coordinate with the alkynes,® allenes, and
additionally also with an alkene, readily create an electrophilic center which can be towards nucleophilic
attack. In a mechanistic way, gold is very rarely preferred via B-hydride elimination in most cases of proton
replaced by the protodeauration process. In additionally representing carbene species,® and producing
carbenium ions. This concept is very useful for functionalization and cyclization reactions. In a discussion

about the general mechanism of briefing based on the catalytic cycle (Scheme 6).

L—Au RL @
— e«u—L
Rs Nu RS —_._ RL
95 93
L—Au R, NuH
wH® )= @
R Nu
s /
H
94

Scheme 6. General mechanism of gold-catalyzed alkyne functionalization.

68. Brooner, R. E. M.; Widenhoefer, R. A. Angew. Chem. Int. Ed. 2013, 52, 11714-11724.
69. Wang, Y.; Muratore, M. E.; Echavarren, A. M. Eur. J. Chem. 2015, 21, 7332-7339.

29



Chapter-1

The catalytic cycle starts with alkyne 92 coordination and affording 93. Then stereoselective
nucleophilic trans attack and form 94. Further loss of H* and give rise to 95 which can be followed by

protodeuration and finally give expected product 96 with the catalyst generation (Scheme 6).7°

1.6.5. Gold(l)-catalyzes first application.

Several application homogenous gold complexes were reported recently, but the first example 97
alkyne was reported by Hayashi’® in 1986 for developing asymmetric aldol reaction 98 by using
ferrocenylphosphine-gold(l) complex then further Teles and Tanaka’?’® in 1998 and 2002 modified
towards first application of gold catalysis. The main purpose of this class of catalysts avoiding toxic metals
like mercury used gold catalysis electrophilic activation of alkyne 99 and obtained the expected product

100 (Scheme 7).

(Ph3P)AUCH; (2 mol %)

/ CH3SO,H (50 mol%) MeO OMe
/ — >
97 MeOH, 40 °C 98
(Ph3zP)AuCH3 (2 mol %) o
H,SO,4 (50 mol%)
0
99 MeOH/H,0, 70 °C 100

Scheme 7. First application example of gold(l) catalyst.

70. Collado, A.; Nelson, D. J.; Nalon, S.P. Chem. Rev. 2021, 121, 8559-8682.

71. Ito, Y.; Sawamura, M.; Hayashi, T. J. Am. Chem. Soc. 1986, 108, 6405—6406.

72. Teles, J. H.; Brode, S.; Chabanas, M. Angew. Chem. Int. Ed. 1998, 37, 1415-1418.

73. Mizushima, E.; Sato, K.; Hayashi, T.; Tanaka, M, Angew. Chem. Int. Ed. 2002, 41, 4563-4565.
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1.6.6. Homogenous Gold complexes activate of alkynes or allenes .

The homogenous gold catalyst has good ability to coordinate with carbon-carbon multiple bonds

like sp?-or sp-hybridized. (e.g. allenes, alkynes), and additionally applicable for sp*dicarbonyl compounds.

A simple example of in presence of nucleophile gold activate the alkyne 101 and exhibit ‘slippage’.

In this type of slippage producing relaxation of symmetry of bonding orbitals 102 which can be correlated

with orthogonal orbitals moving towards between nucleophile to mt-ligands and going to the metal center
(Eq. 23).7*

Nue
v Nu R
R—_!__—R —_— — [23]
(S R Au
| ®
Au
101 102

subsequently well discussed is the m-acid concept with metal which is reported by Furstner in

2007 with gold catalyst. In this method gold coordinate between an alkyne 103 and introducing electron
density inducing positive charge 104 (Eq. 24).

[24]
[Au]

74. Firstner, A.; Davies, P. W. Angew. Chem. Int. Ed. 2007, 46, 3410-3449
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1.6.6.1 Enyne Cycloisomerization.

The cycloisomerization of enynes is one of the most fascinating topics in homogenous gold
catalysis. Because gold complexes give selectively transformation and are synthetically useful.
Comparatively other metals like Pt or Pd, also have a good ability to transform but gold is more effective
than other transition metals. Furthermore, gold(l) activates alkynes it depends upon which functional
group having of alkynes. Also, reaction matter of which kind of substrate is used as the length between

alkyne moieties.

H
CI>- —
T 107 108f 109
+
AUL+ AuL
ﬁfb -~ Cf,
106 105 110
\ +
LAu
M -— 1 —
113 111 112

Scheme 8. Gold catalyzed enynes cycloisomaerization reactions.

The most common type of gold catalyzes the reactions of enyne cycloisomerization having a
similar mechanism, depending on very selective activation of alkyne moiety with a nucleophilic attack of
multiple bonds which can be preferred in both ways like Exo or endo can take place. in case of
cycloaddition reactions gold(l) mechanism 1,n-enyens 105 procced trough ring closing system to give 106
further give 107 beside of this gold coordinate with alkyne 105 to cyclic five-membered ring 108 to
proceed five-membered alkene ring 109 and another side 105 possibly ring closing and gives 110 also 106
and 110 which showing their possibilities to form 111 and further has cationic cyclobutene form one side

112 and other side 113 cyclobutene compound be showed in (Scheme 8)7.

75. Obradors, C.; Echavarren, A. M. Acc. Chem. Res, 2014, 47, 902-912.
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1.6.6.2. Transformation of Cycloisomerization reactions.
The cyclization of 1,6-enynes has been reported in various reactions as atom-economical and
productive transformations using cationic gold(l) complexes. Such useful involvement like

rearrangements reaction, [4+2] cyclization, as well as 1,5 H-migration.

In 2004 Nieto Obradors and Echavarren reported’® selectively transformation of enynes, in this
class of terminal alkyne and disubstituted alkene react by using [Au(PPhs)Cl] and AgBF, to give selectively
single cleavage rearrangement of a diene 114 to form the five-membered cyclic product 115 with high

yield in (Eq. 25)
Au(PPh;)CI,

MeO,C — AgBF,4 (2 mol%) MeO,C [25]
MeO,C \ DCM 23 °C MeO,C

(90-96%)

\

In transition metal complexes acting as catalyst to produce variety of cycloisomerization. In case
1,6 enynes and alkyne metal carbene generally producing intermediates but in cycloaddition reaction
mechanistically quite different. In 2007 Echavarren and coworkers introduced [4+2] cyclization by using

gold(l) complex for synthesizing tricyclic derivatives.

76. Nieto-Oberhuber, C.; Munoz, M. P.; Bunuel, E.; Nevado, C.; Cardenas, D. J.; Echavarren, A. M. Angew. Chem. Int. Ed. 2004,
43, 2402-2406.
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This reaction starting from the 1,6 enyne alkyne 116 with alkene and stereospecific forming

intermediate 117 which can evolve Friedel Crafts-type reaction and gives the cyclic product 118 (Eq. 26

tBu ]
tBu, =
N |~ Sbr
P-Au-NCMe 6

=—Ph (5 mol%)
>

N DCM 23 °C
(75-80%)

116

).77

[26]

Subsequently in 2009, Echavarren and co-workers reported 1,5-OR group migration via gold(l)-
catalyze intramolecular cylclopronation form the tricyclic compound 119 which can be related to golbulol

120 and epiglobulol 121 (Eq. 27).7®

DCM 23 °C

[27]

77. Nieto-Oberhuber, C.; Perez-Galan, P.; Herrero-Gomez, E.; Lauterbach, T.; Rodriguez, C.; Lopez, S.; Bour, C.; Rosellon, A.;

Cardenas, D. J.; Echavarren, A. M. J. Am. Chem. Soc. 2008, 130, 269-279.

78. Jimenez-Nunez, E.; Reducan, M.; Lauterbach, T.; Molawi, K.; Solorio, C. R.; Echavarren, A. M Angew. Chem. Int. Ed. 2009,

48, 6152-6155.
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1.6.7. Recent literature gold(l)-catalyzed dimerization aromatic compounds.

The area of organic synthesis, gold catalysis highly applicable for the organic transformation, the
reaction of dimerization with diyne system are applied for constructing new building moieties. Which is
most interesting part of dimer because of the alkyne can possess nucleophilic to electrophilic nature

between two terminal alkynes and forming further transformation.

In 2017, Hemmert and co-workers have reported benzene-tethered 1,6-enynes 122 by using
gold(l)-catalyst via cycloisomerization-dimerization to give substituted aromatic moiety 123 at room

temperature with high yield (Eq. 28).”

Ry
R2 o4 R2 RZ
PhsPAUCI/AgsbF g (5 mol%) O’ O [28]
Rj A r R
A DCM 23 °C, 1 h 1
122 69-90% 123
Ry =-H, -OMe,
R2= -H

In 2018, Zhang and co-workers developed a new and efficient method for the dimerization of 3-
diazooxindoles dimer 125 from substituted 124 derivatives by using gold(l)-catalyst. This reaction is useful
for the substituted isoindigos derivatives as well as obtaining excellent selectivity with N-protected group

also which can be helpful for the construct both indole moieties.

79. Alvarez-Pérez, M.; Frutos, M.; Viso, A.; Fernandez de la Pradilla, R.; de la Torre, M. C.; Sierra, M. A.; Gornitzka, H.; Hemmert,
C.J. Org. Chem, 2017. 82, 7546-7554.
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Additionally, isoindigos has many application in both pharmaceutical as well as material science,

also exhibited high efficiency on a gram scale and easy to handle at room temperature (Eq. 29).%°

N>
N XPhos-AuCl (5 mol%) / AgPF6 (5 mol%) 1 (2]
Ri—r o
Y CH4CN 23 °C, 12 h
R,
124

R{=-OMe, -Me, -F, -CI, -Br, -I, -NO,
R,=-Me, -Ts, -Boc, -Bn

80. Yao, X.; Wang, T.; Zhang, Z. Eur. J. Org. Chem. 2018, 4475-4478.
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Gold(l)-catalyzed intermolecular alkyne dimerization for the Synthesis of

pentacyclic bisindolic trans-fused system via domino process.
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CHAPTER-2
2.1. Introduction.

Pentacyclic polyaromatic heterocyclic indoles are widely used in medicinal chemistry, natural
products, and functional materials due to their diverse biological,® physical and chemical properties such
as eburnamonine and RS-2135 exhibit high Antiarrhythmic activity®? in the fight against myocardial
infarction. Due to these properties, many efforts have been made to construct these heterocycles (Figure

1.9).

NH»
OH ¥ N
o "
U )~
N N Et N
" »;
o} o] Me,N—t)s
RS-2135 Ebmamonin iprindole
OH CO,Me
5" Qx
y O
\ H
N MeO,C
H -
Velbanamine Cauelerpin

Figure 2.1. Example highlighting the relevance of the indene core

81. Welsch, M.E.; Snyder, S. A.; Stockwell, B. R. Curr. Opin. Chem. Biol. 2010, 14, 347-361.

82. Llazareno, S.; Birdsall, B.; Fukazawa, T.; Gharagozloo, P.; Hashimoto, T.; Kuwano, H.; Popham, A.; Sugimoto, M.; Birdsall, N. J.
M. Life Sci. 1999, 64, 519-526.

39



CHAPTER-2

Among one of the most abundant heterocycles in natural products and marketed drugs and is
therefore classified as a privileged structure in drug discovery, Polycyclic indoles fused to medium-sized
rings are key for pharmaceutically relevant compounds Structural motifs such as the pharmaceutically

relevant iprididine,® alkaloid velbanamine®* and the dual alkaloid caulerpine.?
2.2. Previous work on gold(l)-catalyzed dimerization of alkynes.

In 2018, Hashmi introduced an intermolecular dimerization process in the presence of cationic
gold catalysts that can generate highly reactive vinyl cationic intermediates 127 on selective alkynes 126
In the case of both alkynes, a push-pull reaction was shown to capture vinyl cations via nucleophilic attack

on electron-deficient aryl groups to form highly substituted naphthalenes 128 (Scheme 9).°

EDG

EDG
<9 -
Z 5 mol% [(IPr*)Au(NCMe)]SbF EWG O
> |O

@ ;
EWG - DCE, 100 °C O
B via 7] 128 EDG

Scheme 9. Gold-catalyze intermolecular dissymmetric reaction of dimer.

83. Okabe, A.; Harada, S.; Takeda, T.; Nishida, A. Eur. J. Org. Chem. 2019, 3916—-3920.

84. Greiner, L.C.; Inuki, S.; Arichi, N.; Qishi, S.; Suzuki, R.; lwai, T.; Sawamura, M.; Hashmi, A.S.K.; Ohno, H. Eur. J. Chem. 2021.
27,12992-12997.

85. Liu, Y.; Morgan J. B.; Coothankandaswamy, V.; Liu, R.; Jekabsons, M. B.; Mahdi, F.; Nagle, D. G.; Zhou, Y. D. J. Nat. Prod. 2009,
72,2104-2109.

86. Weingand, V.; Wurm, T.; Vethacke, V.; Dietl, M.C.; Ehjeij, D.; Rudolph, F.; Rominger, F.; Xie, J.; Hashmi, A. S. K. Eur. J. Chem.
2018, 24, 3725 -3728.
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Subsequently, in 2018 Hashmi®” revised the concept of intermolecular dimerization of azulenes.
The process shows dimerization of diarylalkynes with ortho- or para-fluorine atoms or push-pull non-
symmetric electron-rich alkynes 129. In the presence of gold(l) catalyst, two alkynes can generate vinyl
cations in one step and transfer to substituted azulenes, which is economical affordable for the synthesis

of substituted azulenes 130 and 131 (Eq. 30).

OMe OMe

i OMe
2.5 mol% [(IPr*)Au(NCMe)]SbF
> RO OO
F DCE, 100 °C
+
129 130 Q 131 Q

OMe

An explanation of the proposed mechanism describes that, based on a substituted substrate
132 the firstly gold catalyst coordinates with a diarylalkyne and forms a m-complex 133 with one of the
diarylalkynes 134 followed by an activated alkyne bond may be more inclined to attack the other triple
bond, resulting in the energetic intermediate vinyl cation 135. The vinyl cation can be controlled by the
selective nucleophilic attack, and more nucleophilic carbon atoms can be attacked by more selective
electrophilic centers, where gold catalysts can be attached. The vinyl cations then attack the less electron-
rich aromatics of the substituted ortho- or para-fluorine, which can show a strong +M effect. Due to the
fluorine-dependent substituent position, a direct attack on 136 in the ortho or para position occurs. The
additional cationic tricyclic species results in isomerization ring expansion 137 to gold-linked azulene 138

Eventually, gold can regenerate, and form substituted azulene species 139 (Scheme 10).

87. Claus, V.; Schukin, M.; Harrer, S.; Rudolph, M.; Rominger, F.; Asiri, A.M.; Xie, J.; Hashmi, A.S.K. Angew. Chem. Int. Ed. 2018,
57,12966-12970.
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2.2.1. Mechanism.

136

Scheme 10. mechanism of gold(l)-catalyzed intermolecular dimerization of azulenes.
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2.3. Present work.

In the present work we have before trying to synthesis of polyaromatic heterocycles pyrrolo[1,2-

a] indoles 143 by Au(l)-catalyzed tandem cyclization/ C-H activation/cyclization method but we get first

cyclization of indole moiety 141 from (2-phenyl N-substituted) moiety 140. (Eq. 31).

>L\l/ ® est6

P—Au-NCMe

20 mol%

K

=

=0

CL.,

DCE, 80°C, 24 h

H

oY%

141, 80%

[31]

142

Based on that we have changing our strategy to avoid bulkiness to get C-H activation and

cyclization of indole moiety 145 from the (1-phenyl N-substituted) moiety 140 but we get first cyclization

of indole moiety 144 (Eq. 32).

=
7 w2
=
O 20 mol%
NH DCE, 80 °C, 24 h
143

144,70 %

43

[32]
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Among we changed our strategy, and we are trying with (methyl N-substituted) aniline 146
towards the Gold(l)-catalyzed intermolecular dimerization of internal alkynes synthesis of pentacyclic

indole system containing a central seven-membered ring through a domino process 147 (Eq. 33).

Z
— Z gold(l) catalysis
X 7 e »
R4L domino Process [33]
4 f;l—H
Me
146

* 3 New bonds in one-pot

* Pentacyclic Non-Aromatic system
* Trans-fused bis-indolic system

* 7 atom ring

In this work we get inspired from the previous works like intermolecular cyclization of alkynes
and we decide to describe our gold(l)-catalyze one-pot dimerization approach. Thus, the synthesis of
polyaromatic indole obtained by domino process in one pot method and special character like form three
new bond, pentacyclic non-aromatic trans-fused bis indole system and inside having a seven-membered

ring.
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2.4. Result and discussion.
2.4.1 Synthesis of starting material.

Thus, synthesis of the starting material having several step based on the describe literature88%°0:
We started to synthesize terminal bromoalkyne 149 from the commercially available 2-methylbut-3-yn-
2-ol 148. Then 149 going towards the Pd-catalyzed cross-coupling reaction with substituted
phenylacetylene in DMF and TEA at 50 °C under the nitrogen atmosphere in 4 hours to give 150 diynes
(Eq. 34).

1) KOH 2) Pd(PPh;),Cl,
2)Bry 3) Cu-(l) Risa
HO —_ HO>—___—Br > ¢ V== /OH [34]
H,0, 0-5 °C DMF+TEA L/— \
o]
1h 50 °C under Nyatmp. 4 h R,= -H,- Me, Cl
148 149 150

Further, deprotection of diynes 150 by applying basic treatment of KOH in benzene at 65°C under

nitrogen atmosphere in 4 hours to give deprotected 151 diynes (Eq. 35).

Riws 1) KOH Ry
\</ \ _ = / OH > } \ ———H 139]
= \ Ph-H, under Noatmp —
65°C,4h
150 151
R= -H, -Me, Cl

88. Marino, J. P.; Nguyen, H. N. J. Org. Chem, 2002, 67, 6841-6844.
89. Weng, Y.; Cheng, B.; He, C.; Lei, A.; Angew. Chem. Int. Ed. 2012, 124, 9685-9689
90. Gouvdi, A. I.; Danilkina, N. A.; Ponomarev, A.V.; Balova, I. A.; J. Org. Chem. 2019, 84, 1925-1940.
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Then consecutive Sonogashira alkylation reaction®® with diynes 151 and substituted 2-

iodoaniline compounds to give desired compound 146 (Eq. 36).

=
2) Pd(PPhs),Cl, P Z
Ry =z
FTN_= — 3) Cu-(l) o
-/ — — .R,
TEA, 50 °C N
3h H
151 146

)
vV

1
LYV
Ry=-H, -Me, - Bn)\Bn, -BnJ

91. Wang, Y.; Zhou, Y.; Ma, X.; Song, Q. Org. Lett, 2021, 23, 5599-5604.
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Table 1. Optimization table of new Gold(l)-catalysed intermolecular dimerization of internal alkynes,
synthesis of pentacyclic indole system.

Au-(I)L(mol %) +
- N

\

" Solvent, Temperature, }Vle
“I"e 146 152
ENTRY  Catalyst mol% Solvent T Time  Yield% @59
Au(i)L (°c) (h)  146/152/147
1 159 5 DCM 23 24 —-/40/---¢
2 159 10 DCM 23 24 —/70/-—-4
3 159 10 DCE 60 24 —/91/---¢
4 159 10+10 DCE 80 24 ---/8/58°
5 159 11 DCE 110 16 ---/7/60°
6 153 11 DCE 110 16 —-/27/73°
7 154 11 DCE 110 16 —-/17/83°
8 155 11 DCE 110 16 ---/16/849
9 153 11 DCE 110 16 —-/60/---C
10 154 11 DCE 110 16 e )=)27 €
11 155 11 DCE 110 16 —/89/---€
12 156 11 DCE 110 16 —/--/15€
13 157 11 DCE 110 16 —/--/19€
14 158 11 DCE 110 16 e )]17€
15 159 11 DCE 110 20 —-/—-/30¢
16 160 11 DCE 110 20 —/20/---€
17 161 11 DCE 110 20 5/21/---€
18 162 11 DCE 110 20 45/10/---€
19 163 11 DCE 110 20 2/5/---C€
20 164 11 DCE 110 20 6/7/---¢
21 157 5 Solvent free 110 20 -—--/45/---€
22 157 7.5 Solvent free 110 20 ---/5/15¢
23 157 10 Solvent free 110 20 —/-—/16€
24 159 5 Solvent free 110 20 ---/20/5¢
25 159 7.5 Solvent free 110 20 —-/1/8€
26 159 10 Solvent free 110 20 --/3/15¢

All the reactions were carried out without the use of inert atmosphere yet in sealed tubes. ? The reaction yields were determined by HPLC.?The
reaction yields were isolated from the column chromatography. ¢ The reaction yields were calculated by *H NMR spectras.
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@ or N/ I
o SbFe e SbFe
N S 2 P-Au-NCMe
P-Au-NTf, P—Au-NCMe %P—Au—Nsz Prs,

5 ONom

iPr 156

W

'

A= 153 o 154 155

o o 160 AgNO;
e SbF N SbFg

e
NT/N P-Au-NCMe IRC) 161 FeCls
® Pr, P-Au-NCMe 162 0uc)
Pr AU pf O o .
Fr
MeCl\’l o O O 163 CuBr,

157 BF, 158 /Pr 159 164 Cu (1)

The optimization reaction we carried out by hypothesis of our new internal alkyne dimerization.

This alkyne 146 is used as with several different cationic gold(l)-complexes.

The tremendous reactivity of the cationic gold(l)-complexes is great observed, In optimization
we determined three different types of yields method firstly with HPLC, second with purified with column
chromatography and finally with the *H NMR detection. Therefore we agreed to start the optimization
reaction condition firstly using 5 mol% of 159 in Dichloromethane at room temperature after 24 hours we
obtained compound 152 with 40 % yield only, then we decided to increase amount of same catalyst as 10
mol% in dichloromethane and at room temperature until 24 hours we obtained same compound 152 with
70 %, (Table 1, entries 1,2), Then we decided to use 1,2-dichloroethane for the remaining optimization
entries, then we moved to apply towards heating conditions gradually 60 °C by the same catalyst with 10

mol %, in dichloroethane after 24 hours later we found compound 152 with 91%, (entry 3).

Further, we have changed the heating condition to up to 80 °C with 10 mol% with 159 catalyst
in dichloroethane and we found the desired product additionally we were added 10 mol% more for
completion of starting material and we obtained 152 first indole cyclize compound 8% and desired dimer
compound 147 with 58% (entry 4). In the following reaction, we tested 11 mol% of 159 catalyst with 110
°C, and we found 7 % compounds 152 and 60% compounds 147 (entry 5) in this entry of the yield we have
isolated from the column and further (entry 6 to 8). compound product yield determined by HPLC analysis.
However, we apply other gold(l) catalysis such as 153, 154, and 155 were tested assuming by optimization

condition (entry 5),
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At this condition determined condition those entry 5 we proceed to explore the scope of
dimerization because of this entry yield we determined experimentally from the column. however, the
yield of catalyst 153 give to 152 27% and 147 73% (entry 6). Then catalyst 154 give to 152 17% and 147
83% (entry 7). and 154 give to 152 16% and 147 84% vyield (entry 8).

Among we determined yield by using *H NMR method, in this optimization we carried out from
(entry 9-27). However, we apply gold(l) catalyst and other than gold(l) catalyst such as 153, to 164 were

tested assuming by optimization condition (entry 5).

In this catalyst 153, give to 152, 60 % (entry 9). Then catalyst 154, give to 147, 27 % (entry 10),
catalyst 155, gives to 152, 89% (entry 11), catalyst 156, gives 147, 15 % (entry 12), catalyst 157, gives 147,
19 % (entry 13), catalyst 158, gives 147, 17 % (entry 14), catalyst 159, gives 147, 30 % (entry 15), catalyst
160, gives 147, 20 % (entry 16), catalyst 161, gives 146, 5 % and 147, 15 % (entry 17), catalyst 162, gives
146, 45 % and 147, 10 % (entry 18), catalyst 163, gives 146, 2 % and 147, 5 % (entry 19), catalyst 164, gives
146, 6 % and 147, 7 % (entry 20),

Further we apply some different mol % with catalyst and without solvent in case of catalyst 157, 5
mol % , gives 147, 15 % (entry 21), same catalyst 157, with 7.5 mol % gives 152, 5 % and gives 147, 15 %
(entry 22), same catalyst 157, with 10 mol % gives 147, 16 % (entry 23), with catalyst 159, 5 mol %, gives
152, 20% and 147, 5 % (entry 24), same catalyst 159, with 7.5 mol % gives 152, 1 % and gives 147, 8 %
(entry 25), same catalyst 159, with 10 mol % gives 152,3 % 147, 15 % (entry 26).

49



CHAPTER-2

2.4.2 Scope for the new gold(l)-catalyzed one pot dimerization.

=
P

R
O 11 mol% _
NH

| DCE, 110 °C, 16 h 3 new bonds
Me one-pot

147, 60%

Scheme 11. Scope for the new gold(l)-catalyze one pot dimerization.

Based on developed procedure yield of cyclohepta-dimerize indole. The scope determined by
mainly neutral dimerize indoles. Therefore, our method developed electron neutral phenyl group
obtaining rise to 147 60% within 16 hours, then we also developed electron-rich aryls containing one-
methyl group to gives 44% of yield 165 and with 4-Cl substituted derivative to gives 56% yield 166. Which

can be exhibiting good result in (scheme 11) .
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2.4.3 X-Ray crystallography structure.

The characterization of gold(l)-catalyzed pentacyclic dimerize indole, accordingly, we carried
out x-ray crystallography with the help of Dr. Gerardo Gonzalez Garcia and his support to the confirmation

for x-ray structure 147 (scheme 12).

Scheme 12. Crystallographic structure of one pot dimerization trans-fused indoles.
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2.4.4 The reaction of 1% Cyclize indole to pentacyclic polyaromatic dimer.

Some of the different we trying to synthesize pentacyclic polyaromatic dimer. We used compound
146 as starting material and applying 159 gold(l) cationic complex 10 mol% in Dichloroethane 80 °C until
24 hours and we obtained compound 152 with 94% yield. Then we again apply 10 mol% 159 catalyst in
same temperature 72 hours, and we get full conversion of product 147 with 58% yield (Eq. 35).

X\l/ ® ©sors X\l/ ® ©sors

//// B
o . C e_

DCE,80°C,24h
he 146 152, 94%

AN

147, 58%

2.4.5 The scope of nitrogen 1t cyclize indole.

Among we find out some scope on nitrogen-based reactions, firstly we tried with biphenyl
substituted 140 as a starting material and applying with the 10 mol % of 159 catalyst in Dichloroethane
room temperature within 30 min we get cyclize indole further we trying to dimerization but due to the

steric hindrance of bulky phenyl groups obtained 141 with 80 % yield (Eq. 38).

Z . N —
O 10 mol% N N [38]
NH Ph

DCE, 23 °C, 30 min
140 Ph 141, 80%
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2.4.6 X-Ray crystallography structure.

The characterization of Gold(l)-catalyzed cyclize indole, accordingly, we carried out x-ray crystallography
with the help of Dr. Gerardo Gonzalez Garcia and his support to the confirmation for x-ray structure 141
(scheme 13).

& C5 7 C6 o7

N\ —
N

co  C8

141

Z )Y
&__ T Py
S a7 N 4

Scheme 13. Crystallographic structure of cyclize indoles.
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Further we changed our strategy due to avoid bulkiness and apply single phenyl substituted 142
as a starting material and applying with the 10 mol % of 159 catalyst in Dichloroethane room temperature
until 30 min and that time also we obtained 1* cyclization of indole 143 with 70 % yield (Eq. 39).

N ®SbF5

B ®
P—Au—NCMe

=
=7 10 mol% O N\ O
O DCE, 23 °C, 30 min N [39]
NH

\

Bn
I 143, 70%
Bn 142 o

Then we think to try without substituted on free anilines 167 as a starting material and applying
with the 10 mol % of 159 catalyst in Dichloroethane 23 °C until 1 hours and that time also we obtained 1*

cyclization of indole 168 with 50 % yield (Eq. 40).

X\l/ ® @SbFG

P—Au—NCMe

z
P
= o
10mol% [40]
NH 167 DCE, 23°C,1h N
2

H 168, 50 %
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2.5. Mechanism.

=
= [AuL]*
TH
146 Me ®
LAu
\ F
/‘//
o/
. NH
7-exo-dig I\III
169 V€
5-endo-dig

COH—O

\
170 Me

Scheme 13. Mechanistic pathway for the gold(l)-catalysed one-pot synthesis of pentacyclic polyaromatic
heterocyclic indoles via cyclization-dimerization.
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The mechanism starts from compound 146 where the gold(l) catalyst is coordinated to an
alkyne to give intermediate 169. The lone nitrogen pair is then preferentially attacked by 5-endo-dig
cyclization to form the first bond as well as the five-membered indole 170 complex. This 170 complex
undergoes a nucleophilic attack on the electrophilic alkyne via the 171 complex, forming a second bond
172 Finally, 7-exo-dig cyclizes to form a third bond, leading to pentacyclic dimer 147 cyclization and

concomitant catalyst regeneration (Scheme 13).
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2.6 Conclusion.

We have developed a catalytic, good yielding and new intermolecular gold(l)-catalyzed one-pot

synthesis of pentacyclic polyaromatic heterocyclic indoles via cyclization-dimerization.

. E e
| b :
N b :5\1/ SbFg !
= Au(l) catalysis o P—Au=NCMe
// direct one-pot H- :
P ;
" 159 11 mol% - i E O E
\ DCE, 110 °C, 16 h b ]
the b 159 i
[ '

]

In this procedure including methyl and 4-cl substituted and trans fused having seven-member

non-aromatic ring particularly important feature in development of intermolecular dimerization.

The reaction plausible mechanism indicated by was followed by intermolecular cycloaddition

pathway via followed by 5-endo dig system.
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[AuL]*

5-endo-dg)

[AuL]* ﬂ/
.

This evolves by the nucleophilic addition on another electrophilic gold which can be activated, and first
alkyne possess electrophilic center itself and form seven-member ring, and finally seven-exo-dig form 3™

bond towards pentacyclic dimer.
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Experimental Section

4-bromo-2-methylbut-3-yn-2-ol

HO; o BrThe following compound was obtained by using Potassium hydroxide pellets (59.11 g,
1063.2 mmol, 5.2 equiv) were added to a round-bottom flask with a stir bar and then dissolved in water
(200 mL). The resulting solution was cooled in an ice bath. Bromine (7.9 mL,153.35 mmol, 0.75 equiv) was
then added dropwise to the vigorously stirred solution. After 15 min, 2-methyl-3-butyn-2-ol (17.16 mL,
153.35 mmol, 1.3 equiv) was added slowly with an addition funnel. The reaction solution was stirred in
the ice bath for 30 min, then warmed to room temperature. The aqueous solution was extracted with
Et,0 (5 x50 mL). The combined etheral phase was dried over MgSQy, filtered, and concentrated. The crude
material was purified by column chromatography (90 : 10 hexane: EtOAc) to afford the product as a yellow
oil (25 g,75 % yield). 'H NMR spectrum agrees with literature.® *H NMR (500 MHz, Chloroform-d) § 1.92
(s, 1), 1.52 (s, 6H). 3C NMR (126 MHz, CDCls) & 84.6, 66.4, 42.9, 31.34. HRMS (ESI+): m/z calcd. for CsHsBrO
[M+H]* = 162.9759 found 162.9759.

2-methyl-6-phenylhexa-3,5-diyn-2-ol

\___
HOZ——"="\ /

The following compound was obtained according to the type of Sonogashira
reaction, by using 4-bromo-2-methylbut-3-yn-2-ol (2.0 g 12.2691 mmol,1 equiv) as starting material and
phenylacetylene (2.67 ml,2 equiv) In triethylamine and DMF as solvent under the nitrogen atmosphere 50
°C 6 hours after completing the crude was purified by flash column chromatography over silica gel with
the system (5% EtOAc/Hexane) to afford the product (1.4 g 61.94%) yellow solid m.p = 63-65 °C. IR (neat)
v/em-! the spectroscopy data below. 'H NMR spectrum agrees with literature.®®**H NMR (500 MHz,
Chloroform-d) & 7.50 — 7.46 (m, 2H), 7.38 — 7.29 (m, 3H), 2.16 (s, 1H), 1.58 (s, 6H). 3C NMR (126 MHz,
CDCls) 6 132.6, 129.7, 128.5, 121.6, 86.8, 78.9, 73.6, 67.9, 65.9, 31.4. . HRMS (ESI+): m/z calcd. for C13H130
[M+H]* = 185.0966 found 185.1159.

92. Ui, X.; Nie, J.; Peng, X.; Hu, J.; Xu, X.; Huang, Y.; Li, Y.; Jiang, H, Org. Lett. 2022. 18, 3384-3388.
93. Tzouras, Ma. X.; Peng, N. V.; Van Hecke, K. M.; Nolan, S. P, J. Org. Chem. 2022. 87, 4883-4893.
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buta-1,3-diyn-1-ylbenzene

The following compound was obtained by using 2-methyl-6-phenylhexa-3,5-
diyn-2-ol (800 mg, 4.3421 mmol, 1 equiv) was treated with powdered KOH (536 mg, 3.68 mmol, 2.2
equiv) in benzene (8 mL) After 3 h at reflux, crude was purified by flash column chromatography over silica
gel with system ( only Hexane) to afford product (300 mg 54.76%) pale yellow oil the spectroscopy data
below *H NMR spectrum agrees with literature.®® *H NMR (500 MHz, Chloroform-d) & 7.54 — 7.49 (m, 2H),
7.41—7.29 (m, 3H), 2.48 (s, 1H). 3C NMR (126 MHz, CDCls) 6 132.9, 129.8, 128.9, 121.5, 75.8, 73.6, 71.4,
68.6. HRMS (ESI+): m/z calcd. for CioH; [M+H]* = 127.0548 found 127.0239.

2-iodo-N-methylaniline

|
od

Me The following compound was obtained by using 2-iodoaniline as starting material (3 g 13.6967
m.mol.1 equiv)) and NaH (60% in mineral oil, 328.7 mg 13.6967 mmol 1 equiv) dissolved in THF (30 mL).
The resulting mixture was stirred at 0 °C for 30 min. Then iodomethane (1.27 mL 20.5451 mmol 1.5 equiv)
was added dropwise for 10 min. 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
Na,S0,, concentrated under reduced pressure, and purified by flash column chromatography. with the
system (only Hexane) to afford product (2.70 g 84.58 %) yellow Liquid the spectroscopy data below. *H
NMR spectrum agrees with literature.®® *H NMR (500 MHz, Chloroform-d) 6 7.71 —7.65 (m, 1H), 7.25 (d, J
= 8.4 Hz, 1H), 6.58 (d, J = 9.2 Hz, 1H), 6.48 (t, J = 7.5 Hz, 1H), 4.22 (s, 1H), 2.90 (s, 3H). *C NMR (126 MHz,
CDCl5) 6 148.6, 138.9, 129.7, 118.7, 110.1, 85.4, 31.7. HRMS (ESI+): m/z calcd. for C7HoIN [M+H]* =
233.9780 found 233.9777.

94. Govdi, A. |.; Danilkina, N. A.; Ponomarev, A. V.; Balova, I. A, J. Org. Chem. 2019. 84, 1925-1940.
95. Le, C. M.; Hou, X.; Sperger, T.; Schoenebeck, F.; Lautens, M, Angew. Chem. Int. Ed. 2015. 54, 15897-15900.
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N- methyl-2-(phenylbuta-1,3-diyn-1-yl) aniline

Z

H The following compound was obtained according to of Sonogashira reaction,
by using 2-iodo-N-methylaniline (0.05mL 0.4290 mmol ,1 equiv) as starting material and buta-1,3-diyn-1-
ylbenzene (0.09 mL 0.8581 m mol ,2 equiv) the crude was purified by flash column chromatography over
silica gel with the system (only Hexane) to afford product (60 mg 60%) yellow solid m.p = 133-2135 °C. IR
(neat) v/ecm-!3421.4, 2818.3, 1597.3, 1510.3 731.7. the spectroscopy data below. 'H NMR spectrum
agrees with literature.* *H NMR (500 MHz, Chloroform-d) 6 7.54 — 7.39 (m, 2H), 7.29 (t, J = 7.6 Hz, 4H),
7.23-7.13 (m, 1H), 6.63 —6.47 (m, 2H), 4.67 (s, 2H), 2.84 (s, 3H). *C NMR (126 MHz, CDCls) 6 151.6, 133.6,
132.7,131.4,129.5,128.8,122.1, 116.4,109.3, 105.9, 82.9, 79.9, 79.5, 74.3, 30.6. HRMS (ESI+): m/z calcd.
for Ci7H14N [M+H]* = 232.1126 found 232.1132.

1- methyl-2-(phenylethynyl)-1,H-indole

(=

Me The following compound was obtained by using N- methyl-2-(phenylbuta-1,3-
diyn-1-yl) as starting material (50 mg 0.21626 mmol ,1 equiv) as starting material and gold-(l) (16 mg
0.02162 mmol in DCE 24 h, after completion reaction isolated from crude was purified by flash column
chromatography over silica gel with system (only Hexane) to afford product (47 mg %) white solid .m.p =
133-135 °C. IR (neat) v/cm-13055.3, 1499.7, 1377.7, 811.7,798.2, the spectroscopy data below. *H NMR
spectrum agrees with literature.®® *H NMR (500 MHz, Chloroform-d) & 7.65 — 7.54 (m, 3H), 7.39 (dd, J =
5.2, 2.1 Hz, 3H), 7.33 — 7.26 (m, 2H), 7.15 (ddt, J = 7.8, 6.5, 1.4 Hz, 1H), 6.86 (s, 1H), 3.89 (s, 3H). HRMS
(ESI+): m/z calcd. for C17H14N [M+H]* = 232.1126 found 232.1128.

96. Garcia Ruano, J. L.; Aleman, J.; Marzo, L.; Alvarado, C.; Tortosa, M.; Diaz-Tendero, S; Fraile, A, Angew. Chem. Int.
Ed. 2012. 51, 2712-2716.
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(E)-13-benzylidene-5,8-dimethyl-6-phenyl-8,13-dihydro-5H-cyclohepta[1,2-b:5,4-b']diindole.

The following compound was obtained by using N- methyl-2-(phenylbuta-1,3-diyn-
1-yl) as starting material (60 mg 0.25951 mmol,1 equiv) as starting material and gold-(l) (22 mg 0.02854
mmol in DCE 16 h, after completion reaction isolated from crude was purified by flash column
chromatography over silica gel with system (only Hexane) to afford product (36 mg %) yellow solid . m.p
= 244-246 °C. IR (neat) v/cm-13050.9, 2919.8, 1725.0 1464.9, 1663.8 the spectroscopy data below. *H
NMR (500 MHz, Chloroform-d) 6 8.04 (d, J = 7.8 Hz, 1H), 7.70 — 7.60 (m, 2H), 7.47 — 7.30 (m, 3H), 7.29 -
7.20 (m, 2H), 7.20 = 7.13 (m, 3H), 7.12 (d, J = 7.7 Hz, 3H), 7.07 (d, J = 6.9 Hz, 3H), 6.86 (s, 1H), 6.79 (t, J =
7.0 Hz, 1H), 6.50 (d, J = 8.1 Hz, 1H), 3.78 (s, 3H), 3.28 (s, 3H). *C NMR (126 MHz, CDCl3) § 143.5, 139.5,
139.7, 138.5, 137.8, 137.2, 135.5, 129.1, 128.9, 128.9, 128.6, 128.5, 127.9, 127.1, 126.8, 124.8, 124.5,
122.9,122.7,121.4,120.3, 119.8, 118.8, 118.1, 113.7, 112.7, 110.5, 109.4, 30.4, 30.8. HRMS (ESI+): m/z
calcd. for C34H27N2 [M+H]* = 463.2174 found 463.2170.

2-methyl-4(p-tolyl)but-3-yn-2-ol
Me

Z
HO The following compound was obtained according to Sonogashira reaction, by using
1-lodo-4-methylbenzene (6.0 g 27.5178 mmol,1 equiv) as starting material and 2-methyl-3-butyn-2-ol (4.9
ml 55.0357,2 equiv) and keep stir reaction under the nitrogen atmosphere 6 hours room temperature
the crude was purified by flash column chromatography over silica gel with the system (5% EtOAc/Hexane)
to afford the product (4.5 g 93.85%) brown liquid the spectroscopy data below. *H NMR spectrum agrees
with literature.%” *H NMR (500 MHz, Chloroform-d) & 7.31 (d, J = 8.1 Hz, 2H), 7.10 (d, J = 8.0 Hz, 2H), 2.34
(s, 3H), 2.27 (s, 1H), 1.62 (s, 6H). *C NMR (126 MHz, CDCl3) 6 138.9, 131.6, 129.9, 119.7, 93.3, 82.3, 65.7,

31.6, 21.5.

97. Chen, X.; Li, M.; Liu, Z.; Yang, C.; Xie, H.; Hu, X.; Su, S. J.; Jiang, H.; Zeng, W, Org. Lett. 2021. 23, 6724-6728.
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1-methyl-4-methylbenzene.

Me
Z
H The following compound was obtained by using 2-methyl-4(p-tolyl)but-3-yn-2-ol (4.0
g, 22.9568 mmol, 1 equiv) was treated with powdered KOH (3.8 g, 68.8705 mmol, 3 equiv) in tolune (40
mL) The resulting mixture was heated at 105 °C and stirred for 24 hours. Toluene was recovered by
reduced pressure and the reaction crude was extracted with ethyl acetate (3 x 40 mL). The combined
organic layers were washed with saturated aqueous solution of NH4Cl (50 mL), dried over MgSO,4 and the
solvent removed. Purification by flash column chromatography afforded the terminal acetylenes reflux,
crude was purified by flash column chromatography over silica gel with system ( only Hexane) to afford
product (2.1g 78.75%) brown oil the spectroscopy data below. *H NMR spectrum agrees with literature.®®
'H NMR (500 MHz, Chloroform-d) & 7.39 (d, J = 8.0 Hz, 2H), 7.13 (d, J = 7.9 Hz, 2H), 3.03 (s, 1H), 2.36 (s,
3H). *C NMR (126 MHz, CDCl3) 6 139.8, 132.5, 129.9, 119.6, 83.9, 76.7, 21.6.
2-methyl-6(p-tolyl)hexa3,5-diyn-2-ol
Me

=
_ =
HO The following compound was obtained according to the type of
Sonogashira reaction, by using 4-bromo-2-methylbut-3-yn-2-ol (2.0 g 12.4828 mmol, 1 equiv) as starting
material and 1-methyl-4-methylbenzene (2.3 mL 18.7242 m. mol,1.5 equiv) ) In triethyl amine and DMF
as solvent under the nitrogen atmosphere 50 °C 6 hours. The reaction mixture was quenched with water
and the organic layer was extracted with ethyl acetate (3 x 40 mL). The combined extracts were washed
with brine, dried over Na2S0,4, concentrated under reduced pressure, and purified by flash column

chromatography over silica gel with system (5% EtOAc/Hexane) to afford product (1.25g 50.51.%) brown

solid the spectroscopy data below. *H NMR spectrum agrees with literature.®®*H NMR (500 MHz,

98. Zha, G.F.; Fang, W.Y,; Li, Y. G.; Leng, J.; Chen, X.; Qin, H. L, J. Am. Chem. Soc. 2018, 140, 17666-17673.
99. Weng, Y.; Cheng, B.; He, C.; Lei, A, Angew. Chem. Int. Ed. 2012. 124, 9685-9689.
100. Govdi, A. I.; Danilkina, N. A.; Ponomarev, A. V.; Balova, I. A, J. Org. Chem. 2019. 84, 1925-1940.
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Chloroform-d) & 7.37 (d, J = 8.1 Hz, 2H), 7.12 (d, J = 8.0 Hz, 2H), 2.35 (s, 3H), 2.12 (s, 1H), 1.57 (s, 6H). 2*C
NMR (126 MHz, CDCls) 6 139.8, 132.7, 129.4, 118.5, 86.8, 79.3, 72.6, 67.3, 65.9, 31.7, 21.7.

1-(buta-1,3-diyn-1-yl)-4/methylbenzene

Me

FZ
=Z
H The following compound was obtained by using 2-methyl-6(p-tolyl)hexa3,5-

diyn-2-ol (900.mg, 4.5394 mmol, 1 equiv) was treated with powdered KOH (509.4 mg. 9.0789 mmol, 2
equiv) in Tolune (10 mL) The resulting mixture was heated at 80 °C and stirred for 40 min. after crude was
extracted with ethyl acetate (3 x 30 mL). The combined organic layers were washed with saturated
aqueous solution of NH4Cl (50 mL), dried over MgS0,4 and the solvent removed. Purification by flash
column chromatography afforded the terminal acetylenes reflux, crude was purified by flash column
chromatography over silica gel with system (only Hexane) to afford product (400 mg 62.86 %) brown
Liquid the spectroscopy data below. 'H NMR spectrum agrees with literature.® *H NMR (500 MHz,
Chloroform-d) & 7.41 (d, J = 7.9 Hz, 2H), 7.14 (d, J = 7.9 Hz, 2H), 2.46 (s, 1H), 2.37 (s, 3H). 13C NMR (126
MHz, CDCl3) 6 140.1, 132.8, 129.7, 118.0, 75.8, 73.5, 71.8, 68.4, 21.7. HRMS (ESI+): m/z calcd. for Cy1Hg
[M+H]* = 141.0704 found 141.0909.
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N-methyl-2-(p-tolylbuta-1,3-diyn-1-yl)aniline

T
=Z
=

O M
N e
H

reaction, by using 2-iodo-N-methylaniline (0.05mL 0.4290 mmol ,1 equiv) as starting material and

The following compound was obtained according to of Sonogashira

phenylacetylene ( 120.30 mg, 0.8581 m. mol 2 equiv) was heated at 50 ° C the crude was extracted with
ethyl acetate (15 x 2 mL). The combined organic layers were washed with a saturated aqueous solution of
NH4Cl (20 mL), dried over MgSO, and the solvent removed. crude was purified by flash column
chromatography over silica gel with the system (only Hexane) to afford the product (65 mg 62.34 %) yellow
solid m.p = 106-108 °C. IR (neat) v/cm-13471.9, 2815,9. 1597.8 1506.1, 1170.9, the spectroscopy data
below. *H NMR (500 MHz, Chloroform-d) 8§ 7.34 (d, J = 8.0 Hz, 2H), 7.26 (d, J = 7.6 Hz, 1H), 7.19-7.10 (m,
1H), 7.06 (d, J = 8.0 Hz, 2H), 6.59 — 6.45 (m, 2H), 4.74 (s, 1H), 2.82 (s, 3H), 2.28 (s, 3H). *C NMR (126 MHz,
CDCl5) 6 151.5, 139.7, 133.4, 132.4, 131.3, 129.8, 118.8, 116.4, 109.3, 105.8, 83.8, 79.6, 78.6, 73.5, 30.3,
21.7. HRMS (ESI+): m/z calcd. for CigHigN [M+H]* = 246.1283 found 246.1289.

(E)-5,8-dimethyl-13(4-methylbenzylidene)-6-(p-tolyl),8,13-dihydro-5H-cyclohepta[1,2-b:5,4-
b']diindole.

Me The following compound was obtained by using N-methyl-2-(p-tolylbuta-1,3-
diyn-1-yl) aniline as starting material (45 mg 0.18343 mmol,1 equiv) as starting material and gold-(I) (15
mg 0.020177 m mol in DCE was heated at 110 °C 16 h, after completion reaction isolated from crude was
purified by flash column chromatography over silica gel with system (only Hexane) to afford product (20
mg %) yellow solid m.p = 252-254°C. the spectroscopy data below. IR (neat) v/cm-! 2924.3, 1725.6,
1462.3,1120.1, 735.9, *H NMR (500 MHz, Chloroform-d) § 8.16 (d, J = 7.8 Hz, 1H), 7.67 (d, J = 7.7 Hz, 2H),
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7.41-7.27 (m, 7H), 7.24 - 7.19 (m, 2H), 7.11 (s, 3H), 6.98 — 6.91 (m, 2H), 6.70 (d, J = 8.1 Hz, 1H), 3.90 (s,
3H), 3.45 (s, 3H), 2.54 (s, 3H), 2.39 (s, 3H). 3C NMR (126 MHz, CDCl;) 6 140.6, 139.5, 138.9, 138.0, 137.7,
137.2, 136.9, 135.6, 134.8, 129.4, 129.9, 128.8, 128.7, 127.8, 126.5, 124.4, 123.8, 122.6, 121.9, 121.3,
119.8,119.6, 118.6, 117.9, 113.3, 111.9, 109.9, 109.3, 30.3, 29.9, 21.4, 21.3. HRMS (ESI+): m/z calcd. for
C36H31N2 [M+H]" = 491.2487 found 491.2485.

4-(4-Chorophenyl)-2-methylbut-3-yn-2-ol

OH
Z

Cl The following compound was obtained according to Sonogashira reaction,
by using 1-chloro-4-lodo benzene (6.0 g 25.1625 mmol,1 equiv) as starting material and 2-methyl-3-butyn-
2-ol (4.5 ml 50.3250,2 equiv) and keep stir reaction under the nitrogen atmosphere 6 hours room
temperature the crude was purified by flash column chromatography over silica gel with system (5%
EtOAc/Hexane) to afford product (4.5 g 91.87%) brown solid m.p = 62-64 °C. the spectroscopy data below
IR (neat) v/cm-' 3248.8, 2985.0 1486.7, 1088.8, 823.0. *H NMR spectrum agrees with literature.®” 'H NMR
(500 MHz, Chloroform-d) 6 7.32 (d, J = 8.5 Hz, 2H), 7.25 (d, J = 8.5 Hz, 2H), 2.08 (s, 1H), 1.59 (s, 6H). 3C
NMR (126 MHz, CDCls) 6 134.4, 132.9, 128.7, 121.6, 94.8, 81.9, 65.7, 31.5. HRMS (ESI+): m/z calcd. for
C1:H12CIO [M+H]* = 195.0577 found 195.0668.

1-chloro-4-ethylbenzene

4 H

Cl The following compound was obtained by using 4-(4-Chorophenyl)-2-methylbut-3-
yn-2-ol (4.5 g, 23.1172 mmol, 1 equiv) was treated with powdered KOH (3.8 g, 69.3516 mmol, 3 equiv) in
Tolune (40 mL) The resulting mixture was heated at 65 °C and stirred for 24 hours. Toluene was recovered
by reduced pressure and the reaction crude was extracted with ethyl acetate (3 x 40 mL). The combined
organic layers were washed with saturated aqueous solution of NH4Cl (50 mL), dried over MgSQ, and the
solvent removed. crude was purified by flash column chromatography over silica gel with system ( only
Hexane) to afford product (1.7g 53.83%) white solid m.p = 30-32 °C. IR (neat) v/cm-' 3261.4, 1486.8
1087.3, 1013.9, 822.8, the spectroscopy data below. 'H NMR spectrum agrees with literature.’®*H NMR
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(500 MHz, Chloroform-d) 6 7.42 (d, J = 8.4 Hz, 2H), 7.30 (d, J = 8.4 Hz, 2H), 3.11 (s, 1H). 3C NMR (126 MHz,
CDCls) §135.6,133.5,128.8,120.7, 82.6, 78.3. HRMS (ESI+): m/z calcd. for CgHeCl [M+H]*=137.0158 found
137.0020.
6-(4-chlorophenyl)-2-methylhexa-3,5-diyn-2-ol

OH

=
Z

Cl The following compound was obtained according to type of Sonogashira
reaction, by using 4-bromo-2-methylbut-3-yn-2-ol (1.4 g 7.7348 mmol, 1 equiv) as starting material and
1-chloro-4-ethylbenzene (1.5 g 11.6022 m.mol ,1.5 equiv) ) In triethyl amine and DMF as solvent under
the nitrogen atmosphere 50 °C 6 hours. The reaction mixture was quenched with water and the organic
layer was extracted with ethyl acetate (3 x 40 mL). The combined extracts were washed with brine, dried
over Na,S0,, concentrated under reduced pressure, and purified by flash column chromatography over
silica gel with system (4% EtOAc/Hexane) to afford product (1.25 g 50.51.%) white solid m.p = 106-108 °C.
the spectroscopy data below. IR (neat) v/cm-! 3250.1, 2985.0, 1486.5, 1163.4, 905.0 'H NMR spectrum
agrees with literature.®® *H NMR (500 MHz, Chloroform-d) § 7.39 (d, J = 8.4 Hz, 2H), 7.28 (d, J = 8.4 Hz,
2H), 2.26 (s, 1H), 1.58 (s, 6H). **C NMR (126 MHz, CDCls) & 135.5, 133.8, 128.9, 120.5, 87.4, 77.6, 74.6,
66.9, 65.8, 31.9. HRMS (ESI+): m/z calcd. for C13H1,CIO [M+H]* = 219.0577 found 219.0263.

1-(buta-1,3-diyn-1-yl)-4-chlorobenzene
Cl ———H

The following compound was obtained by using 6-(4-chlorophenyl)-2-
methylhexa-3,5-diyn-2-ol (500.mg, 2.2864 mmol, 1 equiv) was treated with powdered KOH (256.5 mg.
4.5728 mmol, 2 equiv) in benzene (5mL) The resulting mixture was heated at 75 °C and stirred for 2 h.
after crude was extracted with ethyl acetate (3 x 30 mL). The combined organic layers were washed with
saturated aqueous solution of NH4Cl (50 mL), dried over MgSO, and the solvent removed, crude was
purified by flash column chromatography over silica gel with system ( only Hexane) to afford product (270
mg 73.53 %) brown liquid the spectroscopy data below. 'H NMR spectrum agrees with literature.'®'H

NMR (500 MHz, Chloroform-d) & 7.44 (d, J = 8.5 Hz, 2H), 7.31 (d, J = 8.5 Hz, 2H), 2.50 (s, 1H). 13C NMR (126
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MHz, CDCls) 6 135.9, 134.1, 129.3, 119.6, 74.7, 74.7, 71.9, 68.3. HRMS (ESI+): m/z calcd. for C1oHsCIO
[M+H]* =161.0158 found 161.0126.

2-((4-chlorophenyl)buta-1,3-diyn-1-yl)-N-methylaniline

Me The following compound was obtained according to of Sonogashira
reaction, by using 2-iodo-N-methylaniline (0.05mL 0.3861 mmol ,1 equiv) as starting material and 1-
chloro-4-ethynylbenzene ( 120.30 mg, 0.8581 m. mol 2 equiv) the crude was extracted with ethyl acetate
(15 x 2 mL). The combined organic layers were washed with saturated aqueous solution of NH4Cl (20 mL),
dried over MgS0, and the solvent removed. crude was purified by flash column chromatography over
silica gel with system (only Hexane) to afford product (65 mg 63.34 %) brown solid m.p = 64-66 °C. IR
(neat) v/cm-! 3411.6, 2916.1, 1597.9, 1088.1, 818.7, the spectroscopy data below. '"H NMR (500 MHz,

Chloroform-d) & 7.37 (d, J = 8.5 Hz, 2H), 7.31 — 7.22 (m, 3H), 7.21 — 7.15 (m, 1H), 6.60 — 6.49 (m, 2H), 4.74 (s, 1H),
2.85 (s, 3H *C NMR (126 MHz, CDCl3) 6 151.7, 135.4, 133.6, 133.3, 131.3, 129.1, 120.7, 116.4, 109.9, 105.4,

81.7,79.8,79.8, 75.1, 30.3. HRMS (ESI+): m/z calcd. for C17H13CIN [M+H]* = 266.0737 found.

(E)-13-(4-Chlorobenzylidene)-6-(4-Chlorophenyl)-5,8-dimehtl-8.13-dihydro-5H-Cyclohepta[1,2-b’:5,4-
b’]diindole.

Cl

€l The following compound was obtained by using 2-((4-chlorophenyl)buta-1,3-

diyn-1-yl)-N-methylaniline as starting material (50 mg 0.18815 mmol,1 equiv) as starting material and
gold-(I) (15 mg 0.020696 m. mol in DCE was heated at 110 °C 16 h , after completion reaction isolated

from crude was purified by flash column chromatography over silica gel with system (only Hexane) to

68



Experimental Section

afford product (28 mg 56 %) yellow solid m.p = 314-316°C. the spectroscopy data below. IR (neat) v/cm=-1
2925.2,1719.0 1463.8, 1088.1, 740.4. *H NMR (500 MHz, Chloroform-d) & 8.03 —7.94 (m, 1H), 7.54 (d, J =
8.3 Hz, 2H), 7.35 (d, J = 8.4 Hz, 2H), 7.23 (q, J = 7.9 Hz, 2H), 7.18 — 7.07 (m, 5H), 7.01 (d, J = 20.7 Hz, 1H),
6.96 —6.90 (M, 2H), 6.81 (d, J = 7.1 Hz, 2H), 6.53 (d, J = 8.1 Hz, 1H), 3.74 (s, 3H), 3.27 (s, 3H). 3C NMR (126
MHz, CDCls) 6 141.9, 139.1, 138.9, 138.3, 136.8, 136.8, 135.9, 133.8, 132.9, 130.3, 129.6, 128.8, 128.3,
127.4, 126.0, 125.3, 124.3, 123.6, 122.6, 121.3, 120.2, 118.8, 118.5, 114.6, 113.6, 111.8, 110.3, 109.5,
30.49, 30.1. HRMS (ESI+): m/z calcd. for C3sH;sClN, [M+H]* = 531.1395 found

2-(phenylbuta-1,3-diyn-1-yl)aniline

Z
Z

‘ NH,

using 2-iodo-aniline (80 mg 0.3649 mmol,1 equiv) as starting material and buta-1,3-diyn-1-ylbenzene (

The following compound was obtained according to the Sonogashira reaction, by

92.08 mg, 0.7299 m.mol 2 equiv) the crude was extracted with ethyl acetate (15 x 2 mL). The combined
organic layers were washed with saturated aqueous solution of NH4Cl (20 mL), dried over MgSO, and the
solvent removed. crude was purified by flash column chromatography over silica gel with the system (5%
EtOH/ Hexane) to afford the product (56 mg 70.57 %) brown solid m.p = 60-62 °C. the spectroscopy data
below. IR (neat) v/em-! 3462.5, 3371.9, 1611.9, 1485.5, 745.5, 'H NMR spectrum agrees with literature.%
H NMR (500 MHz, Chloroform-d) 6 7.46 (d, J = 6.6 Hz, 2H), 7.32 — 7.24 (m, 4H), 7.09 (t, J = 7.7 Hz, 1H),
6.62 (t, J = 7.3 Hz, 2H), 4.18 (s, 2H). *C NMR (126 MHz, CDCls) & 149.6, 133.2, 132.5, 130.8, 129.8, 128.8,
121.9,118.9, 114.5, 106.3, 82.8, 79.6, 78.7, 74.7. HRMS (ESI+): m/z calcd. for Ci6H12N [M+H]" = 218.0970
found 218.0974.

101. Kawada, Y.; Ohmura, S.; Kobayashi, M.; Nojo, W.; Kondo, M.; Matsuda, Y.; Matsuoka, J.; Inuki, S.; Oishi, S.; Wang,
C.; Saito, T, Chem. Sci. 2018. 9, 8416-8425.
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2-(phenylethynyl)-1H-indole

Iz __
fl

The following compound was obtained by using 2-(phenylbuta-1,3-diyn-1-
ylaniline as starting material (30 mg 0.1380 mmol ,1 equiv) as starting material and gold-(l) (10.66 mg
0.0138 m mol in DCE 1 h, after completion reaction isolated from crude was purified by flash column
chromatography over silica gel with system (only Hexane) to afford product (15 mg %) white solid m.p =
162-164 °C. IR (neat) v/cm-! 3369.1, 1594.8, 1441.6, 794.7, 744.3, the spectroscopy data below. *H NMR
spectrum agrees with literature.® 'H NMR (500 MHz, Chloroform-d) & 8.16 (s, 1H), 7.53 (d, J = 8.0 Hz,
1H), 7.47 (d, J = 7.5 Hz, 2H), 7.35 - 7.20 (m, 4H), 7.22 — 7.13 (m, 1H), 7.06 (t, J = 7.5 Hz, 1H), 6.77 (s, 1H).
13C NMR (126 MHz, CDCls) § 136.3, 131.9, 128.7, 128.6, 127.9, 123.8, 122.7, 121.0, 120.6, 118.9, 110.8,
108.9, 92.9, 81.9. HRMS (ESI+): m/z calcd. for Ci7H14N [M+H]* = 218.0970 found 218.0972.
N-benzyl-2-iodoaniline.
I

<jENH

Ph The following compound was obtained by using 2-idodainilne (332 mg 1.52020 m mol 1.3
equiv) with benzyl bromide (0.14 ml 1.169385m mol 1 equiv) and NaHCO3(147mg 1.754078 m mol 1.5
equiv) in DMF was heated at 50 °C until complete consumption of was indicated by TLC (about 2 h) then
mixture Cooled to room temperature the mixture was quenched with water and organic layer extracted
3 times with EtOAc. The combined organic layer washed with brine, dried with anhydrous MgSQ,, and
concentrated in vacuo the crude was purified by flash column chromatography over silica gel with system
(only Hexane) to afford product (310 mg 85%) colorless liquid the spectroscopy data matches!® *H NMR
(500 MHz, Chloroform-d) & 7.60 (d, J = 7.5 Hz, 1H), 7.31 - 7.16 (m, 5H), 7.08 (t, J = 7.5 Hz, 1H), 6.46 (d, J =
8.0 Hz, 1H), 6.37 (t, J = 7.1 Hz, 1H), 4.55 (s, 1H), 4.32 (s, 2H). 3C NMR (126 MHz, CDCl3) § 147.7, 139.3,
129.5, 128.8, 128.7, 127.5, 127.3, 118.9, 111.9, 85.4, 48.5. HRMS (ESI+): m/z calcd. for Ci3H1zN [M+H]" =
310.0093 found

102. lioka, R.; Yorozu, K.; Sakai, Y.; Kawai, R.; Hatae, N.; Takashima, K.; Tanabe, G.; Wasada, H.; Yoshimatsu, M,
Eur. J. Org. Chem. 2021, .10, 1553-1558.
103. Lizos, D. E.; Murphy, J. A, Org. Biomol. Chem, 2003. 1,117-122.
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N-benzyl-2-(Phenylbuta-1,3-diyn-1-yl)aniline.

Ph The following compound was obtained according to Sonogashira reaction, N-
benzhyl-2-iodoaniline (290 mg, 0.93805 mmol, 1 equiv) starting material and buta-1,3-diyn-1-ylbenzene
(0.36 mL 2.81416 m. mol,3 equiv) and keep stir reaction under the nitrogen atmosphere 6 hours at 50 °C
temperature the crude was purified by flash column chromatography over silica gel with the system only
Hexane) to afford the product (156 mg 54.10 %) brown solid. m.p = 98-100 °C. IR (neat) v/cm-'3418.0,
1596.7, 1505.7 1294.3, 753.1. The spectroscopy data below. *H NMR (500 MHz, Chloroform-d) & 7.47 (s,
2H), 7.30 (td, J = 11.9, 10.7, 7.7 Hz, 8H), 7.21 (dd, J = 13.5, 7.0 Hz, 1H), 7.10 (t, J = 7.8 Hz, 1H), 6.57 (t, J =
7.5 Hz, 1H), 6.49 (d, J = 8.4 Hz, 1H), 5.18 (s, 1H), 4.40 (s, 2H). 3C NMR (126 MHz, CDCl5) 6 150.9, 138.9,
133.5, 132.5, 131.7, 129.3, 128.8, 128.9, 127.4, 127.2, 121.9, 116.9, 110.3, 105.9, 83.1, 79.7, 78.8, 74.2,
47.9. HRMS (ESI+): m/z calcd. for Cx3sHigN [M+H]* = 308.1439 found

1- benzyl-2-(phenylethynyl)-1,H-indole

N-Z o

Ph

The following compound was obtained by using N-benzhydryl-2-(Phenylbuta-
1,3-diyn-1-yl)aniline as starting material (50 mg 0.16297 mmol ,1 equiv) as starting material and gold-(l)
(12 mg 0.01627 m. mol in DCE 30 min at room temperature, after completion reaction isolated from crude
was purified by flash column chromatography over silica gel with system (only Hexane) to afford product
(35 mg 70 %) light yellow solid m.p = 152-154 °C. IR (neat) v/cm-13031.3, 2199.7, 1493.9, 1342.1, 789.7.
The spectroscopy data below. *H NMR (500 MHz, Chloroform-d) § 7.58 (d, /= 8.0 Hz, 1H), 7.44 (dd, /= 6.6,
2.9 Hz, 2H), 7.33 = 7.27 (m, 3H), 7.23 (d, J = 7.6 Hz, 2H), 7.17 (qd, J = 12.2, 10.5, 5.2 Hz, 5H), 7.07 (t, J = 7.4
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Hz, 1H), 6.87 (s, 1H), 5.46 (s, 2H). *3C NMR (126 MHz, CDCls) & 137.8, 137.1, 131.6, 128.8, 128.7, 128.6,
127.7, 127.6, 126.9, 123.7, 122.7, 122.7, 121.2, 120.5, 110.8, 108.9, 95.9, 81.3, 48.8. . HRMS (ESI+): m/z
calcd. for C;3HigN [M+H]* = 308.1439 found

N-benzhydryl-2-iodoaniline.
|

<j[NH

Ph™ "Ph The following compound was synthesized by using a solution of 2-iodoaniline (300 mg
1.36967 mmol 1 equiv) in DMF (10 mL) at rt was added bromodiphenylmethane (676 mg, 2.73950 mmol)
and EtN(pr-i); 3 ml and the reaction mixture was heated at 45°C overnight After the volatiles were
removed under reduced pressure, the residue was dissolved in EtOAc, washed with water (3x) and brine
and dried over MgS0O,. was purified by flash column chromatography over silica gel (hexanes to 5%
EtOAc/hexanes) gave the N-benzhydryl-2-iodoaniline. (380 mg, 72 % vield) as a white solid. m.p = 68-70
°C. IR (neat) v/cm-* 3389.7, 3026.2, 1580.5, 1314.3, 1280.5, 746.3. 'H NMR (500 MHz, Chloroform-d) &

7.62 (d, J = 7.7 Hz, 1H), 7.28 (d, J = 6.8 Hz, 8H), 7.25 — 7.16 (m, 2H), 6.99 (t, J = 7.7 Hz, 1H), 6.36 (dd, J =
17.9, 7.9 Hz, 2H), 5.49 (s, 1H), 4.78 (s, 1H). HRMS (ESI+): m/z calcd. for CisH16IN [M+H]* = 385.0327 found
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N-benzhydryl-2-(Phenylbuta-1,3-diyn-1-yl)aniline.

=
=

I NH

Ph™ "Ph The following compound was obtained according to Sonogashira reaction, N-
benzhydryl-2-iodoaniline (120 mg, 311.49 mmol, 1 equiv) starting material and buta-1,3-diyn-1-ylbenzene
(0.16 mL 1.2459 m. mol,4 equiv) and keep stir reaction under the nitrogen atmosphere 6 hours at 50 °C
temperature the crude was purified by flash column chromatography over silica gel with the system only
Hexane) to afford the product (80 mg 66.97%) brown solid. m.p = 98-100 °C. IR (neat) v/cm-! 3060.8,
2208.6, 1597.3, 1491.0, 742.7. The spectroscopy data below. *H NMR (500 MHz, Chloroform-d) & 7.42 (d,
J=6.5Hz, 1H), 7.33 - 7.17 (m, 15H), 7.01 (ddd, J = 8.6, 7.4, 1.6 Hz, 1H), 6.55 (td, J = 7.5, 1.0 Hz, 1H), 6.36
(d, J=8.3 Hz, 1H), 5.53 (d, J = 4.9 Hz, 1H), 5.19 (d, J = 5.0 Hz, 1H) *C NMR (126 MHz, CDCl3) 6 149.6, 142.7,
133.5, 132.4, 130.9, 129.7, 128.9, 128.5, 127.6, 127.4, 121.8, 116.9, 111.8, 106.2, 82.9, 79.8, 78.6, 73.9,
62.5.. HRMS (ESI+): m/z calcd. for CaoH22N [M+H]* = 384.1752 found.

1-benzhydryl-2-(phenylethynyl-1-H-indole.

L=
N
Ph
Ph The following compound was obtained by using N-benzhydryl-2-(Phenylbuta-

1,3-diyn-1-yl)aniline as starting material (80 mg 0.20861 mmol ,1 equiv) as starting material and gold-(l)
(16 mg 0.02086 m mol in DCE 30 min, at room temperature, after completion reaction isolated from crude
was purified by flash column chromatography over silica gel with system (only Hexane) to afford product
(64 mg 80 %) light brown solid m.p = 156-158 °C. IR (neat) v/cm-12924.7, 1719.1, 1448.9 1348.0, 722.6.
the spectroscopy data below.'H NMR (500 MHz, Chloroform-d) § 7.56 (d, J = 7.8 Hz, 1H), 7.38 (dd, J = 6.4,
2.9 Hz, 1H), 7.26 (m, J = 24.9, 7.6 Hz, 15H), 7.03 (t, J = 7.4 Hz, 1H), 6.96 (t, J = 7.4 Hz, 1H), 6.91 (s, 1H), 6.80
(d,J=8.3 Hz, 1H). 3*C NMR (126 MHz, CDCl5) 6 139.9, 136.8, 131.5, 128.8, 128.7, 128.5, 128.3, 127.8,
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123.2, 122.8, 122.7, 121.2, 120.7, 112.6, 109.5, 96.5, 81.7, 63.8. HRMS (ESI+): m/z calcd. for CasH2N
[M+H]* = 384.1752 found 384.1749.

74



CHAPTER-3

lodine(lll)-Mediated The electrophilic lodination of Free-Anilines Using the
PIDA/NH4I System.
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CHAPTER-3

CHAPTER-3

3.1. Introduction

lodinated aryls are an important class of organic compounds. They are the best electrophilic

104 105

counterparts in the Stille'® or Suzukil® cross-coupling reactions as well as in the Mizoroki-Heck%®

107 alkynylation. Particularly, iodinated anilines, are broadly used as

olefination and Sonogashira
radiocontrast medium® in cholecystography. Representative examples such as GSK1120212 (JTP-74057-
DMSO) effective against cancer cell lines diatrizoate, ioxaglate, iohexol, ioversol or iopodate sodium have
been used.’® Also, iopanoic acid has been used in the long-term treatment of Grave’s disease.'® The
presence of iodo anilines is significatively described in non-linear optics,*!! as quiral auxiliar’'? and in the

113 anti-inflamatories,*'* quinolones,*> Abl kinase-inhibitors!'® and in fullerene

O J?“

syntnesis of antimicrobials,

functionalization!” (Figure 3.1).

~ “N-Me NHMe onaglate
\ 5 COOH
Me’« @ o
u COOH
Me”>“Me AcHN NHAc I
GSK1120212 H
(JTP-74057-DMSO) Diatrizoate lopanoic Acid

Figure 3.1. Relevance of iodinated anilines.
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In regard of the iodoaniline core synthesis, the first described protocols inovled the direct use
of aniline in harsh acidic conditions. These uses molecular iodine in different mineral-acids media for
activating the halogen as a good electrophile.!'® Other general protocols for the aromatic iodination 166
are non-specific for anilines, require of strong metallic oxidants and have narrow application scope just
for few N-substituted anilines 165.12° On the other hand, specific iodination for the aniline nuclei is

2061 in

restricted to few methods. Examples of transtion-metal-free protocols require I, in polar solvents
mix with oxidants.'?! The use of ICI,*?2 NIS*?3 or the oxidation of the idodie anion from KI with KCIO3'?* or
H,0,'% has been described as I* equivalent regents. Another important strategy for aniline iodination,
needs of the dichloroiodate anion. TheeICl, as reagent, has been used with different cations such as

Na*, ¢ K*, 127 Py*R,128 Bn,EtsN*12° and Bn,DABCO?*.1%°
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Finally, the specific metal-mediated methods for the aniline iodination are resticted to the use

of HgO,'3! TI(OTFA)s'*? and Ag,S04in mix with molecular iodine®3® (Scheme 14).

I, ICI, NIS
PG H 2 "0 PG H
N7 Kl / -KCIO3, -H,0, N7
A K*, Na*, Py*R/-CIO, A
R—:/ I, / HgO, TI(OTFA)3, Ag,SO, - R—:\//—I
o N-protected anilines o Strong acidic media
173 e Toxic Metals 174
this work
NH2  pIDA 3 (1.2 equiv) NHz ooy,
X NH4l (1.5 equiv) 2N ' o]
R—— 4R Mt
Z H,0-MeCN (1:1), A v (O
175 23-60°C.5-20min 474 | S Rl

® Free-anilines ® Metal-Free ® Mild conditions
® Non-toxic metals or reagents ® Mineral- and Brnsted-acid Free

Scheme 14. Described procedures for iodination of anilines.

As part of our research interest on the iodine(lll) chemistry,3* we started a program for the developing
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of new oxidative procedures'® focused mainly to the aromatic introduction of aryls,’* and inorganic

groups (-CI,*37-Br,1%8-1,13%nd -N0,*). The obtained compounds by our procedures, have been used in the
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141

total synthesis of natural compounds*** whose main aim is the evaluation as plausible drug-candidates for

142

mycose!*? orin cancer therapy.!*

Considering the few procedures available for synthesizing iodoanilines starting from non-N-substituted
materials 175, the aggressive acidic media required, the highly toxic metals used and the relevance of the
iodo; herein we describe the first iodine(lll)-mediated procedure for the iodination of free anilines 176
under non-Br@nsted or mineral acids, metal-free, mild, non-toxic and in general operationally simple

reaction conditions using PIDA 3 as oxidant and ammonium iodide as iodine atom source.
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3.2 Results

Inspired in our previous results on iodination of phenols'**

using iodine(lll) reagents and ammonium
iodide, we decided to apply it to the iodination of anilines. The different conditions tested are following

described (Table 1).

Table 1. Optimization of the iodine(lll)-mediated iodination of free anilines.

NH2 PIDA (equiv) NH2
NHyl (equiv)
?
solvent (ratio),
time (min), 23 °C |
175 176
Entry PID{-\ NH@I Solv?nt Tirtle Yield
(equiv) (equiv) (ratio) (min) (%)°
1 1.2 24 MeOH 10 c.r.m.
2 1.2 24 MeOH-H20 (1:1) 10 c.r.m.
3 2.2 3.4 H.0 12 h 32
4 2.2 3.4 MeCN 24h 45
5 2.2 3.4 MeCN-H20 (5:2) 3h 38
6 2.2 3.4 MeCN-H20 (1:1) 2h 42
7 1.0 1.0 MeCN-H20 (1:1) 10 40
8 1.2 1.1 MeCN-H20 (1:1) 5 44
9 1.2 13 MeCN-H20 (1:1) 5 57
10 1.2 1.4 MeCN-H,0 (1:1) 5 65
11 1.2 1.5 MeCN-Hz0 (1:1) 5 76
12 -- 1.5 MeCN-H20 (1:1) 5 n.r.
13 1.2 -- MeCN-H20 (1:1) 5 c.r.m.

9 Reaction conditions: aniline (0.5 mmol), solvent (0.3 M), open flask. ? Isolated yields.
PIDA= [(diacetoxyiodo)benzene]. c.r.m.= complex reaction mixture. n.r.= no reaction.

144.Nahide, P. D.; Jiménez-Halla, J. O. C.; Wrobel, K.; Solorio-Alvarado, C. R.; Ortiz-Alvarado, R.; Yahuaca-Juarez, B. Org.
Biomol. Chem, 2018, 16, 7330-7335.
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Initial examination to validate our hypothesis started with 1.2 equiv of PIDA and 2.4 equiv of
ammonium iodide with aniline in methanol or in methanol-water (1:1). After 10 minutes of reaction the
starting material was fully consumed but a very complex reaction mixture was observed (entries 1 and 2).
We considered using only water as solvent. Due to the low solubility of PIDA, an excess in both reagents
up to 2.2 and 3.4 equivalents of PIDA and ammonium iodide respectively were used. Gratifyingly a 32%
yield of 4-iodoaniline 2 was obtained after 12 h of reaction (entry 3). The ortho- regiocisomer was not
observed at least by the detection limit of NMR. Under the same stoichiometry, the reaction showed a

45% yield in acetonitrile, however 24 hours were necessary (entry 4).

These results driving us to consider both solvents for test in reaction, since water accelerates
the process and acetonitrile dissolve effectively the organic reagents. Thus, keeping the previous amount
of reagents, a mixture of acetonitrile and water (5:2) yields 38% of 2 in 3 hours of reaction (entry 5). The
change to (1:1) solvent ratio increased the yield to 42% and diminish the time to 2 hours (entry 6). At this
point we found the best solvent ratio regarding time and yield. Then, we decided to optimize the reagents
using 1 equivalent of oxidant and ammonium iodide, to our delight compound 2 was obtained in 40% yield

after only 10 minutes of reaction (entry 7).

A slight increase to 1.2 equiv of PIDA and 1.1 of ammonium iodide give rise to 2 in 44% yield in
5 minutes of reaction (entry 8). Consecutive and systematic increases in reagents (entries 9-11), showed
a stoichiometry yield-sensitive reaction form 57-76%. The best result was using 1.2 equiv of PIDA and 1.5
equiv of ammonium iodide (entry 11). Control experiments using only oxidant or ammonium iodide did

not show any reaction (entries 12 and 13).
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Identified the optimal conditions, we proceeded to explore the scope of the new developed protocol (Scheme 15).

o mEmEEEEEE ...y

NH, PIDA (1.2 equiv) NH,
NHy4l (1.5 equiv
4l ( quiv) -
R H,O-MeCN (1:1), 23-60 °C, R
5-20 min
175 H R= -Cl, -Br, -NO,, -OMe, -Ph. I 176-194

176,76%  177,40% 178, 42% 179 54% 180, 65%° 181, 45%
(740 mg, 31%) (2 d, 60 °C)

2 NH2

182, 65%° 183, 62%  184,67% 185, 63% 186, 72%
(1d, 60 °C)

190, 50% (R= -OMe)
| 191, 20% 194 60%

P T TR ) .

R 187, 65% (R= \ N h
NH, =N
188, 54% (R= ) 192 68%
O 189, 53% (R= -Me
( NH2

no reaction

X=Me, CI, Br, | E @ Reaction Conditions: aniline (0.5 mmol), MeCN-H,0 (1:1) (0.3 M),
complex reaction 1 open flask. ? Isolated yields. ¢ PIDA (2.4 equiv)/NHy4l (3 equiv) used.

Scheme 15. Scope of the PIDA/NH4l-mediated iodination of free anilines.
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The iodination of the simple aniline take place also in gram scale to get 176 in 31% yield. On
the other hand, the iodination of the free 2-chloro-, 2-bromo-, 2-iodine-, 2-nitro and 3-chloroanilines give
rise to the corresponding iodinated products 177-181 in yields ranging from 40-65%. Duplicating amount
of reagents and heating at 60 °C for 2 days led to the iodinated aniline 180 which has the strong electron-
attracting nitro group. The same was observed for iodinated aniline 182 that needs of 1 day heating at 60
oC. The iodination process took place regioselectively on the para position regarding the amino group of
aniline. Also, very short reaction times to complete the reactions were required, usually from 5 to 20

minutes.

lodination of alkyl aniline led to the formation of 183 in 62% yield. Anilines containing
carboxylic acids, esters o ketones were also successfully iodinated to get 184-186 in 63-72% yield. A small
group of free anilines containing different substituted aryls at C-2, yielded the corresponding iodinated
products 187-190 in modest 50-65% vyields with the para regioselectivity previously observed. The 1-
amino naphthalene gave the corresponding iodinated derivative 191 in 20% yield. Finally, some
heterocycles including pyridines and 2-aminothiazole were iodinated under our developed conditions to
get the corresponding iodoanilines 192-194 in 60-58% vyield. Other free para-substituted anilines with
small groups such as methyl, chlorine, bromine, iodine or methoxy gave a complex reaction mixture of

products becoming not suitable starting materials for our procedure.
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Based on these results, we could hypothesize an initial para iodination which formed a non-
aromatic 4,4-disubstituted product that evolved by decomposition. Therefore, trying to induce the
iodination at C-2 of the aniline, we synthesized the 4-phenylaniline. This compound with a bulky group at
C-4 did not react under our optimized conditions. We attribute the lack of reactivity to the steric hindrance
by the phenyl at C-4 as well as the iodine atom. To complete the scope exploration, other free anilines
containing strong electron-withdrawing groups such as -F, -NO,, or -CF; did not react even with higher

amounts of reagents or heating

Therefore, trying to induce the iodination at C-2 of the aniline, we synthesized the 4-
phenylaniline. This compound with bulky group at C-4 did not react under our optimized conditions. We
attribute the absence of reactivity to the steric hindrance by the phenyl at C-4 as well as the iodine atom.
To complete the scope exploration, other free anilines containing strong electron-attracting groups such

as -F, -NO, or -CF; did not react even with higher amount of reagents or heating.
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3.4 Scheme of synthesis starting material via Suzuki-Miyaura cross-coupling reactions pathway.

NH,
NH, 1) Ph-B-(OH), (1 equiv),

2) Pd(PPh3), (8 mol%) O
3) Na,COj3 (7equi)
-

! Tolune+EtOH 80 °C 0

176
195 (51%)

Scheme 15. Synthesis of 1,1 biphenyl-4-amine.

Starting from the 4-iodoaniline 176 synthesized biphenyl 4-amine 195 followed by Suzuki-Miyaura
cross-coupling reaction pathway. The using phenyl boronic acid (1 equiv) and Pd(PPhs)s 8 mol % and
Na,CO; 2M (1 mL, 7 equiv) were successively added and heated at 80 2C for 8 h. to give 51% yield 195

desired product.

P (1 equiv)
B equiv),
e~ OH CHs CHs
CHs 2) Pd(PPh3), (8 mol%)
3) Na,COgs (7equi) O 1) SnCly.H,0 O

y et _———
Tolune+EtOH 80 °C O NO2 EtoH, 70°C 3 h O NH,
|
196 197 (41%) 198 (83%)

Scheme 15. Synthesis of 4-methyl-2-nirto-1,1,-biphenyl to 4-methyl-nirto-1,1,-biphenyl-2 amine

Starting from the 4-iodotolune 196 via followed by Suzuki-Miyaura cross-coupling reaction
pathway. The using 4-methylphenyl boronic acid (1 equiv) and Pd(PPhs)s 8 mol % and Na,COs; 2M (1 mL,
7 equiv) were successively added and heated at 80 2C for 8 h. to give 41% yield 197 desired product. Then
next step synthesis of 4’-methyl-[1,1’-biphenyl]-2-amine from 4-methyl-2-nirto-1,1,-biphenyl by using
Sncl>.2H,0 and heat up to 70 2C for 3 hours to give 83% yield 198 desired product.

85



CHAPTER-3

Cl OMe
OH : OH .
7/ 1 , 7 1 ,
1) C'@-B‘OH (1 equiv) 1) Meo'@'B‘OH( equiv)
O 2) Pd(PPha), (8 mol%) NH,  2) Pd(PPhs); (8 mol%)
3) Na,COj3(7equi) | 3) NayCOj3(7equi)
NH,
O Tolune+EtOH 80 °C Tolune+EtOH 80 °C
200 (51%) 199 201 (51%)

Scheme 15. Synthesis of 4-chloro-1,1biphenyl-2-amine and 4-methoxy-1,1-biphenyl-2-amine

Starting from the 2-iodo aniline 199 followed by Suzuki—-Miyaura cross-coupling reaction pathway.
The using 4-chlorophenyl boronic acid 4-methoxyphenyl boronic acid (1 equiv) and Pd(PPhs); 8 mol % and
Na,CO3 2M (1 mL, 7 equiv) were successively added and heated at 80 2C for 8 h. to give 51% yield 200 and
201 desired product.
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To demonstrate the utility of our developed protocol, we carried out the following short synthetic route

(Scheme 16).

he¢

179

NH,

R——= (3 equiv) R R
Pd(PPhs)sCl, (8 mol%) X Z

Cul (12 mol%)
>

- ===,

(iPr),NH-THF (1:1), NH;
23°C, 8 h 202, 72% (R= -TMS)
203, 94% (R= -Ph)

S @ SbFe:  c1(5mol%) | DCM, 23 °C,
P-Au-NCMe : 20 min
O &2 i e
c1 : X
N—ph
N
H

204, 89% (from 203)

Scheme 16. Synthetic utility of the obtained iodinated anilines.

Starting from the synthesized diiodo aniline 179, the Sonogashira alkynylation with TMS-

acetylene as well as with phenylacetylene gave rise to double alkynylated products 202 and 203 in 72 and

94% vyield, respectively. The following gold(l)-catalyzed cycloisomerization reaction

145 using 5 mol% of

Echavarren’s catalyst €1, led to the formation of the functionalized indole 204 in 89% yield starting from

203.

145. Nahide, P. D.; Jiménez-Halla, J. O. C.; Wrobel, K.; Solorio-Alvarado, C. R.; Ortiz-Alvarado, Yahuaca-Juarez, R. B,
Org. Biomol. Chem, 2018, 16, 7330-7335.
146. C. R. Solorio-Alvarado, A. M. Echavarren, J. Am. Chem. Soc., 2010, 132, 11881-11883.
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Scheme 17. Energy profile for the calculated iodination mechanism of free anilines using the PIDA/NH,l

system (SMD: water » B97X-D/def2-SVPP level.
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To obtain more insights into the mechanistic details on the iodination of aniline via PIDA and
ammonium iodide, we performed theoretical calculations at the (SMD:water):wB97X-D/def2-SVPP level
(see the SI for computational details). According to the calculated reaction mechanism (Scheme 2), first
PIDA interacts with ammonium iodide to give intermediate Al (DGg; = -14.4 kcal/mol). Then the acetate
of PIDA, which interacts with ammonium ion, dissociates (via transition state TS1, DG;* = +18.5 kcal/mol)
forming 11 (DGgr, = 0.0 kcal/mol). Next, the ammonium acetate and 11 forms adduct 12 (DGrs = -6.3
kcal/mol). The geometry of this adduct allows the acetate of ammonium acetate to displace the iodine
atom of 11, while last acetate of 11 dissociates (TS2, DG,* = +14.6 kcal/mol) leading to AcO-l (DGgs = -13.8
kcal/mol). Finally, the last reaction step is the para iodination of aniline (DGgs = -18.8 kcal/mol).
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For this, we found three transition states that involves AcO-l interacting with: 1) ammonium
acetate (through TS3, DGs* = +7.9 kcal/mol), 2) acetate anion (TS4, DG,* = +25.2 kcal/mol) and 3) two
water molecules (TS5-2, DGs* = +26.7 kcal/mol). Among these, TS3 has the lowest energy barrier (see Sl
for further information). Therefore, ammonium cation has an important effect in TS3; it bridges both
acetates via hydrogen bonds making iodine of AcO-l more electrophilic and catalyses the AcO-I formation
and the halogenation process. Ortho lodination resulted thermodynamically (DGgs., = -6.2 kcal/mol) and
kinetically (TS3-0, DGs.,* = +12.6 kcal/mol) less favorable than para-lodination, which is consistent with
experimental observation (see Sl). Overall, the reaction is exergonic (DGg = -53.3 kcal/mol) and
thecalculated total energy barrier of +18.5 kcal/mol is in line with the reported conditions. According to
the performed theoretical calculations, our developed iodination process was carried out through the in

situ generation of acetyl hypoiodite (AcO-1) which is the iodinating species

Regarding AcO-I formation, this highly reactive halogenating reagent has been previously
synthesized by reacting I, with AcOAg,**” Pb(OAc)4,'*® Hg(OACc),,**° AcOOH,**° oxone/Ac;0/AcOH!
or with the AcOAg/ICI*>? system. In regard the use of iodine(lll) reagent the AcO-I formation it has
been described by reaction of PIDA with 15,53 Nal,*>* NIS and NHal for this work. To date AcO-I it

has not been isolated, however Lusztyk!*! described the *H NMR characterization in CDCls,

147.Heusler, K.; Kalvoda, J. Angew. Chem, Int. Ed. Engl. 1964, 3, 525-538.

148.Chen, E. M.; Keefer, R. M.; Andrews, L. J, Am. Chem. Soc. 1967, 89, 428-430.

149.Ogata, Y. Aoki, K. . Am. Chem. Soc, 1968, 90, 6187-6191.

150.Hokamp, T.; Strom, A.; Yusuboy, T.M.; Wirth,T. Synlett. 2018, 29, 415-418.

151.Giri, R.; Yu, J.-Q. John Wiley, and Sons: Hoboken, NJ, 2008.

152. Courtneidge, J. L.; Lusztyk, J. D. Pagé, Tetrahedron Lett. 1994, 35, 1003-1006.

153.Kumar, Y.; Jaiswal, Y.; Kumar, A, Org.Lett. 2018, 20, 4964-4969.

154. Beltran, R.; Nocquet-Thibault, S.; Blanchard, F.; Dodd, R. H.; Cariou, K.; Org. Biomol. Chem. 2016, 14, 8448-8451.
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Thus, to test the plausibility of our mechanistic proposal, we carried out a NMR study to identify the

formation of AcO-I by mixing PIDA and NH4l in the solvent system [CD3CN-D,0 (1:1)] that we used in our

procedure (Figure 3.2)

PIDA + NHy,l » AcO-1 + Ph-1 + NH,OAc
DQO-CD3CN (1 .l ),
23-60°C
Ph-l non D,O
A CD3;CN-D,0 (1:1) suppreszslon
E | ‘ ‘ Ph-1 D,0
- L CD3CN-D,O (1:1) suppression
@ PIDA + NH,l :
| - CD4CN-D,0 (1:1) 6 min
PIDA + NH,| :
|l 4 CD4CN-D,0 (1:1) 4 min
PIDA + NH,l
| P CD4;CN-D,0 (41:1) 2 min
PIDA
L 1 CD4CN-D,O (1:1) JL
i’.O 85 8'.0 7.5 ;.O 6‘.5 6.0 SI.S 5.0 35 3'.0 2‘.5 2‘,0 l‘.S 1.0 DI.S

4.5
1 (ppm)

Figure 3.2. Indirect identification of AcO-l by the reaction of PIDA and NHal in CD3CN-D,0O (1:1). Water signal

suppression for experiments A-E.

All the spectra in the study were obtained in CD3;CN-D,0 (1:1). We started by the acquisition

of the H spectrum of the commercially available PIDA (Figure 3.2). Next, according with our iodination

conditions we mixed 1 equivalent of PIDA with 1.5 equivalents of ammonium iodide. After 2 minutes, the

spectrum showed the fully consumption of PIDA in a very fast reaction. Also, all the phenyl ring signals

shifted to high field by around 0.5 ppm. Additionally, one singlet overlapped with the residual signal of

the CD3CN at d 1.94 ppm, which was assigned to a methyl group was putatively attributed to the AcO-l

formation (Figure 3.2B).
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The following two spectra corresponding to 4 and 6 minutes showed the same profile (Figures
3.2C and 3.2D). Starting from PIDA and NHal, the AcO-I synthesis implies necessarily the iodobenzene (Ph-
1) formation. Therefore, the *H NMR of the commercial Ph-I was obtained (3.2 Figures E and F). This
spectrum (Figure 3.2E) matches perfectly with those obtained at 2, 4 and 6 minutes (Figures 3.2B-D),
confirming the Ph-l formation as result of the reaction between PIDA and ammonium iodide, and in
consequence the AcO-l formation. Even though these spectroscopic results match with those reported by
Lusztyk, we considered an indirect identification of the AcO-I, based on the overlapping with deuterated
solvent and since the HRMS analysis did not show the corresponding molecular peak. However, the Ph-I

formation as the sole product involves the AcO-I production.

Finally, to confirm the AcO-I as the iodinating species in our protocol, we synthesized it using the
AcOAg/ICl system and carried out an iodination reaction with aniline in our solvent system MeCN-H,0

(1:1) (Eq.1 and 2).

......

AcO-Ag + ICI — AgCly + iAcO-l} (1)
AcO-l 2
Ph-NH, > . (2)
H,0-MeCN (1:1), 51%

23-60°C 73 % (with NH,OAc)

This way, an equimolar amount of silver acetate and iodine monochloride were mixed at 0 °C either.

Precaution of AgCl indicate the acetyl hypoiodite formation. Then a 1:1 MeCN-H,0 mixture was
added followed by aniline. In one experiment the reaction was carried out directly after the ACO-I
formation and in a second experiment, one equivalent of aniline and one equivalent of NHAOH were
added according to stoichiometry of procedure (see fig.3.2) delight we observed the iodination of aniline
to get 2 in both experiments . it was obtained a 51% yield in the experiment only with the prepared ACO-
I and 73% yield using ammonium acetate. The former result is very close to the obtained (76%, see scheme
2.3 A) by mixing PIDA/NHA4I. This indicate that ammonium acetate plays important role as additive,

assisting and favoring the iodination step, such as it is described (TS3) in our theoretical calculations.

This set of theoretical and experimental results of the mechanistic study confirm that the acetyl
hypoiodite is the halogenating species in our developed iodination procedure and the ammonium cation

is key for increasing the yield.
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In fact, it is acting as a catalyst due to its regeneration once the iodination process has been
completed. This set of theoretical and experimental results of the mechanistic study confirms that the
acetyl hypoiodite is the halogenating species in our developed iodination procedure and that the

ammonium cation is key for increasing the yield, catalyzing the AcO-I formation and the iodination step.

Finally, considering all the mechanistic and experimental evidence we postulated the reaction

mechanism for this process (Figure 3).

AcO=I=OAc NH,| I—1=OAc
Ph ; Ph 11
NH,OAC
NH,OAc + E--Z--E w AcO—1 + Ph—I

Figure 3.3 Reaction mechanism for the iodination of free-anilines using the PIDA/NH4I| system (illustration with

aniline to get 4-iodoaniline)

Figure 3.3 Reaction mechanism for the iodination of free-anilines using the PIDA/NH4I system
(illustration with aniline to get 4-iodoaniline). The reaction started by the ligand exchange between PIDA
and NH4l to get intermediate 11 with concomitant release of ammonium acetate. Then, 11 evolves in less
than two minutes to form acetyl hypoiodite (AcO-l) and iodobenzene via reductive elimination catalyzed
by ammonium acetate. Final iodination of aniline with AcO-I, as the halogenating species, gives rise to the

observed iodinated products with the regeneration of ammonium acetate.
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3.5 Conclusions.

In summary, we have developed a metal-free, mild, non-toxic and in general an operationally
simple protocol for the para-selective iodination of free anilines under mineral- and Brgnsted-acid-free

conditions.

NH2  pIDA 3 (1.2 equiv) NH;
NHyl (1.5 equiv)

H,O-MeCN (1:1),

23-60 °C, 5-20 min |

The theoretical and experimental results on the reaction mechanism confirmed that the halogenating
species of our process is acetyl hypoiodite (AcO-1) which is formed in situ in less than 2 minutes by reacting

PIDA and ammonium iodide.

...........

o

acetyl hypoiodite )

-----------

.

This species is stable in water and reacted as a soft electrophile exclusively at the C-4 of the aniline core.
Ammonium cation assisted the AcO-I formation but also it was important to favor the aromatic iodination

step and therefore, the chemical yield of reaction.

AcO-Ag + ICI —3 AgCl{ + {AcO-l} (1)
AcO-l 2

Ph-NH, > . (2)
H,O-MeCN (1:1), 51 %

23-60 °C 73 % (with NH,0Ac)

The use of this new methodology allowed us the development of the first iodination protocol of free

anilines under very mild conditions.
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General Procedure for lodination.

A 25 mL oven-dried round-bottom flask equipped with a magnetic stir bar was charged with the
corresponding anilines (0.5 mmol, 1 equiv) and MeCN-H,0 (1:1) at 23 °C. After dissolving and obtaining a
homogeneous mixture, NH4l (0.8 mmol, 1.5 equiv) was added and stirred for 2 min. Then PIDA (0.6 mmol,
1.2 equiv) was added and stirred at 25 °C until full consumption of the starting material (usually 5 min to
20 min). To quench the reaction, AcOEt (5 mL) was added and concentrated in vacuo. Purification was

carried out by column chromatography with the EtOAc-Hexanes system to give the desired product.

4-lodo-aniline

H, The following compound was obtained according to the general procedure for iodination using
aniline as starting material. The crude material was purified by flash column chromatography
over silica gel with the system (2% EtOAc/Hexane) to afford 4-lodo-aniline (89 mg, 75%) gram
I scale (740 mg, 31%), as a light-yellow solid. The reaction time for this example was 10 min. Rs=
0.65 (1% EtOAc/Hexane). m.p. = 59-61 °C. Rf = 0.65 (10 % EtOAc/Hexane). IR (neat) v/cm™= 3398, 3192,
1610, 1475, 1275. 'H NMR (500 MHz, CDCl3) § 7.41 (d, J = 8.5 Hz, 2H), 6.47 (d, J = 8.5 Hz, 2H), 3.67 (bs, 2H).
13C NMR (126 MHz, CDCl5) 6 146.2, 138.6, 117.4, 79.5. HRMS (ESI+): m/z calcd. for CeH7IN [M+H]* =

219.9623, found 219.9614.

2-chloro-4-iodoaniline
NH, The following compound was obtained according to the general procedure for iodination

Cl  using 2-chloro aniline as starting material. The crude material was purified by flash column

chromatography over silica gel with the system (2% EtOAc/Hexane) to afford 2-chloro-4-

[ iodoaniline (43 mg, 43%) as a white solid. The reaction time for this example was 20 min. Ry

= 0.5 (1% EtOAc/Hexane). m.p. = 69-70 °C. IR (neat) v/cm™=3427, 3337, 1600, 1469, 810. *H NMR (600

MHz, CDCls) 6§ 7.53 (d, J = 1.7 Hz, 1H), 7.32 (dd, J = 8.4, 1.9 Hz, 1H), 6.53 (d, J = 8.4 Hz, 1H), 4.07 (bs, 2H).:*C

NMR (151 MHz, CDCls) & 142.8, 137.3, 136.7, 120.7, 117.5, 78.8. HRMS (ESI+): m/z calcd. for CsHsINCI
[M+H]* = 253.9233, found 253.9224.
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2-bromo-4-iodoaniline
NH, The following compound was obtained according to the general procedure for iodination
Br using 2-bromo aniline as starting material. The crude material was purified by flash column
chromatography over silica gel with the system (2% EtOAc/Hexane) to afford 2-bromo-4-
I iodoaniline (68 mg, 42%) as a brown solid. The reaction time for this example was 20 min.
Rf=0.5 (1 % EtOAc/Hexane). m.p. = 82-85 °C. IR (neat) v/cm-* 3392, 3298, 1604, 1469, 1390, 1305. 'H
NMR (500 MHz, Chloroform-d) & 7.69 (d, J = 1.8 Hz, 1H), 7.35 (dd, / = 8.4, 1.7 Hz, 1H), 6.53 (d, J = 8.4 Hz,
1H), 4.12 (bs, 2H). 3C NMR (126 MHz, CDCls) 144.1, 140.3, 137.1, 117.5, 110.6, 78.5. HRMS (ESI+): m/z

calculated for CsHgINBr [M + H]+ = 297.8728, found 297.8685.

2,4-diiodoaniline
NH, The following compound was obtained according to the general procedure for iodination
| using 2-iodo aniline as starting material. The crude material was purified by flash column
chromatography over silica gel with the system (1% EtOAc/Hexane) to afford 2,4-
I diiodoaniline (43 mg, 54%) as a light pink solid. The reaction time for this example was 20
min. Rf= 0.4 (2 % EtOAc/Hexane). m.p. = 93-95 °C. IR (neat) v/cm™= 3373, 3282, 1619, 1455, 1369, 1284.
IH NMR (500 MHz, CDCls) 6 7.89 (d, J = 1.8 Hz, 1H), 7.38 (dd, J = 8.4, 1.8 Hz, 1H), 6.52 (d, J = 8.4 Hz, 1H),
4.12 (bs, 2H). 3C NMR (126 MHz, CDCls) & 146.6, 145.9, 138.4, 116.8, 84.9, 79.8. HRMS (ESI+): m/z calcd.

for CsHeNI, [M+H]* = 345.8590, found 345.8566.

4-iodo-2 nitroaniline
The following compound was obtained according to the general procedure for iodination
e NO, using 2-nitro aniline as starting material. The crude material was purified by flash column
chromatography over silica gel with the system (5% EtOAc/Hexane) to afford 4-iodo-2
nitroaniline (63 mg, 65%) as orange solid. The reaction time for this example was 48
hours and double amount of each reagent were used. R¢= 0.5 (10 % EtOAc/Hexane). m.p.
= 125-126 °C. IR (neat) v/cm™= 3481, 3373, 1614, 1484, 1325 'H NMR (500 MHz, CDCls) 6 8.42 (s, 1H),
7.56 (dd, J = 8.7, 1.7 Hz, 1H), 6.61 (d, J = 8.8 Hz, 1H), 6.10 (bs, 2H). 3C NMR (126 MHz, CDCls) § 144.3,
143.8, 134.4, 133.4, 120.7, 76.4. HRMS (ESI+): m/z calcd. for CeHgOoNal [M+H]* = 264.9474, found

264.9445.
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3-chloro-4-iodoaniline
NH The following compound was obtained according to the general procedure for iodination
2
using 3-chloro aniline as starting material. The crude material was purified by flash column

chromatography over silica gel with the system (2% EtOAc/Hexane) to afford 3-chloro-4-
Cl
I iodoaniline (45 mg, 45%) as a white solid. The reaction time for this example is 15 min. R¢

= 0.5 (1% EtOAc/Hexane). m.p. = 61-63 °C. IR (neat) v/ecm™= 3332, 1610, 1455, 995, 850, 806. *H NMR
(600 MHz, CDCl3) 6 7.52 (d, J = 8.5 Hz, 1H), 6.81 (d, J/ = 2.7 Hz, 1H), 6.32 (dd, J = 8.5, 2.7 Hz, 1H), 3.76 (bs,
2H).3C NMR (151 MHz, CDCls) & 147.8, 140.6, 138.9, 115.8, 115.8, 82.7. HRMS (ESI+): m/z calcd. for
CeHsINCI [M+H]" = 253.9233, found 253.9224.

4-lodo-2,6-dimethylaniline
NH, The following compound was obtained according to the general procedure for
Me Me iodination using aniline as starting material. The crude material was purified by flash
column chromatography over silica gel with the system (2% EtOAc/Hexane) to afford
4-lodo-2,6-dimethylaniline (64 mg, 62 %) as a brown solid. The reaction time for this
I example was 10 min. Rs = 0.65 (4% EtOAc/Hexane). m.p. = 36-38 °C. Rf = 0.55 (2 %
EtOAc/Hexane). IR (neat) v/cm™= 3412, 2901, 1625, 1456, 730.'H NMR (500 MHz,
Chloroform-d) & 7.24 (s, 2H), 3.43 (s, 2H), 2.13 (s, 6H). 3C NMR (126 MHz, CDCls) & 142.5, 136.6, 124.5,
79.4, 17.8. HRMS (ESI+): m/z calcd. for CsH11IN [M+H]* = 247.9936, found.247.9937

2-amino-5-iodobenzoic acid.

NH, O The following compound was obtained according to the general procedure for iodination
using aniline as starting material. The crude material was purified by flash column
chromatography over silica gel with the system (15% EtOAc/Hexane) to afford 2-amino-
5-iodobenzoic acid. (65 mg, 67 %) as a light-yellow solid. The reaction time for this

I example was 10 min. Ry = 0.65 (10% EtOAc/Hexane). m.p. = 188-190 °C. IR (neat) v/cm"

=3500, 3385, 1658, 1219, 809.H NMR (500 MHz, DMSO-d¢) 6 8.67 (s, 2H), 7.92 (s, 1H),
7.47 — 7.41 (m, 1H), 6.61 (d, J = 8.7 Hz, 1H), 2.50 (d, J = 2.4 Hz, 1H)."*C NMR (126 MHz, DMSO) 6 168.9,
150.8, 141.9, 138.8, 119.2, 112.0, 74.1. HRMS (ESI+): m/z calcd. for C;H7INO, [M+H]* = 263.9521, found.
263.9510

OH
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Methyl 2-amino-5-iodobenzoate.

NH, O The following compound was obtained according to the general procedure for
iodination using aniline as starting material. The crude material was purified by flash
column chromatography over silica gel with the system (15% EtOAc/Hexane) to afford
Methyl 2-amino-5-iodobenzoate. (58 mg, 63 %) as a white solid. The reaction time for

| this example was 10 min. Rf = 0.65 (15% EtOAc/Hexane). m.p. = 84-86 °C. IR (neat)
v/cm™= 3470, 3385, 1658, 1219, 809.'H NMR (500 MHz, DMSO-ds) 6 8.67 (s, 2H), 7.92 (s, 1H), 7.47 — 7.41
(m, 1H), 6.61 (d, J = 8.7 Hz, 1H), 2.50 (d, J = 2.4 Hz, 1H).33C NMR (126 MHz, DMSO) & 168.9, 150.8, 141.9,
138.8,119.2, 112.0, 74.1. HRMS (ESI+): m/z calcd. for CgHsINO, [M+H]* = 277.9678, found.277.9676

OMe

(2-amino-5-iodophenyl)(phenyl)methanone.
NH. O The following compound was obtained according to the general procedure for
2
I I iodination using (2-aminophenyl)(phenyl)methanone as starting material. The crude

material was purified by flash column chromatography over silica gel with the
I system (4% EtOAc/Hexane) to afford (2-amino-5-iodophenyl)(phenyl)methanone
(62 mg, 75%) as a yellow solid. The reaction time for this example was 20 min. R¢=0.5 (5 % EtOAc/Hexane).
m.p. 102-104°C. IR (neat) v/em™ = 3423, 3314, 2922, 1610, 1237, 1143. *H NMR (500 MHz, CDCl3) § 7.71
(d, J = 1.8 Hz, 1H), 7.63 (d, J = 7.3 Hz, 1H), 7.58 —=7.41 (m, 5H), 6.55 (d, J = 8.7 Hz, 1H), 6.04 (bs, 2H). 13C
NMR & 197.9, 150.6, 142.3, 139.4, 131.7, 129.3, 128.7, 128.7, 120.6, 119.5, 75.9. HRMS (ESI+): m/z calcd.
for C13H11INO [M+H]*= 323.9885, found 323.9884.

97



Experimental Section.

4-iodo-5-methoxy-2-nitroaniline
NH, The following compound was obtained according to the general procedure for
NO, iodination using 5-methoxy-2-nitroaniline as starting material. The crude material
was purified by flash column chromatography over silica gel with the system (5%
MeO I EtOAc/Hexane) to afford 4-iodo-5-methoxy-2-nitroaniline (57 mg, 65%) as a
yellow solid. The reaction time for this example was 24 h and double amount of each reagent were used.
Rf = 0.4 (8% EtOAc/Hexane). m.p. = 165-170 °C. IR (neat) v/em™ = 3447, 3373,1305, 835, 650. 'H NMR
(500 MHz, CDCls) & 8.54 (s, 1H), 6.25 (s, 2H), 6.11 (s, 1H), 3.90 (s, 3H).»*C NMR (126 MHz, CDCl5) 6 163.2,
146.9, 137.2, 127.9, 97.8, 71.4, 56.9. HRMS (ESI+): m/z calcd. for C;HsO3N,l [M+H]*= 294.9580, found

294.9607.

5-iodo-[1,1’-biphenyl]-2-amine

The following compound was obtained according to the general procedure for
e O iodination using [1,1’-biphenyl]-2-amine as starting material. The crude material was
O purified by flash column chromatography over silica gel with the system (2%
I EtOAc/Hexane) to afford 5-iodo-[1,1’-biphenyl]-2-amine (57 mg, 65%) as a red color
liquid. The reaction time for this example was 20 min. R = 0.65 (5% EtOAc/Hexane). IR
(neat) v/cm™= 3380, 2921, 1607, 1477, 810,) *H NMR (500 MHz, CDCl3) § 7.45 (d, J = 7.7 Hz, 1H), 7.43 (d,
J =3.8 Hz, 2H), 7.42-7.40 (m, 2H), 7.40 (d, J = 1.7 Hz, 1H), 7.36 (t, J = 7.1 Hz, 1H), 6.57 (d, J = 8.4 Hz, 1H),
3.81 (bs, 2H).3C NMR (126 MHz, CDCl3) 6 143.9, 138.7, 138.5, 137.9, 130.3, 129.9, 129.1, 127.8, 117.8,

79.9. HRMS (ESI+): m/z calcd. for C1oH11IN [M+H]* = 295.9636, found 295.9940.
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4'-chloro-5-iodo-[1,1'-biphenyl]-2-amine

Cl The following compound was obtained according to the general procedure for
NH, O iodination using 4’-chloro[1,1’biphenyl]-2-amine as starting material. The crude
O material was purified by flash column chromatography over silica gel with the
system (4% EtOAc/Hexane) to afford 4'-chloro-5-iodo-[1,1'-biphenyl]-2-amine
! (57 mg, 54%) as a yellow solid. The reaction time for this example was 20 min. Ry
=0.5 (5% EtOAc/Hexane). m.p. = 96-98 °C. IR (neat) v/cm™= 3472, 3378, 1606, 1475, 1100. *H NMR (500
MHz, CDCl5) 6 7.41 (dd, J = 8.5, 2.1 Hz, 3H), 7.37 (d, /= 2.0 Hz, 1H), 7.35 (d, J = 8.4 Hz, 2H), 6.54 (d, /= 8.4
Hz, 1H), 3.67 (bs, 2H).**C NMR (126 MHz, CDCls) 6 143.4, 138.5, 137.4, 136.8, 133.9, 130.9, 129.8, 128.8,

117.8, 79.7. HRMS (ESI+): m/z calcd. for C1,H10CIIN [M+H]*= 329.9546, found 329.9559.

5-iodo-4'-methyl-[1,1'-biphenyl]-2-amine
Me The following compound was obtained according to the general procedure for
2 O iodination using 4’-mehtyl[1,1’biphenyl]-2-amine as starting material. The crude
O material was purified by flash column chromatography over silica gel with the
I system (4% EtOAc/Hexane) to afford 5-iodo-4'-methyl-[1,1'-biphenyl]-2-amine
(45 mg, 53%) as a red color liquid. The reaction time for this example was 20 min.
Rf= 0.4 (2% EtOAc/Hexane). IR (neat) v/em™= 3377, 1610, 1481, 1290, 1265. *H NMR (500 MHz, CDCl;) 6
7.28 (s, 2H), 7.18 (d, J = 8.1 Hz, 2H), 7.13 (d, / = 8.2 Hz, 2H), 6.42 (d, / = 8.2 Hz, 1H), 3.36 (bs,
2H), 2.28 (s, 3H). *C NMR (126 MHz, CDCls) 6 143.7,138.7, 137.5, 136.8, 135.3, 130.7, 129.7, 128.8, 117.6,
79.6, 21.4 HRMS (ESI+): m/z calcd. for C12H10CIIN [M+H]* = 310.0093, found 310.0106.
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5-iodo-4'-methoxy-[1,1'-biphenyl]-2-amine
OMe The following compound was obtained according to the general procedure for
e O iodination using 4’-mehtoxy[1,1’-biphenyl]-2-amine as starting material. The
O crude material was purified by flash column chromatography over silica gel
I with the system (10% EtOAc/Hexane) to afford 5-iodo-4'-methoxy-[1,1'-
biphenyl]-2-amine (41 mg, 50%) as yellow color solid. The reaction time for this
example was 20 min. Rf = 0.6 (15% EtOAc/Hexane). IR (neat) v/cm™= 3472, 3377, 1610, 1513, 1245. H
NMR (500 MHz, CDCls) 6 7.39 (s, 1H), 7.41-7.36 (m, 1H), 7.33 (d, J = 8.6 Hz, 2H), 6.97 (d, J = 7.4 Hz, 2H),
6.54 (d, J=7.9 Hz, 1H), 3.86 (s, 3H), 3.63 (bs, 2H). *C NMR (126 MHz, CDCls) 6 159.2, 143.4, 138.7, 136.7,
130.3, 130.4, 129.9, 117.7, 114.7, 79.7, 55.7. HRMS (ESI+): m/z calcd. for C12H1oCIIN [M+H]*= 326.0042,

found 326.0061.

4-iodonaphthalen-1-amine

NH, The following compound was obtained according to the general procedure for iodination
using naphthalen-1-amine as starting material. The crude material was purified by flash
OO column chromatography over silica gel with the system (2% EtOAc/Hexane) to afford 4-
I iodonaphthalen-1-amine (19 mg, 20%) as red color solid. The reaction time for this
example was 20 min. Ry = 0.5 (4% EtOAc/Hexane). IR (neat) v/cm™= 2919, 2850, 1593, 1384,755. 'H NMR
(500 MHz, CDCl5) & 7.86-7.78 (m, 1H), 7.78-7.74 (m, 1H), 7.66 (d, J = 8.7 Hz, 1H), 7.52-7.42 (m, 2H), 7.05
(d,J=8.7 Hz, 1H), 4.70 (bs, 2H).23C NMR (126 MHz, CDCls) § 142.9, 135.8, 134.7, 128.7, 126.8, 125.8, 123.5,

121.6, 120.5, 79.3 HRMS (ESI+): m/z calcd. for CioHsIN [M+H]* = 269.9780, found 269.9770.
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Experimental Section.

5-iodopyridine-2-amine.

NH,  The following compound was obtained according to the general procedure for iodination using

N pyridine-2-amine as starting material. The crude material was purified by flash column

| chromatography over silica gel with the system (15% EtOAc/Hexane) to afford 5-iodopyridine-

2 2-amine. (80 mg, 68 %) as a Brown solid. The reaction time for this example was 10 min. Ry =

I 0.55 (20% EtOAc/Hexane). m.p. = 126-128 °C. IR (neat) v/cm™= 3385, 3124, 1632, 1580, 819. H

NMR (500 MHz, Chloroform-d) & 8.21 (s, 1H), 7.62 (dd, J = 8.6, 2.0 Hz, 1H), 6.35 (d, J = 8.6 Hz,

1H), 4.44 (s, 2H). 3C NMR (126 MHz, CDCls) § 157.9, 153.7, 145.5, 111.6, 77.9. . HRMS (ESI+): m/z calcd.
for CsHeIN> [M+H]* = 220.9576, found. 220.9574

5-iodo-4-methylpyridin-2-amine.

NH, The following compound was obtained according to the general procedure for iodination

using 4-methylpyridine-2-amine as starting material. The crude material was purified by

flash column chromatography over silica gel with the system (15% EtOAc/Hexane) to afford

Me 5-iodo-4-methylpyridin-2-amine. (67 mg, 61 %) as a Brown solid. The reaction time for

I this example was 10 min. Ry= 0.55 (20% EtOAc/Hexane). m.p. = 106-108 °C. IR (neat) v/cm’

1= 3420, 3148, 1639, 1269, 851.'H NMR (500 MHz, Chloroform-d) & 8.21 (s, 1H), 6.48 (s,

1H), 5.21 (s, 2H), 2.29 (s, 3H). 3C NMR (126 MHz, CDCls) & 158.4, 153.6, 152.4, 110.6, 85.8, 27.3. HRMS
(ESI+): m/z calcd. for CeHsIN, [M+H]* = 234.9732, found.234.9723
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Experimental Section.

5-iodothiazol-2-amine
I S The following compound was obtained according to the general procedure for
I />—NH2 iodination using , thiazol-2-amine as starting material. The crude material was purified
N by flash column chromatography over silica gel with the system (5 % EtOAc/Hexane) to
afford 5-iodothiazol-2-amine (68 mg, 60%), as brown color solid. The reaction time for this example was
20 min. Ry = 0.5 (10% EtOAc/Hexane). IR (neat) v/cm™= 2919, 2850, 1593, 1384, 755. *H NMR (500 MHz,
CDCls) § 7.09 (s, 1H), 5.22 (bs, 2H).2*C NMR (126 MHz, CDCls) § 171.9, 146.9, 55.8. HRMS (ESI+): m/z calcd.
for CoHsIN [M+Na]*= 248.8959, found 248.8949.
[1,1’-biphenyl]-2-amine is commercially available. 4-aminobiphenyl,! 4’-chloro-[1,1’biphenyl]-2-amine,®
4’-mehtyl [1,1’biphenyl]-2-amine® and 4’-mehtoxy [1,1’-biphenyl]-2-amine® were synthesized according

to the procedures previously described.

4-aminobiphenyl. 'H NMR (500 MHz, CDCls) & 7.42 (d, J = 7.7 Hz, 2H), 7.29 (t, J = 8.2 Hz, 4H), 7.18 — 7.10
(m, 1H), 6.64 (d, J = 8.3 Hz, 2H), 3.60 (s, 2H). 3C NMR (126 MHz, CDCls) & 145.9, 141.9, 131.7, 128.9, 128.4,
126.5, 126.8, 115.5.

4’-chloro-[1,1’biphenyl]-2-amine. 'H NMR (500 MHz, CDCl3) 6 7.42 (m, J= 2.0 Hz, 4H), 7.18 (td, /= 8.0, 1.5
Hz, 1H), 7.11 (d, J = 1.2 Hz, 1H), 6.84 (t, J = 7.1 Hz, 1H), 6.78 (d, J = 8.0 Hz, 1H), 3.73 (s, 2H). 3C NMR (126
MHz, CDCl3) 6 143.9, 138.2, 133.5, 130.6, 130.7, 129.2, 128.9, 126.5, 119.1, 115.9.

4’-mehtyl [1,1’biphenyl]-2-amine. *H NMR (500 MHz, CDCl3) § 7.29 (d, J = 7.7 Hz, 2H), 7.20 (d, J = 8.1 Hz,
2H), 7.11—7.03 (m, 2H), 6.76 (t, J = 7.4 Hz, 1H), 6.71 (d, J = 7.9 Hz, 1H), 3.50 (s, 2H), 2.34 (s, 3H). 23C NMR
(126 MHz, CDCls) 6 143.6, 136.9, 136.6, 130.8, 129.6, 129.7, 128.4, 127.8, 118.8, 115.7, 21.3.
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Experimental Section.

Synthetic Utility of the Synthesized lodoanilines

General route of synthesis

>L ¥ SbFe

Au—NCMe
R—= (3 equiv) R Ph
I | PA(PPhy)sCly (8 mol%) N A\
\@ Cul (12 mol%) (5 mol%) N—ph
NH ) > NH > N
2 (iPr),NH-THF(1:1), 2 DCM, 23 °C, H
179 23°C, 8 h 202, 72% (R=-TMS) 20 min 204, 89% (from 203)

203 94% (R= -Ph)

2,4-bis((trimethylsilyl)ethynyl)aniline

A 25 mL oven-dried round-bottom flask equipped with a magnetic stir

TMS TMS
S = bar was charged with 2,4-diiodoaniline (130 mg, 0.376 mmol, 1 equiv)
and ethynyltrimethylsilane (0.156 mL, 1.13 mmol, 3 equiv) in 2 mL of
NH; (i-Pr)>2NH and 2 mL of THF. Then Cu(l) (8.4 mg, 12 mol%) and
(PhsP),PdCl, (20.8 mg, 8 mol%) were added under the nitrogen atmosphere. The crude material was
purified by flash column chromatography over silica gel with the system (5% EtOAc/hexane) to afford 2,4-
bis((trimethylsilyl)ethynyl)aniline (78 mg, 72%) as a white solid m.p. = 80-82 °C IR (neat) v/cm™= 2953,
2144, 1735, 1249, 955. 'H NMR (500 MHz, CDCls) & 7.45 (s, 1H), 7.21 (d, J = 8.4 Hz, 1H), 6.58 (d, J = 8.4 Hz,
1H), 4.38 (bs, 2H), 0.25 (s, 9H), 0.21 (s, 9H). 3C NMR (126 MHz, CDCls) & 148.4, 136.9, 133.6, 113.9, 112.2,
107.8, 105.3, 100.9, 100.4, 91.7, 0.3, 0.2. HRMS (ESI+): m/z calcd. for C1¢H24NSi> [M+H]* = 286.1447, found

286.1442.
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Experimental Section.

2,4-bis(phenylethynyl)aniline
Ph Ph A 25 mL oven-dried round-bottom flask equipped with a magnetic stir bar
\\ // was charged with 2,4-diiodoaniline (130 mg, 0.376 mmol, 1 equiv) and
NH, phenylacetylene (0.124 mL, 1.13 mmol, 3 equiv) in 2 mL of (i-Pr);NH and 2
mL of THF. Then Cul (8.4 mg, 12 mol%) and (Ph3P),PdCl; (20.8 mg, 8 mol%)
were added. The crude material was purified by flash column chromatography over silica gel with the
system (5% EtOAc/hexane) to afford 2,4-bis(phenylethynyl)aniline (105 mg, 94%) as a white solid. m.p. =
142-144 °C. IR (neat) v/cm™= 3472, 3375, 2204, 1612, 1500. *H NMR (500 MHz, CDCls) 6 7.59 (s, 1H),
7.56-7.48 (m, 4H), 7.38-7.29 (m, 7H), 6.69 (d, J = 8.4 Hz, 1H), 4.45 (bs, 2H). 3C NMR (126 MHz, CDCls) &
147.8, 135.6, 133.4, 131.6, 131.5, 128.7, 128.5(x2), 127.9, 123.8, 123.5, 114.3, 112.5, 108.3, 95.2, 89.9,

87.6, 85.6. HRMS (ESI+): m/z calcd. for C2;HigN1[M+H]*= 294.1283, found 294.1284

2-phenyl-5-(phenylethynyl)-1H-indole

Ph A 25 mL oven-dried round-bottom flask equipped with a magnetic stir bar

\\ was  charged  with  2,4-bis(phenylethynyl)aniline  2-phenyl-5-

l\} Ph (phenylethynyl)-1H-indole (60 mg, 0.204 mmol, 1 equiv) and dissolved in

H 2 mL of dry DCM. Then gold(l) catalyst C1 (7.8 mg, 0.0102 mmol, 5 mol%)
was added to the solution. The reaction was completed after 20 minutes. The crude material was purified
by flash column chromatography over silica gel with the system (5% EtOAc/hexane) to afford the
corresponding indole derivative 184 (53.5 mg, 89%) as a light brown solid. m.p = 220-222 °C. IR (neat)
v/cm™=3425, 2208, 1486, 1300, 891. *H NMR (500 MHz, CDCls) 6 8.41 (s, 1H), 7.85 (s, 1H), 7.67 (d, /= 7.7
Hz, 2H), 7.56 (d, J = 7.1 Hz, 2H), 7.46 (t, J = 7.6 Hz, 2H), 7.40-7.28 (m, 6H), 6.82 (s, 1H). 23C NMR (126 MHz,
CDCls) 6 139.0, 136.6, 132.1, 131.6, 129.3, 129.2, 128.4, 128.2, 127.9, 126.2, 125.4, 124.6, 124.1, 115.0,
111.1, 100.2, 91.1, 87.3. HRMS (ESI+): m/z calcd. for Co2H1gN1[M+H]*= 294.1283, found 294.1278.
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Experimental Section.

1. Experiment of AcO-l formation using AcOAg/ICl and reaction with aniline

------

AcO-Ag + ICI —3= AgCly + {AcO-’ (1)
AcO-l 2
Ph-NH, > . (2)
H,O-MeCN (1:1), 51%

£3-60 G 73 % (with NH,0Ac)

Procedure From AcOAg/ICI.

A 25 mL oven-dried round-bottom flask equipped with a magnetic stir bar was charged with silver acetate
(202 mg, 1.2 mmol) in 2 mL of ether and added iodine monochloride (196 mg, 0.06 mL, 1.2 mmol). After
the precipitation of silver acetate, 2 mL of MeCN-H,0 (1:1) was added followed by aniline (100 mg, 0.1 mL,
1.1 mmol). The reaction was stirred at room temperature for 10 minutes. After the fully consumption of
the starting material the reaction was stopped. The crude material was purified by flash column
chromatography over silica gel with the system (5% EtOAc/hexane) to afford (120 mg, 51%) of a brown
solid which correspond to 4-iodoaniline 2. *H NMR (500 MHz, CDCl3) 6 7.41 (d, J = 8.5 Hz, 2H), 6.47 (d, J =
8.5 Hz, 2H), 3.65 (s, 2H).

Procedure From AcOAg/ICl with NH,OAc.

A 25 mL oven-dried round-bottom flask equipped with a magnetic stir bar was charged with silver acetate
(202 mg, 1.2 mmol) in 2 mL of ether and added iodine monochloride (196 mg, 0.06 mL, 1.2 mmol). After
the precipitation of silver acetate, 2 mL of MeCN-H,0 (1:1) containing ammonium acetate (77 mg, 1.0
mmol) was added followed by aniline (100 mg, 0.1 mL, 1.1 mmol). The reaction was stirred at room
temperature for 10 minutes. After the fully consumption of the starting material the reaction was
stopped. The crude material was purified by flash column chromatography over silica gel with the system
(5% EtOAc/hexane) to afford (173 mg, 73%) of a brown solid which correspond to 4-iodoaniline 2. *H NMR
(500 MHz, CDCl;) 6 7.41 (d, J = 8.5 Hz, 2H), 6.47 (d, J = 8.5 Hz, 2H), 3.65 (s, 2H).
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Experimental Section.

Computational Methodology

All the gas-phase theoretical calculations were performed using the Gaussian 09 rev. C.01
program.™! First, we carried out geometry optimizations, with no restrictions, using the range-divided
®B97X-D? density functional in combination with the Ahlrichs’ basis set def2-SVPP. 13! 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.

Also, we performed calculations for including the solvent effect through the PCM model™ using the SMD
parameters®® according to the Truhlar’s model using water (€ = 80.4) as solvent. These calculations were
performed as single points of the optimized geometry at the level of theory mentioned above. 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.
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Experimental Section.
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Figure S1. Proposed favorable reaction mechanism for the lodination of aniline via hypoiodite
intermediate calculated at the (SMD:water)®B97X—D/def2-SVPP.
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Figure S2. Energy profile of the lodination of aniline via hypoiodite without ammonia cation calculated at

(SMD:water)mB97X—D/def2-SVPP.
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Experimental Section.

Relative Free Energies (kcal/mol)

Figure S3. Energy profile of the lodination of aniline via dissociation of 11 calculated at
(SMD:water)mB97X—D/def2-SVPP.
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Figure S4. Energy profile of the generation of hypoiodite via de concerted pathway calculated at the
(SMD:water)mB97X—D/def2- SVPP.
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Figure S5. Energy profile of the lodination of aniline via intermediate of 13 calculated at
(SMD:water)mB97X—D/def2-SVPP.
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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
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E(scf) =—985.5315598 a.u

0.849057
0.860088
—0.000153
—0.860621
—0.850082
—0.000632
1.513834
1.528485
—1.528831
—-1.515060
—0.000831
0.000156
1.980721
—1.980390
3.090223
4.146301
—3.089951
—4.145931
2.940745
2.468350
2.315450
3.936890
—2.940625
-2.468179
—2.315434
—3.936822

9

PIDA

3.103191
1.707601
1.044780
1.707363
3.102954
3.798796
3.645710
1.155665
1.155239
3.645279
4.892049
-1.087721
—-1.003004
—-1.003515
—-0.720270
—0.638149
—-0.720872
—0.638392
—0.503755
-1.372479
0.383198
—0.343322
—0.504956
-1.373828
0.381976
—0.344780

0.860031
0.869223
0.000013
—0.869158
—0.859861
0.000107
1.537454
1.533859
—1.533825
—-1.537242
0.000162
—0.000014
0.691876
—0.691906
—0.005418
0.559760
0.005353
—0.559946
—1.500999
-1.990871
-1.708266
-1.936123
1.501028
1.990586
1.708691
1.936127
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4.137137
2.783568
2.431836
3.385703
4.734621
5.111254
4.427571
2.018157
3.087363
5.494156
6.170261
0.347843
—-0.150870
0.963488
-0.323617
—1.191895
0.955129
1.614009
0.544607
0.207963
1.600739
0.443767
0.091246
—-0.945186
0.487224
0.095579
—2.890572
—2.223563
—2.970678
—3.823055

Al
E(scf) =—-1340.4468889 a.u

—-1.713499
-1.411414
—0.298603
0.519090
0.200847
—-0.910634
—2.583123
—2.037763
1.398380
0.835916
—-1.150029
0.204461
—-1.896725
2.088631
—2.888232
—3.734235
3.199853
4.138632
—2.983350
—2.232646
—-2.774661
—3.980243
3.182742
2.883813
2.467724
4.187807
—2.447441
—3.066896
—1.494475
—2.863073

1.004541
0.849459
0.088700
—-0.511203
—0.341456
0.411180
1.600955
1.312242
-1.087602
—0.805632
0.540456
—0.146039
0.413602
—0.692123
—0.405336
—0.183764
0.079997
—0.265828
—-1.636259
—2.373858
—1.399227
—2.087552
1.320967
1.082781
2.063774
1.764894
1.392664
0.800879
0.911948
1.480244



H —-2.480478  —2.299549 2.319837 H 4.819563 2.166611 1.162143
-3.071287 0.619873 —0.140969 H 3.049218 2706502 -0.002663
[ 2.611491 -1.385656  0.230045

Y

9
11
E(scf) =—-1055.1235960 a.u
-1.513719  2.949847 1.132172
-1.250424  3.806871  0.064227
-0.659932  3.318935 -1.102223
-0.324552 1.970116 -1.207425
-0.596811 1.139211 -0.123860
-1.186636 1.595621 1.050673
-1.978610  3.332591  2.044599
-1.506728  4.867008  0.141350
-0.454019  3.990802 -1.939767
0.147956 1.585839 -2.114362
-1.413229  0.909441 1.868477
-0.080220 -0.903264 -0.268903
2.653394 -0.260123  0.205316
-2.178485 -1.282009 -0.771532
-3.012731 -1.302435  0.243031
-2.701858 -1.062926 1.392367
-4.425643  -1.653362 -0.176567
-4.793437 -0.904779  -0.897588
-4.433821 -2.631176 -0.685042
-5.080881 -1.679564  0.705628

TS1
E(scf) =—1340.4247127 a.u
Vmin=—-87.30cm™
C -2.317252 2.626016 1.843510
C -1.457161  1.592538 1.475234
C -1.667686 0.962712 0.252671
C -2.703307 1.318749 -0.604475
C —3.552903 2.357843  -0.217943
C -3.360672 3.009411 0.999252
H -2.169329 3.132209 2.801340
H -0.630847 1.300248 2.126629
H -2.867719 0.788701 -1.545912
H -4.372866 2.651584 —0.878843
H —-4.032573 3.819283 1.295781
I -0.423693 -0.686765 —0.304235
0] 1.054959 1.524632 -0.044222
O -2.221329 -1.613357 -0.945025
C 1.417905 2.275610 -0.951290
0] 2.491027 2.992530 -0.865418
C -3.144913 -2.186057 -0.151931
O -4.159380 -2.585401 -0.652211
C 0.668764 2.397028 -2.251685
H 0.932943 3.329231 -2.770974
H 0.953248 1.546050 —2.896166
H -0.417205 2.350138 -2.074916
C -2.852152 -2.286723 1.331118
H -1.908125 -2.825229 1.520652
H -2.766172 -1.282278 1.782081
H -3.680057 —2.823555 1.814573
N 3.801470 2.079698 1.165816
H 3.563550 1.081177 1.069570
H 3.456840 2.389756 2.076296

I T T O0OO0O - T IIITITITOOOOOON

111



I T T O0OO0I I I I ZIT I ITO0OO00T -~ ITITIITITOOOOODO

E(scf) =-1340.4745018 a.u.

—0.408458
—-1.660433
—2.053447
—1.195488

0.044604

0.464052
—-0.103221
—2.339920
—3.035321
—1.492995

1.444614

1.331331

2.477595

0.473103
—-0.754141
-1.433120
-1.286029
—0.551152
-1.445156
—2.240043
—3.812224
-4.627340
—3.405030
—4.048849
—3.099505
-4.115744
—3.242473
—2.483127
—3.249192
-4.280276
—2.740847
—2.705349

9

%

9

12

—-0.457039
0.101594
0.379866
0.103984

—-0.452036

—0.743924

-0.673317
0.322149
0.808927
0.319850

—1.183593

—0.926447
1.652887

—2.973246

—3.119046

—2.217840

—4.524339

-5.266014

-4.698017

—4.646689

-0.627114

-1.146798

—0.128768
0.593231

—1.299580
1.476700
2.350428
2.116563
3.654628
3.979752
3.502652
4.422604

3.555943
3.294565
1.985346
0.919284
1.212166
2.506929
4.583343
4.122472
1.767366
—0.109330
2.702629
—0.388485
—-0.318323
—-0.236195
—-0.640734
-1.108506
—0.446758
—0.796535
0.631163
—0.979393
-1.793380
-2.122199
—2.588883
—-0.810267
-1.477861
—0.253963
—-0.720257
-1.637565
0.041386
0.251137
1.010005
—-0.526524
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2.685354
1.793074
0.654119
0.393034
1.296525
2.444367
3.581455
1.988150
0.050097
0.516041
3.154767
1.034999
1.738304
3.210278
3.056510
1.970493
4.345487
5.139437
4.678726
4.174040
—-0.762811
—-0.780672
—0.987600
-1.597712

0.231681
—2.611965
-3.681881
-3.910701
—4.759287
-4.872573
-4.441143
-5.716254

TS2
E(scf) =-1340.4450389 a.u.
Vmin =—148.57 cm™

2.373166
3.372978
3.044835
1.719549
0.745276
1.042948
2.623677
4.414498
3.820538
1.488929
0.264123
—1.299890
-1.113014
—0.780544
—0.087427
0.265565
0.372391
—0.380165
1.300765
0.590254
0.231090
0.656819
—-0.763087
0.733914
0.297442
1.467185
1.138504
0.064775
2.212336
2.672102
3.007465
1.795844

—1.998370
-1.610674
—0.878265
—-0.525151
—0.928366
—-1.657034
—2.572816
-1.880321
—0.566293
0.035669
—1.940095
—0.384899
—0.614195
0.602831
1.660316
2.152477
2.325514
2.203689
1.828761
3.390480
2.574844
3.506770
2.676170
1.926721
2.228095
1.380375
0.769316
0.184941
0.736797
1.731663
0.039787
0.390328
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J

0.000000
0.000000
0.000000
0.000000
0.889481
—-0.889481
0.000000

AcO-l
E(scf) =-525.9711258 a.u.
1.339405 -1.189108
2.099629 —0.264308
0.000000 -1.076041
1.721501 -2.651942
1.303407 —3.149933
1.303407 —-3.149933
2.817020 —2.734528
—-0.765779 0.807613

9

»

9
TS3

... (
°,

0.000000

E(scf) =—-1098.5859789 a.u.
Vmin = —-528.66 Cm_:l

—0.819485
-3.177547
-4.041891
—3.849922
-5.463738
-5.611249
-5.636544
—6.189098

—0.905526
—-1.404948
—-0.533786

0.697008
-1.037252
—2.006138
-1.172569
—0.294046

—-0.186078
—0.058430
0.213067
0.362573
0.415277
—0.084251
1.497572
0.049139
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1.039670
—0.254646
-1.232206
—-0.677539

1.322699

1.808733

0.323915

2.315979
—0.966957

0.595804
-1.742671
—2.234649
—0.105553

1.516262
-1.215710
—0.145351
—-0.220379
—0.076910
-1.086473

0.987928

0.572123
—-0.076234
—-0.035216

0.545937
-1.019613

0.153978

—0.003383
—0.004426
—0.006052
—-0.007017
—0.006035
—0.004428
—-0.003021

1.967640 -0.231643
1.370241 -0.355871
2.129295 -1.069588
1.090193 0.802069
3.214931 -0.732819
1.420185 0.322420
3.945194 -1.428144
3.654725 -0.602233
3.375400 —1.582827
5.169542 —-1.930632
3.937352 -2.111583
1.706060 -1.192814
5.691913 -2.438643
5.577951 -1.836176
2.060948 4.517127
3.176868 3.644503
2.153819 4.053552
1.165967 2.908915
1.056476 2.135336
0.540745 2.765002
2.007448 4.802406
—-1.921593 2.328631
—2.359499 3.253575
-1.064410 2.325126
-1.547241 2.173840
-2.677732 1.537591
J\
9
IPh—NH:
E(scf) =-584.456116410 a.u.
—-0.165217 0.000015
-0.867566 —1.205550
—2.258816 —-1.204795
—2.982564 0.000027
—2.258838 1.204815
-0.867551 1.205550
—-0.334014 -2.159550
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—2.795292
—2.795259
—0.334023
—4.364308
—4.836966
—4.837037

1.941246

—2.158773
2.158825
2.159563

—0.000039

—0.850041
0.850025

—0.000003

TS4

—0.010733
—0.010650
—0.003040
—0.052119
0.230253
0.229955
0.002266

E(scf) =—1041.5350416 a.u.

Vmin = —59870 Cm_l

—1.000887
-3.181813
—3.894445
—3.484519
-5.388174
—-5.659999
-5.618119
-5.975514
1.848884
1.521566
2.00956
1.407922
2.590608
1.493372
3.047025
2.816011
2.753439
3.805935
3.116502
1.794602
3.818639
3.710563

0.010086

0.056967

—-0.74047
-1.556188
—0.534626

0.514531
—0.730493
-1.208161
—0.584328
—0.060696
—-0.780114

1.191482
-1.747291
—0.065806
—2.453159
-2.129241

-1.94396
—-3.606209
—2.474776
—-0.396479
—4.232569
—4.089242

—-0.28874
—0.426668
0.315457
1.114836
0.063529
0.268402
0.997504

0.70586
1.075477
—0.19298
-1.30501
0.398634
1.232226
1.972816
0.104883
2.234141
-1.173504

0.25092
—2.060782
—2.308685
—0.545995

1.1371

2.407711
0.635726
1.588036
1.687436
1.555361
1.888626
1.653175

T OO0 OO I T

2.244438
2.415628
2.950397
3.415758
2.489978
4.600207
3.812797

—0.496332
—2.004493
—2.699058
—2.39472
—4.018765
-4.731718
—3.876188
—4.434924
0.857511
0.493224
1.55382
—0.491953
2.167385
0.050177
3.188086
2.4236
2.853147
4.471649
3.652786
1.301817
5.202869
4.729188

I T T T 20 I O I O I OOoOO0OITITIITOO0o0OoOnOo —
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TS5
E(scf) = =—-813.1928806 a.u.
Vmin = —29335 Cm_:l

1.436067
—0.560541
-1.158811

-1.28703
—-1.728743
—0.898593
—2.217144
—2.440262
—-1.204606
—-0.761915

-0.40014

-1.03094
—-1.188448
-1.518777
-0.749114
-1.496141
—-0.372464
—-0.691619
—-0.071028
-0.117172
—-0.366577
—-0.947561

1.756963
1.70034
1.52979

0.062254

—0.81383

—0.174562

2.211838

—0.109206
—0.794067
0.102117
1.288532
-0.417301
—-0.562762
—-1.39486
0.312232
—-0.639723
0.671974
1.565182
1.091456
—-1.064568
-1.306044
—-0.190741
—2.082162
1.149684
—0.598188
1.832849
2.590954
0.021027
—-1.542896
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2.593048
3.854450
4.691002
4.271742
3.005107
2.156899
1.894934
4.193280
5.683483
4.934013
1.150600
2.403631
—0.749923
—-0.521443
—0.695358
—-1.586260
0.306803
0.522729
1.259655
—0.074096
—4.015681
-4.906237
—4.832379
—3.826037
—2.930480
—-3.019997
—4.077700
—-5.682468
—-3.768031
—-2.127409

TS6
E(scf) ==-1343.2526882 a.u.
Vmin =—81.45 cm™

2.323391
2.396974
1.282652
0.089837
0.043376
1.146009
3.170411
3.323981
1.332044
—0.779993
1.156906
-1.781261
—0.908575
2.589076
2.974940
2.571977
4.001802
4.767937
3.484896
4.491367
—-0.360923
—0.858990
—0.448808
0.465051
0.954694
0.596074
-0.667379
—-1.569838
0.760598
1.664140

1.172409
1.754936
1.741927
1.144830
0.564498
0.564410
1.166499
2.228168
2.195304
1.138420
0.133613
—-0.351103
—0.546579
0.044023
-1.145297
-1.928747
—-1.693475
—0.915515
—1.938433
—-2.616071
—0.918568
—0.002883
1.362073
1.773670
0.859119
—0.531228
-1.965050
—0.306605
2.823944
1.099738
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—2.516939 1.320528 -1.248015
-5.712526 —0.938369 2.253692
-6.432298 -1.590191 1.974504
-5.674267 —0.660398 3.230019

I T 2 T

TS7
E(scf) ==-1341.3298457 a.u.
Vmin =—110.00 cm™?
2.750635 1.908649 2.068000
1.938675 0.856866 1.644285
0.982025 1.106658 0.660542
0.791980 2.367539 0.107849
1.610633 3.407856 0.551353
2.588356 3.182456 1.520919
3.509255 1.728964 2.835009
2.067235 -0.142655 2.066292
0.009362 2.550211 -0.642292
1.474917 4.406178 0.126046
3.224252 4.005451 1.859367
—0.092032 -0.581731 -0.042830
2.844312 -1.227432 -0.616602
—2.094042 1.076120 -0.104206
3.745666 —0.523534 -1.044622
5.008184 -0.883993 -1.016462
—2.511254 2.001033 -0.913121
-1.771754 2.737131 -1.549563
3.526331 0.849648 —1.621459
2.523500 0.921611 -2.066640
3.590417 1.589395 -0.803564
4.300150 1.090669 -2.365390
—-4.024881 2.085729 -1.031286
-4.407914 1.170161 -1.514215
-4.487118 2.150643 -0.032858
—4.295475 2.964066 —1.635982
4.899444 —-3.319638 0.066767

2 T T T O IT T OO0O0O0O0 "  TITITITITOOOOODO
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5.088984
5.138334
5.288167
3.879716
—2.954808

E(scf)==—
—5.312445
—4.666985
—3.404499
—2.797054
—3.432332
—4.694369
-6.302265
-5.149466
—2.903793
—2.952922
-5.197405
-1.461512
-1.305260

0.066355

1.604358

1.836652

2.378341

2.876299

1.241108

3.419069

2.195330

3.662130

3.079254

-1.815273
—4.114348
—3.486816
—3.263412
—-1.372786

—0.598126
—0.528272
0.995929
0.142245
0.351037

1044.3638691 a.u.

0.294218

0.138500
—0.449187
—0.888089
-0.731167
—-0.141689

0.754944

0.473237
—0.574594
-1.076737
—0.025959
-1.429912
—2.126028

0.469195
—-0.964721
—-1.590437
-1.203817
—2.516842
-1.361871
—2.127259
—-0.682168
—2.782969
—3.020998

0.007750
1.234394
1.294653
0.117180
-1.115826
-1.164239
—0.035047
2.156128
2.260241
—2.037453
-2.127519
0.163338
—-0.571874
—-0.223637
—-0.081673
1.143125
-1.215554
1.218904
2.031766
-1.111174
—2.158404
0.096246
2.167192
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4.042241
4.478604
1.364704
2.236778
2.940535
2.228107
1.230159
2.535649
2.944280
—-1.267965

—2.331785
—3.506205
1.931544
2.600617
3.411370
2.243662
2.387806
1.194158
2.896593
-1.886614

—1.985502
0.165495
—-0.716366
0.118016
—0.388836
1.584276
2.032699
1.736118
2.101759
1.058924

E(scf) = =-584.8000926 a.u.

0.969729
1.027221
1.027221
1.004820
1.027221
1.027221
1.692203
1.059975
1.049988
1.049988
1.059975
0.977300
0.966057
0.966057
—0.965772

—0.391986
0.396439
1.747337
2.469798
1.747337
0.396439

—-1.224225

—0.150006
2.305131
2.305131

—0.150006
3.786535
4.318186
4.318186

-1.441893

0.000000
1.247465
1.248969
0.000000
—1.248969
-1.247465
0.000000
2.195175
2.188765
—2.188765
—2.195175
0.000000
—0.867905
0.867905
0.000000

AcOH
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E(scf) ==

—228.8294266 a.u.

0.000000 0.155491 0.000000
0.205496 1.338535 0.000000
—-1.243438 -0.358691 0.000000
-1.863467 0.391560 0.000000
1.046112 -0.926468 0.000000
0.922473 -1.566903 0.888954
0.922473 -1.566903 —0.888954
2.045382 —0.470646 0.000000
J
AcO™
E(scf) = =-228.2521335 a.u.
0.000000 0.221670 0.000000
0.045939 —-1.352059 0.000000
—0.490036 —1.741094 0.887528
-0.490036 —-1.741094 -0.887528
1.082168 —1.736460 0.000000
1.103385 0.798677 0.000000
—-1.150601 0.701447 0.000000

0.000000
1.200758
1.206548
0.000000
-1.206548
-1.200758
0.000000
2.154535

Ph—NH;
E(scf) = =-287.2816970 a.u.
0.003395 -1.881320
0.003736 -1.170704
0.003736 0.221478
0.004345 0.942446
0.003736 0.221478
0.003736 -1.170704
0.002503 -2.974421
0.002816 -1.707279
0.007858 0.763612

2.157801

117

I T 2 I T

— I T T T T OOOO0OO0OO0

I T OO OO O0OO0

0.007858 0.763612 -2.157801
0.002816 —-1.707279 -2.154535
0.050215 2.328803 0.000000
—0.255723 2.792044 —-0.847498
—0.255723 2.792044 0.847498
9
Ph-I
E(scf) ==-529.1613990 a.u.
0.000000 0.000000 -3.341249
0.000000 1.206059 -2.641274
0.000000 1.213055 -1.246044
0.000000 0.000000 -0.555551
0.000000 -1.213055 -1.246044
0.000000 -1.206059 -2.641274
0.000000 0.000000 -4.434677
0.000000 2.156475 -3.182342
0.000000 2.161492 -0.703306
0.000000 -2.161492 -0.703306
0.000000 -2.156475 —3.182342
0.000000 0.000000 1.551596
&
\ 0
1I-Ph
E(scf) ==-826.6373117 a.u.
3.427240 -0.762352 1.214321
4.038575 -1.081178 -—0.000316
3.427808 -0.760349 -1.214712
2.193003 -0.115374 -1.231754
1.610549 0.190397 0.000192
2.192496 -0.117276 1.231864
3.912135 -1.015769 2.160404
5.006996 —1.588040 —0.000512
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H
H
H
H
I
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3.913166
1.712736
1.711865
—0.230880
—1.987892

4\

-1.012168 -2.160985

0.135335 -2.180725
0.131996 2.181031
1.206812 0.000377

—0.844068 —-0.000317

NHal

E(scf) = =-354.8633621 a.u.
0.000000 0.000000 -2.775338
0.000000 0.959304 -3.127014

-0.830782 -0.479652 -3.127014
0.830782 -0.479652 -3.127014
0.000000 0.000000 -1.179043
0.000000 0.000000 0.565801

{
]
Ph-NH;

E(scf) ==-287.2816970 a.u.
0.003395 -1.881320 0.000000
0.003736 -1.170704 1.200758
0.003736 0.221478 1.206548
0.004345 0.942446 0.000000
0.003736 0.221478 -1.206548
0.003736 -1.170704 -1.200758
0.002503 -2.974421 0.000000
0.002816 -1.707279 2.154535
0.007858 0.763612 2.157801
0.007858 0.763612 -2.157801
0.002816 -1.707279 -2.154535
0.050215 2.328803 0.000000

-0.255723 2.792044 -0.847498

-0.255723 2.792044 0.847498
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'H and 13C NMR Spectra of

Chapters II.
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4-bromo-2-methylbut-3-yn-2-ol
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2-methyl-6-phenylhexa-3,5-diyn-2-ol
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buta-1,3-diyn-1-ylbenzene
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2-iodo-N-methylaniline
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N-methyl-2-(phenylbuta-1,3-diyn-1-yl)aniline
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1- methyl-2-(phenylethynyl)-1,H-indole
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1-(buta-1,3-diyn-1-yl)-4-methylbenzene
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(2)-5,11-dimethyl-6-(4-methylbenzylidene)-13-
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4-(4-chlorophenyl)-2-methylbut-3-yn-2-ol

Al
T T T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 .5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

f1 (ppm)
=
S
a
oo = © S

& R 8 w o o < =

Ia @ 4 < ] = &5

o2 o ) 3 8 R 8 s
Vo [

T T T T T T T T T T T T T T T T
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

f1 (ppm)

136



AN

1-chloro-4-ethynylbenzene
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2-((4-chlorophenyl)buta-1,3-diyn-1-yl)-N-methylaniline l Cl
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(E)-13-(4-Chlorobenzylidene)-6-(4-Chlorophenyl)-5,8-dimehtl-8.13-dihydro-5H-Cyclohepta[1,2-b’

b’]diindole.
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2-(phenylethynyl)-1H-indole
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N-benzyl-2-(Phenylbuta-1,3-diyn-1-yl)aniline.
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1- benzyl-2-(phenylethynyl)-1,H-indole
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N-benzhydryl-2-iodoaniline.
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N-benzhydryl-2-(Phenylbuta-1,3-diyn-1-yl)aniline.
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1-benzhydryl-2-(phenylethynyl-1-H-indole.
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'H and 13C NMR Spectra of
Chapters llI.
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ABSTRACT: An oxidative procedure for the electrophilic
iodination of phenols was developed by using iodosylbenzene
as a nontoxic iodine (IIT)-based oxidant and ammonium iodide
as a cheap iodine atom source. A totally controlled
monoiodination was achieved by buffering the reaction
medium with K;PO,. This protocol proceeds with short
reaction times, at mild temperatures, in an open flask, and
generally with high yields. Gram-scale reactions, as well as the

scope of this protocol, were explored with electron-rich and

{PHIO). INKJ "

KyPO, £ Controlled

ROH 0C R Wono-odination
§ min

H
PR OH
R— =
Coo .

OH 1
! PO OH
| or g
Cop s

(PhIO), ! NHJ R =
e S O
MaOH, 23°C D

plausitle

20 min

lodinating species

Dilodination Mone-iedination |

» Broad scope +High yielding «Fast reaction «Open flask «Mild conditions
« Electron-donating +Electron-withdrawing toleration «Cheap lodine source

electron-poor phenols as well as heterocycles. Quantum chemistry calculations revealed PhII(OH)-NH,; to be the most
plausible iodinating active species as a reactive “I'” synthon. In light of the relevance of the iodoarene moiety, we present herein
a practical, efficient, and simple procedure with a broad functional group scope that allows access to the iodoarene core unit.

Bl INTRODUCTION

Iodinated arenes and heteroarenes including indophenols are
an important class of organic structures." They are ubiquitous
in marine natural products such as the terpenes or prostanoids
isolated from sponges Topsentia sp.” or from corals of genus
Clavularia viridis.> In the field of medical research, iodoarenes
are found in pharmacologically active drugs, in nonsteroidal
hormones L-thyroxine (T,) and I_.xothyronme (T5),” or in
antifungal® or bactericidal compounds.” In chemistry, iodoar-
enes are found as starting materials in the synthesis of
hypervalent I(V)* or iodine(IIT)” derivatives. They have also
been found to be the best electrophiles in the Suzuki and Stille
cross-coupling reactions, as well as the Sonogashira alkynyla-
tion and the Mizoroki—Heck olefination (Figure 1).'°

Due to the high relevance of the iodophenol moiety, several
procedures have been developed to date for its synthesis.
Among the most significant iodination strategies are those

ez 2.

Me,, Me

OH Topsentiasterol sulfate

Hojiil.j@/\(floﬂ (:@f 43 o é

I Rwl L-Thyroxine (T,)
R=H, Liothyronine (T;)

anti- lhymld drug
bactericide activity

Figure 1. Relevance of the iodoarene moiety.
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involving transition metals such as Ry,'' In,? P4,"* Mo,"*
Hg,lS Fe,'® Ce,'” Yb,'® or Ag.m A number of transition-metal-
free iodination procedures have also been described using I, in
combination with 1,4-bis(triphenylphosphonium)-2-butene
peroxodisulfate,”> DMSO,*' HIO;,** urea-H,0,** or NO,.**
An additional strategy consists of the oxidation of iodide salts
using the systems NH,I/H,0,,> Nal/NaClO,,** or NaClO,/
Nal/HCL*" On the other hand, iodination reactions based on
the use of (I*) synthons are frequently carried out with I1CL,**
N-iodosaccharin,*’ IPyzBF,,, and NIS in harsh acidic media
such as TFA,”' TfOH,*” and HFIP.*® Additionally, radical
iodination using I,/TBHP** has recently been developed.
Finally, a much less well exploited strategy for the oxidative
iodination of arenes and phenols involves the use of
hypervalent iodine(V)* or iodine(IIT) reagents. The few
procedures using iodine(IlN)*® have a common strategy
involving the synthesis of a diaryliodonium salt as an
intermediate, which then reacts with a metallic iodide, typically
Nal. This intermediate undergoes a thermally promoted
reductive ehmmatlon, allowing the formation of two different
aryl iodides® from the iodonium salt at high temperatures
(Scheme 1).

In general, iodination methods of phenols require expensive
transition metals or are based on oxidative procedures using
strong oxidants, leading to poor functional group compatibility.
To overcome this problem, hypervalent reagents appear to be
an excellent alternative. With respect to the known hyper-
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Scheme 1. Hypervalent lodine Strategies for the lodination
of Arenes and Phenols

Kumar [lodine (V))** 1

DiMagno [lodine (11I)]3%¢
ACO—F=0A5 no—i—@—epc !
TMS-OT! Nal
OMe 20 °C
R= -G 120 *
EDG R’ R
R R £0G
EDG = alctron-donating groups ONLYEDG
this work
without K}O, with K;PO‘
H (PRIO), INHA
e OH K;PO‘ 1
R— of R :
Gy MeOH 0-23 °C
5 - 20 min
)
Monoiodination

Diiodination (DMroM]
+ Broad scope EDG and EWG  # Mild conditions 0 °C or 23 °C

valent-based iodination procedures of phenols, the very few of
them that are available are synthetically restncted in several
ways, the most significant being low selectivity,”® polyhaloge-
nation, expensive starting matenals,‘ more than one
preparation step, limitation to electron-rich arenes, very narrow
scope, and the requirement for high temperatures, strong
Lewis acids, and/or long reaction times. All of the
aforementioned aspects make an efficient iodine(III)-based
iodination procedure elusive. Therefore, we were interested in
developing a new and systematic alternative iodination of
phenols by using the hypervalent iodine(III) reagent
iodosylbenzene (PhIO) in combination with NH,I, an
inexpensive source of iodine atoms. The scope and advantages
of our new method are detailed herein, and theoretical
calculations supporting the plausible operation of PhII(OH)-
NH, as the iodinating species are provided.

B RESULTS

Our initial optimization of the iodination reaction used 2-
naphthol as a model system, the results of which are tabulated
in Table 1.

The startmg conditions were based on our previous
chlorination®® and bromination® procedures. Thus, 1.2 equiv
of PIDA or PIFA was used, along with 2.4 equiv of All; in
acetonitrile at room temperature (Table 1, entries 1 and 2).
Unfortunately, only molecular iodine was obtained as product
in this trial. Different conditions were explored by changing the
iodine(I) reagent from PIDA/PIFA to iodosylbenzene
(PhIO). Iodide salts were also considered as the iodine atom
source. In line with the results of Kita and co-workers, both
PIFA and PIDA are prone to generate radicals when mxxed
with halogen salts having cations different to ammonium.™
The topic about radical generation is outside of this work
scope; hence PhIO was chosen as the iodine(IIl) reagent.
Initial trials used potassium iodide in methanol to solubilize
both PhIO and KL In this way, 1 was isolated in a 17% yield
(entry 3). The reaction in water as solvent showed poor
conversion (<5%) and large quantities of unreacted starting
material (entry 4). The use of S mol % of sulfuric acid as
additive significantly increased the yield to 86% in methanol
(entry S) and 25% in water (entry 6). The (1:1) solvent
combination of methanol and water did not improve the yield
(entry 7); however, it demonstrated that the reaction is water
tolerant. As acidic media gave considerably better yields,
another protic iodide salt was explored. Surprisingly, use of 1.2

4150
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Table 1. Optimization of the lodine(I11)-Mediated
Electrophilic lodination of 2-Naphthol”

H

i PIDA= Ph-I{OAc),
OH iodine(lll) /1 source
—_—
Oe solvent, 23 °C

1 ;
OH | PIFA= Ph-I(OTFA),
OO : o—1
1 i PhlO= '!_,h n

entry iodine(III) (equiv) I source (equiv) solvent yield (%)”

1 PIDA (1.2) AlL (2.4) MeCN <

2 PIFA (1.2) AllL, (2.4) MeCN <

3 PhIO (1.2) KI (2.4) MeOH 17
4 PhIO (1.2) KI (2.4) H20 <5
5 PhIO (1.2) KI (2.4) MeOH 867
6 PhIO (1.2) KI (2.4) H,0 259
7 PhIO (1.2) KI (2.4) MeOH/H,0 38
8 PhIO (1.2) NH,I (2.4) MeOH 98°
9 PhIO (1.2) NH,(I (2.4) MeCN 70
10 PhIO (1.0) NH,I (2.4) MeOH 80
11 PhIO (0.5) NH,I (2.4) MeOH 40
12 PhIO (1.2) NH,(I (1.5) MeOH 68
13 1, (1.0) MeOH 58
14 L, (1.5) MeOH 52
15 I, (20) MeOH 46
16 L, (10) TFE 57
17 PhIO (1.2) MeOH nr.
18 NH,I (2.4) MeOH nr.

“Reaction conditions: 2-naphthol (0.5 mmol), solvent (0.15 M), open
flask. “Yields as average of two runs. I, was obtained. 95 mol % of
H,SO, used as additive. “Yields as average of three runs. n.r. = no
reaction observed.

equiv of PhIO and 2.4 equiv of ammonium iodide in methanol
at 23 °C provided 1-iodo-2-naphthol in nearly quantitative
yield (98%) within 20 min (entry 8). This result highlighted
several aspects of the process, such as the fast and high-yield
reactions as well as its economical iodine atom source.
Additionally, we avoid the possibility of the radical generation
in the process since the ammonium cation is used. Changing
the solvent to acetonitrile lowered the yield to 70% (entry 9).
Decreasing the amount of PhIO (to 1.0 and 0.5 equiv)
provided yields of only 80% and 40%, respectively (entries 10
and 11). On the other hand, the yield was not improved by
decreasing the ammonium iodide loading to 1.5 equiv (entry
12). At this point, the possibility of the iodide anion oxidation
generating molecular iodine was considered, which could be
the iodinating active species in the process. To test this
mechanistic hypothesis, experiments using molecular iodine in
the absence of an iodine(III) reagent were carried out, using
the conditions found to be best in the initial optimizations
(entry 8). Thus, the reaction was tested with 1.0, 1.5, and 2.0
equiv of molecular iodine at 23 °C in methanol (entries 13—
15) or trifluoroethanol (entry 16). Interestingly, the desired
iodination was achieved with yields of 58%, 52%, 46%, and
57%, respectively. However, the yields remain far below that
obtained in entry 8; thus molecular iodine was ruled out as the
iodinating species. Control experiments were then carried out
in order to complete the optimization. The use of PhIO in the
absence of ammonium salt led to no reaction (entry 17).
Similarly, the use of ammonium iodide without the iodine (IIT)
reagent failed to produce 1.

This set of experiments allowed reliable determination of the
optimal iodination conditions; thus we proceeded to explore

DOI: 10.1021 /acs joc9b00161
1 Org. Chem. 2019, 84, 41494164
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the scope of the new procedure with respect to changes in the
aryl unit (Scheme 2).

Scheme 2. Phenol Ring Scope in the Ph1O/NH I-Mediated

lodination of Phenols”
X ﬁj Je=
R=
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OH OH OH
OO - O OO
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...................... : 15a (46%)‘ 150 (m%)ﬂ NiSs o%e 11(50%)
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“Reaction conditions: 2-naphthol (0.5 mmol), methanol (0.15 M),
open flask. "PhIO (2.4 equlv)/NH,,I (4.8 equiv) were used.
“Synthesized from phenol. “Synthesized from 4-iodophenol. “Reac-
tion conditions: phenol (0.5 mmol), NIS (1.2 equiv), TFA (10 mol
%), MeCN (0.15 M) at 23 °C by 12 h.

the reaction. Under these conditions, a range of phenols
bearing electron-attracting fluorine, bromine, or iodine groups
(15—17), as well as electron-rich phenols bearing methyl,
methoxyl, and phenyl groups (18—22), were diiodinated in
moderate to good yields (46—72%). Although it was expected
to obtain the monoiodination products, the synthesized
derivatives 15—22 are also important building blocks in
synthetic chemistry.* ' On the other hand, the reactivity of
our system was compared against the commonly used reagent
NIS. Different phenols containing strong electron-withdrawing
groups (5—7 and 16), which usually show great difficulties to
react, undergo iodination reaction with moderate (52%) to
excellent yields (86—90%) by using our system.

From this initial scope exploration, it is possible to conclude
that the optimized conditions allow the controlled mono-
iodination of naphthols, while phenols are diiodinated.
Inspired by these results, we were interested in developing
controlled monoiodination reactions; thus a new optimization
was initiated using 4-iodophenol as the model system (Table

2).

Table 2. Optimization of the Ph1O/NH I-Mediated,
Controlled Monoiodination of Phenols”

OH " phio /NH4l OH OH
Additive 1 N 1 !
© solvent, T (°C) ©I \©/
| | |
34 15
yield
PhIO NH,I additive (%)
entry (equiv) (equiv) (equiv) solvent T (°C)  34/15
1 12 24 MeOH 23 /64
2 12 20 MeOH 23 --/56
3 1 L5 MeOH 23 /60
4 12 24 MeCN 23 nr.
5 12 24 H,0 23 nr.
6 12 24 MeOH 0 25/36
7 12 24 K,PO, (1.5) MeOH 0 80/5
8 12 2.4 K;PO, (1.0) MeOH 0 88/--
9" 12 24 H,S0, MeOH 23 --/55
10" 12 24 H,S04 MeOH 0 10/28

“Reaction conditions: 4-iodophenol (0.5 mmol), solvent (0.15 M),
open flask. S mol % of additive was used. n.r. = no reaction observed.

Several monoannular phenols and naphthols were submitted
to our optimized iodination conditions. We observed that the
reaction shows great tolerance toward naphthols containing
the electron-withdrawing groups bromine (2 and 3), chlorine
(4 and 5), fluorine (6 and 7), or nitrile (8), as well as the
electron-donating groups phenyl (9), tolyl (10), and methoxyl
(11 and 12). The reaction took place regioselectively at the
ortho position with respect to the hydroxyl group, in no more
than 20 min and with good yields ranging from 86% to 98%.
The NOESY correlation of methoxyl protons in 13 and 14
with the ortho protons at C4 and C8 demonstrated the
observed regiochemistry (Scheme 2). Moreover, the scalability
was illustrated by the gram-scale preparation of 1, 2, and 14 in
excellent yields (93—98%). On the other hand, when the
procedure was applied to the iodination of monoannular
phenols, a mixture of unreacted starting material, mono- and
diiodinated derivatives was obtained, in which case an
additional amount of PhIO/NH,I was necessary to complete
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The optimal previous conditions afforded the diiodinated
phenol 15 in 64% yield at 23 °C (Table 2, entry 1). By
reducing the NH,I loading to 2.0 or 1.5 equiv, and the PhIO
loading to 1.0 equiv, 15 was systematically obtained in lower
yields (entries 2 and 3). Changing the solvent to acetonitrile or
water did not yield any product (entries 4 and S). However,
when the reaction was carried at 0 °C in methanol, a mixture
of mono- and diiodinated phenols was observed, but the
starting material was not fully consumed (entry 6). This result
highlights the important role of the temperature in controlling
the reaction. At this point, we hypothesized that a slightly
acidic media could be influencing the outcome due to the
inherently acidic nature of NH,], as well as the release of H*
after the aromatization process. This could be eroding the
control over the monoiodination process, since it is well-
known that acidic media accelerate the iodination process,
leading to unwanted polyhalogenation.”*”*'™** In conse-
quence, we decided to buffer the reaction pH by using tribasic

DOI: 10.1021 /acs,joc9b00161
1 Org. Chem. 2019, 84, 41494164



The Journal of Organic Chemistry

Article

potassium phosphate as an additive.”' To our delight, the use
of 1.5 equiv of K;PO; at 0 °C gave rise to the monoiodination
product 34 in 80% yield in only S min of reaction, in addition to
a small amount (5%) of the diiodination product 15 (entry 7).
Upon decreasing the phosphate salt loading to 1.0 equiv, the
yield of 34 increased to 88% and the diiodination derivative 15
was not observed. These reaction conditions finally facilitated
the totally controlled monoiodination of the 4-iodophenol. To
validate if the acidic medium is responsible for the observed
diiodination in the reaction, we performed the reaction with $
mol % of sulfuric acid as additive. Under these conditions (at
23 °C), the complete consumption of the starting material was
observed, but with only a 55% yield to the diiodination
product 15, in a complex reaction mixture (entry 9). When the
reaction was carried at 0 °C, a mixture of 34 and 35 was
obtained (entry 10). These results strongly point toward the
diiodination being promoted by acidic medium.

After this analysis and determination of the optimal
conditions, we explored the scope of the controlled
monoiodination of phenols (Scheme 3).

A number of monoannular phenols bearing groups with
different electronic nature were tested in the controlled
monoiodination reaction. The exploration started with the
simplest phenol (hydroxybenzene), leading to the monoiodi-
nated product 23 in 56% yield in only 5 min. Neither the ortho

Scheme 3. Scope of the Ph1O/NH,I-Mediated, Controlled
Monoiodination of Phenols®

PhlO (1.2 equiv)

OH NHJ (2.4 equiv)
> H K3P04 (1 equiv) i @/
R—l | T
Z Methanol 0°C
H 5 min
U R= -Me, -OMe, .-.’Fir_ Ph R ClBr
OH OH OH OH
1 I Me Me
Me
Me Me
23 (ss% 24 (82%) 25 (80%) 26 (88%)
27 (90% 28 (sa% 29 (78%)
9 3 (88% 32 (74 %) 9
30 (QOA le_ o-/b ( o) 33 (92/0)
OH
© | @ J@’ @
I
34 (86%) 35 (92% 36 (92%) 37 (85%
NIS= 0%

“Reactlon conditions: phenol (0.5 mmol), methanol (0.15 M), open
flask. “Reaction conditions: phenol (0.5 mmol), NIS (1.2 equiv), TFA
(10 mol %), MeCN (0.15 M) at 23 °C by 12 h.

regioisomer nor the diiodinated product was observed. Other
monoiodinated phenols bearing alkyl groups, such as one (24)
or two methyl groups (25 and 26) or an isopropyl (27), were
successfully obtained in good yields ranging from 80% to 90%.
Phenols containing electron-rich groups such as phenyl or
methoxyl (28 and 29) afforded excellent monoiodination
yields (88% and 78%). Additional examples involving phenols
with the electron-attracting fluoride (30), chloride (31 and
32), bromide (33 and 35), or iodide (34 and 36) groups were
tolerated very well, leading to the totally controlled
introduction of a single iodine atom in high to excellent yields
(86—92%). Even the strongly deactivated 2-chloro-4,5-
difluorophenol led to the monoiodinated 37 in 88% yield.
This starting phenol as well as the 4-chlorophenol did not react
under the typically iodination conditions with NIS.

This set of monoiodinated phenols obtained demonstrated
the scope and the excellent applicability of this methodology,
allowing the use of both electron-rich and electron-poor
monoannular phenols. The short reaction times (ca. S min.),
good yields, and mild and open-flask reaction conditions are
important aspects to be highlighted. To the best of our
knowledge, this is the first report describing a totally controlled
monoiodination of phenols using a buffered system.

The following set of trials was devised to determine the
tolerance of our procedure in the presence of (1) different
functional groups at the phenolic oxygen, (2) functionalized
phenols with more than one functional group, (3) function-
alities other than phenol present in the aryl moiety, and (4)
heterocycles (Scheme 4).

Scheme 4. Functional Group Scope in the PhIO/NH,I-
Mediated lodination of Arenes and Heteroarenes”

R PhIO (1.2 equiv)
NHJ (2.4 equiv) '\
or
Me(hanol 75°C

R= -Me, -Bn, -OMe. -OAc, -CHO, COOMe

' 38 R=Me (57%) MeO
OR 39, R= Bn (38%) D\
OO 40, R= Ac (0%)  MeO —

41, R=Piv ( 0%) 42 (37%) 43 (20%
MeO o (o} N
a (36% 45 (28%) 46 (16%)0° 47 (96%)0°

- < G0

rcomplex reaction
ure no reaction NOy

“Reaction conditions: arene (0.5 mmol), methanol (0.15 M), open
ﬂask. ?One equivalent of NH,I was used. “Reaction carried out at 23
°C. %- -Phenylenediamine was the starting material. “Combined yield
of the mono- and diiodination at the 2,8 positions in a (1.5:1) ratio.

The first attempts to carry out the iodination reaction were
evaluated using 2-methoxynaphthalene as the model system.
However, no reaction was observed when the standard
conditions (PhIO 1.2 equiv/NH,I 2.4 equiv, 23 °C) were
applied, suggesting the importance of the hydroxyl group. By
heating this reaction to 75 °C, using the same stoichiometry,
the iodination provided a 57% yield of 38. By increasing the
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size of the alkyl group through the use of a benzyl-substituted
substrate, iodide 39 was obtained in only 38% yield. When the
acetyl 40 and pivaloyl 41 derivatives were submitted to the
same reaction conditions, no product was formed. Function-
alities at the aryl moiety other than phenol, such as phenol-
ether (42), aldehyde (43), or ester (44), could only be
iodinated in moderate to low yields (20—37% ). Moreover, oxy-
heterocycles as well as nitrogenated heterocycles were tested.
In these cases, the iodination of a 1,3-benzodioxole,
dibenzofuran, as well as free N-H indoles and carbazoles
(45—48) was achieved in low to excellent yields (16—96%) by
using only 1 equiv of NH,I. It is important to mention that
dibenzofuran gave rise to a (1.5:1) ratio of mono- and
diiodinated products. Finally, o-phenylenediamine gave rise to
the 1,2-diimine oxidation product 51 in 91% yield rather than
the expected iodination product. Other substrates such as
pyridine-2-ol, as well as 3-nitro- and 4-nitrophneo, showed
complex reaction mixtures or did not react even by heating at
75 °C for a period of 24 h.

A complementary scope exploration was considered in order
to determine if different halogens can be introduced by
changing the anion in the ammonium salt, thereby a range of
phenols were examined (Scheme 5).

The ammonium chloride and bromide were mainly
employed under the optimized standard conditions (Scheme

Scheme 5. Scope of the NH X Salt in the PhIO/NHX-
Mediated Chlorination and Bromination of Phenols®

PhIO (1.2 equiv) CliBr
NH X (2.4 equiv) N OH
X=Cl, Br R—
S PR
Methanol, 23 °C =
20 min R= -OMe, -Me, -Ph, -Br, -F

Br  51,X=CI(80%) 53 (35%) 54, X= CI (30%)
50 (85%) 52, X=Br (94%) §5, X=Br (92%)
Cl/Br
MeO i I OH OO OH OH
56, X=Cl (92%) 58 (93%) 59 (94%)
57, X= Br (96%)

60, X=C1(90%) pe0

61, X= Br (92%)

) OH F OH

one-pot dihalogenation®
reaction sequence

OH oH 1% 2
OO caQ—»=Qer
BrQ—»Qer
2(78%) 1 O—=0 s&r

“Reactlon conditions: phenol (0.5 mmol), methanol (0.15 M), open
flask. “Overall yield for the one-pot dihalogenation reaction using 2-
naphthol as starting material.
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5) in order to introduce these halides into a range of phenols.
In this way, 2-phenylphenol was brominated in 86% yield,
giving rise to 50. The chlorination and bromination of 2-
naphthol, 6-bromo-2-naphthol, 7-methoxy-2-naphthol, and 6-
(p-tolyl)-2-naphthol also produced their corresponding chlori-
nated and brominated derivatives 51 and 52, 54—57, 60, and
61, respectively, in 80—96% yields. A number of additional
brominated phenols containing electron-withdrawing (53, 62—
65) and electron-donating groups (58 and 59) were isolated in
high yields (90—-95%), which demonstrated the excellent
efficiency of our protocol. In fact, these described conditions
resulted in a general improvement of our previous iodine (IIT)-
mediated chlorination® and bromination®” procedures. It is
also important to mention that a very complex reaction
mixture was observed when NH,F was used, presumably due
to formation of a strongly oxidizing reagent that degraded the
starting material. To conclude the exploration of the scope of
the halide salt, a one-pot two-halogenation reaction sequence
was attempted. Thus, starting from 2-naphthol, the one-pot
chlorination-bromination sequence afforded 54 in an 84%
overall yield. Similarly, tandem bromination-bromination and
iodination-bromination sequences gave rise to 55 and 2 in 91%
and 78% yields, respectively.

In addition to its broad scope, these tests demonstrated the
exciting and varied possibilities of this reaction method,
including high-yielding bis-iodination, fully controlled mono-
iodination, and chlorination or bromination of phenols
possessing a free hydroxyl group.

To conclude the experimental part of this study, a series of
reactions were devised to showcase the synthetic utility of the
reaction (Scheme 6).

The synthetic applicability of the derivatives obtained
through our procedure was illustrated with the compound 6-
bromo-1-iodo-2-naphthol (2) which possesses two halide

Scheme 6. Synthetic Utility of the Synthesized Halogenated
Derivatives

®
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groups with different reactivities. We considered the synthesis
of 2 as an excellent opportunity to carry out two distinct
orthogonal reaction sequences: sequential double Suzuki cross-
coupling, and Sonogashira alkynylation/Suzuki cross-coupling.
In the first sequence, regioselective Suzuki cross-coupling at
the C1 atom of 2 with phenyl boronic acid led to the formation
of the 6-bromo-1-phenyl-2-naphthol 66 in 86% yield. The
second Suzuki cross-coupling with 4-methylboronic acid
introduced the p-tolyl fragment exclusively at the C6 position,
affording the diarylated naphthol 67 in 82% yield. The second
sequence started with the O-methylation of 2, producing 68 in
94% yield. This compound was submitted to Sonogashira
alkynylation conditions, giving rise to 69 in 88% yield with
regioselective functionalization at the C1 position. The
methylated alkynyl naphthol underwent subsequent Suzuki
cross-coupling with (3-chloro-4-fluorophenyl)boronic acid,
leading to the formation of 70 in 68% yield with the
regioselective functionalization at C6 of the naphthol.

Finally, in order to gain more insight into the reaction
mechanism, we decided to carry out the iodination of 2-
naphthol in the presence of the radical scavengers TEMPO*
(tetramethylpiperidine N-oxide) and DPPH (2,2-diphenyl-1-
picrylhydrazyl) in order to determine if a radical or cationic

pathway was operating (eq 1).
1
Qo
O TEMPO = 96%

DPPH = 89%

PhIC (1.2 equiv)
NH4l (2.4 equiv)
radical scavenger 1)
Methanol, 23 °C

radical scavenger

*NNPh,
Me Me ON NO,
Me rr Me
O
TEMPO DPPH NO,

The presence of 1 equiv of TEMPO or DPPH did not affect
the reaction, and 1 was isolated in 96% and 89% yield,
respectively. This experiment ruled out a radical mechanism in
the process, suggesting a cationic iodination as the more
feasible pathway.

To provide a preliminary determination of the iodinating
active species involved in this process, a DFT computational
study was performed at the B3LYP/DGDZVP level® (eq 2).

iodinating species
120 HaN----Hclj H3N""Hc|’
NHJ T
e >l — ST (@)
@ l . isomerization ™ l

cis-adduct trans-adduct

The enthalpy and Gibbs free energy of the reaction between
PhIO and NH,I were calculated to evaluate the energetic
stability of the obtained product. The resulting values strongly
suggested the formation of the trans-adduct PhII(OH)-NH; as
the most plausible active iodinating species. This hypervalent
iodine(III) derivative is obtained after the isomerization of its
corresponding cis-adduct which is formed initially as the kinetic
product, while the aforementioned trans-PhII(OH)-NH; is the
thermodynamic compound (see Supporting Information (SI)
for full details).” We verified that the optimized geometry of
the iodinating active species corresponds to a minimum on the
potential energy surface by performing harmonic frequency
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calculations at 298 K and 1 atm (selected bond lengths and
angles are included; see SI).

On the other hand, the electrophilic nature of the plausible
iodinating species was analyzed by using the Fukui functions as
the covalent descriptor*>*¢ (Figure 2).

A)

3.0x103 e A2
B)

0

Figure 2. (a) The Fukui function for electrophilic attack of the
plausible iodinating active species and (b) its 2D projection. Color
code for atoms in brackets: C (brown), O (red), I (purple), (N) light
blue, and H (pink).

The highest values of the calculated Fukui function (Figure
2a) showed the most electrophilic site” at the terminal iodine
atom as an electrophilic center® which is identified with the
isosurface in yellow color. It is clearly observed that the
terminal iodine is the most electrophilic atom of the adduct
PhII(OH)-NH;, which is in agreement with our proposed
cationic iodination mechanism. A 2D projection of the
electrophilic form of the Fukui function (Figure 2b) is
illustrated to evaluate the reactivity and susceptibility of the
iodinating adduct toward electrophilic attacks. The full results
of this mechanic study will be published separately.

B CONCLUSIONS

In summary, we have developed a new hypervalent iodine (IIT)-
based iodination procedure of phenols by using iodosylben-
zene (PhIO) and ammonium iodide (NH,I) as an inexpensive
source of iodine atoms. This protocol was applied to a wide
range of different arenes including aromatic and heteroar-
omatic derivatives. The best yields were obtained with phenols
having at least one free hydroxyl group, and total control over
the di- or monoiodination was achieved by buffering the
reaction with tribasic potassium phosphate (K;PO,). This
novel procedure takes place under mild, open-flask, one-step,
and operationally simple reaction conditions with short
reaction times (5—20 min) and high yields. Initial mechanistic
investigations showed PhII(OH)-NHj to be the most plausible
iodinating species in the process.
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B EXPERIMENTAL SECTION

Organic Synthesis. General Information. All moisture- and
oxygen-sensitive reactions were carried out in flame-dried round-
bottom flasks under an inert atmosphere of nitrogen. Unless
otherwise specified, all commercial materials were used as received
without further purification. Anhydrous solvents were purchased from
Sigma-Aldrich in SureSeal bottles. Column chromatography was
performed using silica gel of sizes 100—200 and 230—-400 mesh
(Sigma-Aldrich). Thin layer chromatography was performed with
TLC silica gel 60 F256 plates, and visualization was effected with
short wavelength UV light (254 nm). Compounds were characterized
using '"H NMR and *C NMR. (Copies of '"H NMR and “C NMR
spectra are provided for all the compounds in the SL.) Data of known
compounds were compared with existing literature characterization
data, and the references are given. 'H and *C NMR spectra were
recorded with 500 MHz and Bruker advance 400 MHz instruments
using deuterated solvents purchased from Sigma-Aldrich like CDCl,.
'H spectra were referenced with tetramethyl silane (TMS, 0.0 ppm)
or chloroform (CDCl;, 7.26 ppm) and are reported as follows:
chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q =
quartet, m = multiplet), coupling constant (Hz), and integration.
Chemical shifts of the ?C NMR spectra were measured relative to
CDCl; (8 = 77.16 ppm). All the starting materials were synthesized
according to reported procedures in the literature. High-resolution
mass (HRMS) analyses were obtained under the following procedure:
Samples were introduced by direct infusion at 3 yL min™' to the
electrospray ionization (ESI) source of a quadrupole time-of-flight
mass spectrometer (Bruker Daltonics ESI-QTOF-MS maXis impact),
equipped with Data Analysis 4.1. ESI was operated in positive mode
with ion spray voltage 4 500 V, nitrogen dry gas 4 L min™', drying
temperature 180 °C, and gas pressure 0.4 bar. Mass calibration was
accomplished based on sodium formate clusters. Chemical
nomenclature was generated using Chemdraw. Infrared (IR) spectra
were recorded using a PerkinElmer system 2000 FT-IR spectrometer.
Melting points of solids were measured using a Fisher-Johns melting
point apparatus.

Synthesis of lodosylbenzene (PhlO),. In a 250 mL round-
bottom flask was suspended bis(acetoxy)iodobenzene (PIDA) (10 g,
31.04 mmol, 1 equiv) in 150 mL of a 3 M NaOH solution. The
reaction was strongly stirred to room temperature during 12 h. Then,
a precipitate was formed which was filtered off and washed with cold
water until pH of water was neutral. Then the solid was washed (3 x
10 mL) with CHCI, to remove impurities of PIDA. The obtained
solid was dried at high vacuum without heating to yield (PhIO), (6.2
g 91%) as a yellowish solid. Caution! (PhIO), is explosive upon drying
at 110 °C in vacuum conditions.

General Procedure A. A 25 mL oven-dried round-bottom flask
equipped with a magnetic stir bar was charged with the corresponding
phenol (0.5 mmol, 1 equiv) and methanol (0.15 M) at 25 °C. After
dissolving and obtaining a homogeneous mixture, NH,X (1.2 mmol,
2.4 equiv) (X = Cl, Br, or I) was added and stirred for 2 min. Then
iodosylbenzene (0.6 mmol, 1.2 equiv) was added and stirred at 25 °C
until full consumption of the starting material (usually 5—20 min). To
quench the reaction, AcOEt (5 mL) was added and concentrated in
vacuo. Purification was carried out by column chromatography with
the EtOAc-Hexanes system to give the desired product.

General Procedure B. A 25 mL oven-dried round-bottom flask
equipped with a magnetic stir bar was charged with the corresponding
phenol (0.5 mmol, 1 equiv) and methanol (0.15 M) at 0 °C. After
dissolving and obtaining a homogeneous mixture, NH,I (1.2 mmol,
2.4 equiv) was added and stirred for 2 min. Then K;PO, (1 equiv)
and iodosylbenzene (0.6 mmol, 1.2 equiv) were added and stirred at
25 °C until full consumption of the starting material (usually S min).
To quench the reaction, AcOEt (S mL) was added and concentrated
in vacuo. Purification was carried out by column chromatography with
the EtOAc-Hexanes system to give the desired product.

Suzuki—Miyaura Cross-Coupling Procedure. The starting
materials of the examples 4—12°°77° and 58-65°""7" were
synthesized by Suzuki—Miyaura cross-coupling according to the
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following procedure. A 50 mL round-bottom flask with a stir bar was
fitted with a rubber septum and flame-dried under high vacuum. The
flask was purged with argon and charged with Pd(PPh,), (155.5 mg,
0.1 mmol), K,CO; (580.5 mg, 4.2 mmol), 6-bromonaphthalen-2-ol
(443.9 mg 2.0 mmol), boronic acid (4.0 mmol), 10.0 mL of 1,4-
dioxane, and 2 mL of distilled water. The following boronic acids were
purchased from Sigma-Aldrich and used as such without additional
purification: 4-chlorophenylbronic acid for compound 4; 3-chloro-4-
fluorophenylboronic acid for compounds § and 64; 4-fluorophenyl-
boronic acid for compounds 6 and 63; 3,4-difluorophenylboronic acid
for compounds 7 and 65; 4-cyanophenylboronic acid for compound
8; phenylboronic acid for compounds 9 and 58; 4-methylboronic acid
for compounds 10, 60, and 61; 4-methoxyphenyl boronic acid for
compounds 11 and 62; 3,4-dimethoxyphenylboronic acid for
compound 12; and 2-naphthylboronic acid for compound §9. The
reaction mixture was then heated at 80 °C for 8 h. After the reaction
was cooled down to room temperature, the organic layer was
separated, the aqueous layer was extracted with ethyl acetate (3 x 10
mL), and the combined organic layer was dried over Na,SO, and
concentrated. The crude products were purified by flash chromatog-
raphy on silica gel.

Examples in Scheme 2. I-lodonaphthalen-2-ol (1).?’ The
following compound was obtained according to the general procedure
A, by using 2-naphthol as starting material and NH, L. The crude
material was purified by flash column chromatography over silica gel
with the system (3% EtOAc/Hexane) to afford the product 1 (92 mg,
989%), gram scale (1.72 g, 92%), as a white solid. m.p. = 89-91 °C. Ry
= 0.5 (5% EtOAc/Hexane). "H NMR (500 MHz, CDCl;) 6 7.94 (d, |
= 8.5 Hz, 1H), 7.76 (dd, ] = 8.4, 3.3 Hz, 2H), 7.58 (t, 1H), 7.42 (t,
1H), 728 (d, J = 2.1 Hz, 1H), 5.79 (s, 1H). “C{'H} NMR (126
MHz, CDCL,) & 1539, 1349, 130.7, 130.4, 129.8, 128.4, 128.4, 124.3,
116.9, 86.7. HRMS (ESI+): m/z calculated for C,oH,IO [M + H]*
270.9620, found 270.9616.

6-Bromo-1-iodonaphthalen-2-ol (2).*° The following compound
was obtained according to the general procedure A, by using 6-
bromonaphthalen-2-ol as starting material and NH,I. The crude
material was purified by flash column chromatography over silica gel
with the system (5% EtOAc/Hexane) to afford the product 2 (73 mg,
93%), gram scale (1.41 g, 90%), as a white solid. m.p. = 85—87 °C.
= 0.2 (8% EtOAc/Hexane). IR (neat) v/cm™ = 3439, 3228, 2921,
1589. 'H NMR (500 MHz, CDCL,) §7.96 (d, ] = 9.9 Hz, 1H), 7.82
(dd, J = 8.9, 5.2 Hz, 1H), 7.56 (dd, J = 8.7, 5.4 Hz, 2H), 7.27 (dd, ] =
2.6 Hz, 1H), 581 (s, 1H). C{'H} NMR (126 MHz, CDCl,) &
154.1, 1334, 132.1, 131.3, 1304, 1300, 129.6, 118.6, 117.5, 85.9.
HRMS (ESI+): m/z calculated for C,gH,BrIO [M + H]* = 3488725,
found 348.8705.

3-Bromo-T1-iodonaphthalen-2-ol (3). The following compound
was obtained according to the general procedure A, by using 3-
bromonaphthalen-2-ol as starting material and NH,I. The crude
material was purified by flash column chromatography over silica gel
with the system (5% EtOAc/Hexane) to afford the product 3 (72 mg,
929%) as a white solid. mp. = 67—69 °C. R; = 0.14 (10% EtOAc/
Hexane). IR (neat) v/cm™" = 3390, 3023, 1560, 1429. "H NMR (500
MHz, CDCL,) & 8.05 (s, 1H), 7.97 (d, ] = 8.4 Hz, 1H), 7.66 (d, ] =
8.0 Hz, 1H), 7.56 (t, ] = 7.5 Hz, 1H), 7.39 (t, ] = 7.4 Hz, 1H), 6.22 (s,
1H). “C{'H} NMR (126 MHz, CDCl;) § 149.7, 134.7, 132.5, 130.8,
129.9, 128.6, 127.4, 125.1, 109.6, 84.7. HRMS (EI): m/z calculated
for CsHBrIO [M]* = 347.8647, found 347.8639.

1-lodo-3-methoxynaphthalen-2-ol (4). The following compound
was obtained according to the general procedure A, by using 3-
methoxynaphthalen-2-ol as starting material and NH,I. The crude
material was purified by flash column chromatography over silica gel
with the system (5% EtOAc/Hexane) to afford the product 4 (81 mg,
94%) as a white solid. mp. = 73—75 °C. R; = 0.5 (10% EtOAc/
Hexane). IR (neat) v/ecm™ = 3328, 3012, 1620, 1478, 1439. 'H
NMR (500 MHz, CDCl,) 6 801 (d, ] = 7.7 Hz, 1H), 7.64 (d, ] = 7.4
Hz, 1H), 743 (d, J = 7.5 Hz, 1H), 7.36 (d, ] = 7.5 Hz, 1H), 7.12 (s,
1H), 6.58 (s, 1H), 4.04 (s, 3H). “C{'H} NMR (126 MHz, CDCl;) §
1466, 1469, 130.8, 129.6, 127.7, 1261, 126.3, 124.8, 106.6, 82.7,
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56.9. HRMS (EI): m/z calculated for C,;H,JO2 [M]* = 299.9647,
found 299.9641.

1-lodo-7-methoxynaphthalen-2-ol (5). The following compound
was obtained according to the general procedure A, by using 7-
methoxynaphthalen-2-ol as starting material and NH,I. The crude
material was purified by flash column chromatography over silica gel
with the system (6% EtOAc/Hexane) to afford the product 5 (83 mg,

96%), gram scale (1.62 g 94%), as a white solid m.p. = 7981 °C. R,

=0.15 (10% EtOAc/Hexane). IR (neat) v/cm™" = 3428, 3018, 1630,
1380, 1409. "H NMR (500 MHz, CDCL,) 6 7.66 (dd, ] = 8.7, 5.7 Hz,
2H), 7.28 (s, 1H), 7.13 (d, ] = 8.7 Hz, 1H), 7.05 (d, ] = 8.8 Hz, 1H),
5.84 (s, 1H), 4.00 (s, 3H). BC{'H} NMR (126 MHz, CDCl,) &
159.9, 154.4, 136.5, 130.6, 130.2, 124.9, 1165, 114.3, 109.8, 85.6,
55.6. HRMS (ESI+): m/z calculated for C,;H,,JO, [M + H]*
300.9725, found 300.9715.

1-lodo-6-phenylnaphthalen-2-ol (6).° The following compound
was obtained according to the general procedure A, by using 6-
phenylnaphthalen-2-ol as starting material and NH,I. The crude
material was purified by flash column chromatography over silica gel
with the system (4% EtOAc/Hexane) to afford the product 6 (66 mg,
96%) as a white solid. m.p. = 138—140 °C. R; = 0.42 (8% EtOAc/
Hexane). IR (neat) v/ecm™ = 3410, 3020, 1585, 1472, 1430. 'H
NMR (400 MHz, CDCL) & 7.96 (d, J = 8.7 Hz, 1H), 7.92 (s, 1H),
777 (t,] = 8.2 Hz, 2H), 7.68 (d, ] = 7.6 Hz, 2H), 7.46 (t, ] = 7.5 Hz,
2H), 7.36 (t, ] = 7.4 Hz, 1H), 7.23 (d, ] = 3.3 Hz, 1H), 5.79 (s, 1H).
BC{'H} NMR (126 MHz, CDCL) & 153.8, 1404, 1369, 134.5,
130.8, 130.8, 129.8, 128.9, 127.7, 127.4, 127.8, 126.1, 11638, 85.9.
HRMS (EI): m/z calculated for C,;H,,JO [M]* = 3459855, found
345.9847.

1-lodo-6-(p-tolyl)naphthalen-2-ol (7).*° The following compound
was obtained according to the general procedure A, by using 6-(p-
tolyl)naphthalen-2-0l as starting material and NH,I. The crude
material was purified by flash column chromatography over silica gel
with the system (6% EtOAc/Hexane) to afford the product 7 (62 mg,
93%) as a white solid. m.p. = 132—134 °C. R, = 0.55 (15% EtOAc/
Hexane). IR (neat) v/cm™' = 3210, 3040, 1680, 1600, 1530, 1482,
1454. '"H NMR (400 MHz, CDCl,) 6 7.92 (d, ] = 8.7 Hz, 1H), 7.88
(s, 1H),7.77 (t, ] =82 Hz,2H), 7.56 (d, ] = 7.7 Hz,2H), 724 (d, ] =
4.1 Hz, 1H), 7.21 (s, 1H), 5.74 (s, 1H). “C{'H} NMR (101 MHz,
CDCLy) 5 153.8,137.6, 137.4, 137.2, 134.0, 130.9, 130.9, 129.8, 127.8,
127.3, 1258, 116.9, 86.8, 21.9. HRMS (EI): m/z calculated for
C-H,,I0 [M]* = 360.0011, found 360.0006.

1-lodo-6-(4-methoxyphenyl)naphthalen-2-ol (8). The following
compound was obtained according to the general procedure A, by
using 6-(4-methoxyphenyl)naphthalen-2-ol as starting material and
NH,L The crude material was purified by flash column chromatog-
raphy over silica gel with the system (8% EtOAc/Hexane) to afford
the product 8 (74 mg, 98%) as a white solid. m.p. = 140—142 °C. R;=
0.12 (15% EtOAc/Hexane). IR (neat) v/cm™' = 3398, 3040, 1598,
1498, 1440. "H NMR (400 MHz, CDCL,) 5 7.95 (d, J = 8.7 Hz, 1H),
7.88 (s, 1H), 7.75 (d, ] = 8.9 Hz, 2H), 7.63 (d, ] = 8.3 Hz, 2H), 7.24
(d, ] = 3.7 Hz, 1H), 7.01 (d, J = 8.3 Hz, 2H), 5.79 (s, 1H), 3.86 (s,
3H). C{'H} NMR (101 MHz, CDCL) & 159.8, 153.7, 136.8, 133.8,
1329, 130.8, 130.8, 130.4, 128.4, 127.8, 125.6, 1169, 114.5, 86.8,
55.5. HRMS (EI): m/z calculated for C,;H 3,10, [M]* = 375.9960,
found 375.9955.

6-(3,4-Dimethoxyphenyl)-1-iodonaphthalen-2-ol (9). The follow-
ing compound was obtained according to the general procedure A, by
using 6-(3,4-dimethoxyphenyl)-naphthalen-2-ol as starting material
and NHL The crude material was purified by flash column
chromatography over silica gel with the system (10% EtOAc/
Hexane) to afford the product 9 (70 mg, 96%) as a white solid. m.p. =
132—134 °C. R; = 0.15 (15% EtOAc/Hexane). IR (neat) v/cm™' =
3330, 3020, 1610, 1491, 1425. '"H NMR (400 MHz, CDCl;) 6 7.97
(d, J = 8.8 Hz, 1H), 7.91 (d, J = 9.6 Hz, 1H), 7.80—7.75 (m, 2H),
727 (d,J= 9.2 Hz, 2H), 721 (d, ] = 1.7 Hz, 1H), 6.99 (d, ] = 8.1, 4.2
Hz, 1H), 579 (s, 1H), 399 (s, 3H), 3.95 (s, 3H). C{'H} NMR
(126 MHz, CDCL,) § 153.7, 149.4, 148.8, 136.8, 133.9, 133.9, 130.8,
130.7, 129.8, 127.6, 125.5, 119.6, 116.8, 111.6, 110.5, 85.9, 56.0.
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HRMS (EI): m/z calculated for C,gH,I0, [M]* = 406.0066, found
406.0063.

6-(4-Chlorophenyl)-1-iodonaphthalen-2-ol (10). The following
compound was obtained according to the general procedure A, by
using 6-(4-chlorophenyl)naphthalen-2-ol as starting material and
NH,IL. The crude material was purified by flash column chromatog-
raphy over silica gel with the system (8% EtOAc/Hexane) to afford
the product 10 (65 mg, 88%) as a white solid. m.p. = 160—162 °C. R,
= 0.20 (8% EtOAc/Hexane). IR (neat) v/ecm™" = 3330, 3045, 1580,
1486, 1460. 1H NMR (500 MHz, CDCL) & 7.96 (d, ] = 8.7 Hz, 1H),
7.88 (d, J = 1.5 Hz, 1H), 7.75 (d, J = 8.8 Hz, 1H), 7.72 (dd, ] = 8.7,
1.8 Hz, 1H), 7.59 (d, ] = 8.4 Hz, 2H), 7.44—7.40 (m, 2H), 7.24 (d, ]
= 6.7 Hz, 1H), 5.79 (s, 1H). “C{'"H} NMR (126 MHz, CDCl,) §
154.4, 138.8, 135.7, 134.9, 133.7, 131.2, 1308, 129.8, 129.9, 128.8,
127.6, 1262, 117.5, 85.8. HRMS (EI): m/z calculated for C,;H,,CIIO
[M]* = 379.9465, found 379.9460.

6-(4-Fluorophenyl)-1-iodonaphthalen-2-ol (11). The following
compound was obtained according to the general procedure A, by
using 6-(4-fluorophenyl)naphthalen-2-ol as starting material and
NH,L The crude material was purified by flash column chromatog-
raphy over silica gel with the system (12% EtOAc/Hexane) to afford
the product 11 (67 mg, 88%) as a light yellowish solid. m.p. = 136~
138 °C. Ry = 0.14 (20% EtOAc/Hexane). IR (neat) v/cm™" = 3400,
3035, 1580, 1485, 1454. "H NMR (500 MHz, CDCL,) 5 7.98 (d, J =
8.7 Hz, 1H), 7.89 (d, ] = 1.4 Hz, 1H), 7.78 (d, ] = 8.8 Hz, 1H), 7.75
(dd, J = 87, 1.7 Hz, 1H), 7.67—7.63 (m, 2H), 7.28 (d, J = 8.8 Hz,
1H), 7.17 (t, J = 8.7 Hz, 2H), 5.80 (s, 1H). *C{'H} NMR (126
MHz, CDCLy) 6 162.74 (d, ] = 247.0 Hz), 154.8, 136.7 (d, ] = 3.3
Hz), 1369, 134.8 (d, ] = 3.1 Hz), 131.2 (d, ] = 17.9 Hz), 130.1, 128.9
(d, ] = 8.0 Hz), 127.7, 126.1, 117.1, 1159 (d, J = 21.5 Hz), 86.4.
HRMS (EI): m/z calculated for C;sH,,FIO [M]* = 363.9760, found
363.9753.

6-(4-Chloro-3-fluorophenyl)-1-iodonaphthalen-2-ol (12). The
following compound was obtained according to the general procedure
A, by using 6-(4-chloro-3-flucrophenyl)naphthalen-2-ol as starting
material and NH,I. The crude material was purified by flash column
chromatography over silica gel with the system (10% EtOAc/Hexane)
to afford the product 12 (63 mg, 86%) as a light yellowish solid. m.p.
= 142—144 °C. R; = 0.55 (15% EtOAc/Hexane). IR (neat) v/cm™
3440, 3140, 1680, 1498, 1420. 'H NMR (500 MHz, CDCL,) & 7.95
(d, ] =8.7 Hz, 1H), 7.84 (s, 1H), 7.74 (d, ] = 8.7 Hz, 1H), 7.67 (t, ] =
7.2 Hz, 2H), 7.53—7.47 (m, 1H), 7.22 (dd, ] = 16.8, 9.0 Hz, 2H), 5.80
(s, 1H). *C{'H} NMR (126 MHz, CDCL)) & 157.9 (d, J = 249.5
Hz), 154.3, 137.8 (d, ] = 4.1 Hz), 134.8, 134.4, 131.8, 1309, 129.8,
129.7, 1274, 1272 (d, ] = 7.1 Hz), 126.7, 121.6 (d, ] = 18.0 Hz),
117.7 (d, ] = 13.7 Hz), 117.5, 86.1. HRMS (ESI—): m/z calculated for
C,¢H,CIFIO [M — H]~ = 396.9298, found 396.9290.

6-(3,4-Difluorophenyl)-1-iodonaphthalen-2-ol (13). The follow-
ing compound was obtained according to the general procedure A, by
using 6-(3,4-difluorophenyl )naphthalen-2-ol as starting material and
NH,L The crude material was purified by flash column chromatog-
raphy over silica gel with the system (15% EtOAc/Hexane) to afford
the product 13 (67 mg, 90%) as a light yellowish solid. m.p. = 122—
124 °C. Ry = 0.55 (20% EtOAc/Hexane). IR (neat) v/ecm™" = 3400,
3040, 1600, 1498, 1445. "H NMR (500 MHz, CDCL,) 6 7.95 (d, ] =
8.7 Hz, 1H), 7.83 (s, 1H), 7.74 (dd, ] = 8.8, 1.7 Hz, 1H), 7.69—7.65
(m, 1H), 7.49-7.42 (m, 1H), 7.39=7.33 (m, 1H), 7.26=7.19 (m,
2H), 580 (s, 1H). “C{'H} NMR (126 MHz, CDCl,) & 154.9,
151.9-150.9 (m), 150.6—148.8 (m), 137.7 (dd, J = 5.6, 3.9 Hz),
1350, 134.4, 131.2, 130.9, 129.8, 127.2, 126.4, 123.7 (dd, ] = 6.0, 3.3
Hz), 117.8 (d, ] = 17.3 Hz), 117.3, 1165 (d, J = 17.7 Hz), 86.0.
HRMS (EI): m/z calculated for C;sH F,IO [M]* = 381.9666, found
381.9662.

6-Hydroxy-5-iodo-2-naphthonitrile (14).°° The following com-
pound was obtained according to the general procedure A, by using
phenol as starting material and NH,I. The crude material was purified
by flash column chromatography over silica gel with the system (10%
EtOAc/Hexane) to afford the product 14 (75 mg, 86%) as a yellow
solid. From 6-hydroxy-2-naphthonitrile. Ry = 0.55 (15% EtOAc/
Hexane). "H NMR (500 MHz, DMSO) & 8.43 (d, J = 1.1 Hz, 1H),
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8.04 (d, ] = 8.8 Hz, 1H), 7.94 (d, ] = 89 Hz, 1H), 7.78 (dd, ] = 8.8,
1.6 Hz, 1H), 7.35 (d, J = 8.8 Hz, 1H). *C{'"H} NMR (126 MHz,
DMSO) & 1589, 137.6, 135.6, 131.6, 131.8, 1289, 127.9, 119.6,
119.6, 105.9, 84.7.

2,4,6-Triiodophenol (15)3° The following compound was
obtained according to the general procedure A, by using phenol as
starting material and NH,I. The crude material was purified by flash
column chromatography over silica gel with the system (2% EtOAc/
Hexane) to afford the product 15a (116 mg, 46%) as a white solid.
From 4-iodophenol, 15b (160 mg, 64%). m.p. = 137—139 °C. Ry =
0.46 (4% EtOAc/Hexane). '"H NMR (500 MHz, CDCL,) & 7.87 (s,
2H), 5.69 (s, 1H). *C{'H} NMR (126 MHz, CDCl,) 5 153.8, 146.4,
83.9, 83.5. HRMS (ESI+): m/z calculated for C¢H,I,O [M + H]" =
472.7396, found 472.7391.

4-Fluoro-2,6-diiodophenol (16). The following compound was
obtained according to the general procedure A, by using 4-
fluorophenol as starting material and NH,I. The crude material was
purified by flash column chromatography over silica gel with the
system (4% EtOAc/Hexane) to afford the product 16 (65 mg 52%)
as a white solid. m.p. = 64—66 °C. R; = 0.15 (6% EtOAc/Hexane). IR
(neat) v/cm™' = 3400, 290, 1580, 1498, 1465. '"H NMR (500 MHz,
CDCl,) 6 7.37 (d, ] = 7.3 Hz, 2H), 549 (s, 1H). “C{'"H} NMR (126
MHz, CDCL) & 1559 (d, J = 248.5 Hz), 150.8 (d, ] = 3.0 Hz), 125.9
(d, ] = 24.6 Hz), 80.6 (d, ] = 8.5 Hz). HRMS (ESI-): m/z calculated
for CH,FLO [M — H]™ = 362.8179, found 362.8175.

4-Bromo-2,6-diiodophenol (17).”’ The following compound was
obtained according to the general procedure A, by using 4-
bromophenol as starting material and NH,I. The crude material
was purified by flash column chromatography over silica gel with the
system (2% EtOAc/Hexane) to afford the product 17 (85 mg, 60%)
as a white solid. m.p. = 115—117 °C. R; = 0.4 (4% EtOAc/Hexane).
'"H NMR (500 MHz, CDCL,) § 7.71 (s, 2H), 5.65 (s, 1H). “C{'H}
NMR (126 MHz, CDCL,) 8 153.7, 140.9, 113.6, 82.6.

2,6-Diiodo-4-methylphenol ( 18).°" The following compound was
obtained according to the general procedure A, by using 4-
methylphenol as starting material and NH,I. The crude material
was purified by flash column chromatography over silica gel with the
system (2% EtOAc/Hexane) to afford the product 18 (100 mg, 67%)
as a white solid. m.p. = 49—51 °C. R, = 0.55 (6% EtOAc/Hexane). 'H
NMR (500 MHz, CDCL) 6 7.50 (s, 2H), 5.59 (s, 1H), 2.24 (s, 3H).
BC{'H} NMR (126 MHz, CDCl,) § 1514, 139.6, 133.8, 82.5, 19.7.
HRMS (ESI+): m/z calculated for C;H,;L,O [M + H]* = 360.8586,
found 360.8577.

4-Bromo-2,6-diiodo-3-methoxyphenol (19). The following com-
pound was obtained according to the general procedure A, by using 4-
bromo-3-methoxyphenol as starting material and NH,I. The crude
material was purified by flash column chromatography over silica gel
with the system (5% EtOAc/Hexane) to afford the product 19 (79
mg, 70%) as a white solid. m.p. = 64—68 °C. IR (neat) v/cm™
3382, 3060, 1613, 1485, 1454. R, = 0.2 (10% EtOAc/Hexane). 'H
NMR (500 MHz, CDCL) 6 7.88 (s, 1H), 5.84 (s, 1H), 3.86 (s, 3H).
BC{'"H} NMR (126 MHz, CDCl,) § 157.8, 154.6, 141.5, 107.4, 82.3,
764, 60.8. HRMS (EI): m/z calculated for C;HBr,O, [M]* =
453.7562, found 453.7559.

3,5-Diiodo-[1,1"-biphenyl]-2-ol (20). The following compound
was obtained according to the general procedure A, by using [1,1'-
biphenyl]-2-ol as starting material and NH,I. The crude material was
purified by flash column chromatography over silica gel with the
system (4% EtOAc/Hexane) to afford the product 20 (81 mg 58%)
as a colorless oil. Ry = 0.14 (10% EtOAc/Hexane). IR (neat) v/cm™
= 3480, 3010, 1485, 1470, 1430. "H NMR (500 MHz, CDCL,) & 7.96
(d, ] = 1.7 Hz, 1H), 7.53 (d, ] = 1.7 Hz, 1H), 7.51-7.37 (m, SH),
5.58 (s, 1H). “C{'H} NMR (126 MHz, CDCl,) § 151.9, 1452,
139.5, 135.9, 130.7, 129.2, 128.6, 87.1, 83.7. HRMS (ESI-): m/z
calculated for C,H,LO [M — H]~ = 420.8292, found 420.8263.

2,6-Diiodo-3,5-dimethoxyphenol (21).°? The following com-
pound was obtained according to the general procedure A, by using
3,5-dimethoxyphenol as starting material and NH L. The crude
material was purified by flash column chromatography over silica gel
with the system (5% EtOAc/Hexane) to afford the product 21 (190
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mg, 72%) as a white solid. mp. = 149—141 °C. Ry = 0.55 (15%
EtOAc/Hexane). IR (neat) v/cm™ = 3430, 2920, 1810, 1488, 1428.
'"H NMR (500 MHz, CDCl;) § 6.01 (s, 1H), 592 (s, 1H), 3.83 (s,
6H). BC{'H} NMR (126 MHz, CDCL)) & 160.4, 1549, 88.4, 64.5,
56.8. HRMS (ESI+): m/z calculated for CiH,LO, [M + H]* =
406.8641, found 406.8638.

2,6-Diiodo-3,4-dimethoxyphenol (22). The following compound
was obtained according to the general procedure A, by using 3,4-
dimethoxyphenol as starting material and NH,I. The crude material
was purified by flash column chromatography over silica gel with the
system (6% EtOAc/Hexane) to afford the product 22 (186 mg, 70%)
as a white solid. m.p. = 150—152 °C. R;= 0.5 (10% EtOAc/Hexane).
IR (neat) v/ecm™ = 3400, 3030, 1595, 1492, 1430. 'H NMR (500
MHz, CDCl;) 8 601 (s, 1H), 5.92 (s, 1H), 3.83 (s, 6H). “C{'H}
NMR (126 MHz, CDCL,) & 160.3, 1549, 130.8, 128.8, 88.4, 68.7,
64.5, 56.8. HRMS (EI): m/z calculated for CHLO, [M]* =
405.8563, found 405.8558.

Examples in Scheme 3. 4-lodophenol (23).>' The following
compound was obtained according to the general procedure B, by
using phenol as starting material and NH,L. The crude material was
purified by flash column chromatography over silica gel with the
system (2% EtOAc/Hexane) to afford the product 23 (133 mg, 56%)
as a white solid. m.p. = 80—82 °C. R; = 0.5 (6% EtOAc/Hexane). 'H
NMR (500 MHz, CDCl,) & 7.44 (d, ] = 7.7 Hz, 2H), 6.55 (d, ] = 7.6
Hz, 2H), 491 (s, 1H). “C{'H} NMR (126 MHz, CDCl,) & 155.8,
1389, 117.9, 82.8.

2-lodo-4-methylphenol (24).' The following compound was
obtained according to the general procedure B, by using 4-
methylphenol as starting material and NH,I. The crude material
was purified by flash column chromatography over silica gel with the
system (5% EtOAc/Hexane) to afford the product 24 (178 mg, 82%)
as a white solid. m.p. = 96—98 °C. R; = 0.55 (10% EtOAc/Hexane).
"H NMR (500 MHz, CDCL,) 6 7.47 (d,] = 1.4 Hz, 1H), 7.04 (dd, ] =
8.2,1.6 Hz, 1H), 6.88 (d, ] = 8.2 Hz, 1H), 5.15 (s, 1H), 2.25 (s, 3H).
BC{'H} NMR (126 MHz, CDCL) & 1529, 1384, 132.1, 130.9,
114.8, 85.5 20.8.

2-lodo-4,5-dimethylphenol (25). The following compound was
obtained according to the general procedure B, by using 4,5-
dimethylphenol as starting material and NH,I. The crude material was
purified by flash column chromatography over silica gel with the
system (4% EtOAc/Hexane) to afford the product 25 (176 mg, 80%)
as a white solid. m.p. = 50—52 °C. R;= 0.12 (8% EtOAc/Hexane). 'H
NMR (500 MHz, CDCL,) 6 7.39 (s, 1H), 6.79 (s, 1H), 5.04 (s, 1H),
2.18 (s, 3H), 215 (s, 3H). “C{'H} NMR (126 MHz, CDCL,) &
152.80, 139.6, 138.6, 1309, 116.4, 81.7, 19.9, 18.9.

4-lodo-2,6-dimethylphenol (26, .°" The following compound was
obtained according to the general procedure B, by using 2,6-
dimethylphenol as starting material and NH,I. The crude material was
purified by flash column chromatography over silica gel with the
system (6% EtOAc/Hexane) to afford the product 26 (178 mg, 88%)
as a white solid. m.p. = 96—98 °C. R;= 0.2 (10% EtOAc/Hexane). 'H
NMR (400 MHz, CDCL,) 5 7.29 (s, 2H), 4.62 (s, 1H), 2.19 (s, 6H).
BC{'H} NMR (101 MHz, CDCL) § 152.8, 137.1, 125.7, 82.3, 15.5.

2-lodo-4-isopropylphenol (27).** The following compound was
obtained according to the general procedure B, by using 4-
isopropylphenol as starting material and NH,I. The crude material
was purified by flash column chromatography over silica gel with the
system (3% EtOAc/Hexane) to afford the product 27 (174 mg, 90%)
as a colorless liquid. R; = 0.55 (8% EtOAc/Hexane). '"H NMR (500
MHz, CDCL,) & 7.44—7.41 (m, 1H), 7.02 (dd, J = 8.3, 2.0 Hz, 1H),
6.84 (d, ] = 8.3 Hz, 1H), 5.05 (s, 1H), 2.72 (hept, ] = 13.7, 6.9 Hz,
1H), 1.13 (d, ] = 6.0 Hz, 6H). “C{'H} NMR (126 MHz, CDCl,) &
152.8, 143.3, 135.8, 128.3, 114.8, 85.6, 32.9, 24.6.

5-Bromo-3-iodo-[1,1'-biphenyl]-2-ol (28). The following com-
pound was obtained according to the general procedure B, by using 5-
bromo-[1,1"-biphenyl]-2-ol as starting material and NH,L. The crude
material was purified by flash column chromatography over silica gel
with the system (5% EtOAc/Hexane) to afford the product 28 (66
mg, 88%) as a yellowish liquid. R; = 0.55 (10% EtOAc/Hexane). IR
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(neat) v/cm™" = 3360, 3080, 1540, 1486, 1480. '"H NMR (500 MHz,
CDCly) 6 7.79 (s, 1H), 7.51-7.36 (m, 6H), 5.57 (s, 1H). *C{'H}
NMR (126 MHz, CDCL) & 1514, 139.5, 135.9, 133.5, 129.9, 128.9,
128.9, 1285, 113.3, 86.6. HRMS (ESI-): m/z calculated for
C.H,BrIO [M — H]™ = 372.8730, found 372.8727.
4-Bromo-2-iodo-5-methoxyphenol (29).°° The following com-
pound was obtained according to the general procedure B, by using 4-
bromo-5-methoxyphenol as starting material and NH,L. The crude
material was purified by flash column chromatography over silica gel
with the system (5% EtOAc/Hexane) to afford the product 29 (66
mg, 78%) as a yellow liquid. R = 0.55 (10% EtOAc/Hexane). 'H
NMR (500 MHz, CDCL) 6 7.73 (s, 1H), 6.62 (s, 1H), 526 (s, 1H),
3.86 (s, 3H). BC{'H} NMR (126 MHz, CDCl,) & 157.6, 155.4,
139.9, 1039, 99.4, 73.8, 56.6. HRMS (ESI+): m/z calculated for
C,H,BrlO, [M + H]* = 328.8674, found 328.8661.
4-Fluoro-2-iodophenol (30).° The following compound was
obtained according to the general procedure B, by using 4-
fluorophenol as starting material and NH,I. The crude material was
purified by flash column chromatography over silica gel with the
system (5% EtOAc/Hexane) to afford the product 30 (96 mg, 90%)
as a white solid. m.p. = 118—120 °C. R;= 0.55 (10% EtOAc/Hexane).
'H NMR (500 MHz, CDCL,) §7.38 (dd, J = 7.6, 2.9 Hz, 1H), 7.02—
6.96 (m, 1H), 6.93 (dd, ] = 9.0, 49 Hz, 1H), 5.11 (s, 1H). *C{'H}
NMR (126 MHz, CDCl,) 6 156.6 (d, ] = 243.4 Hz), 151.6 (d, ] = 2.5
Hz), 124.5 (d, ] = 25.4 Hz), 117.1 (d, J = 23.1 Hz), 115.5 (d, ] = 7.8
Hz), 84.6.
4-Chloro-2-iodophenol (31)."”7 The following compound was
obtained according to the general procedure B, by using 4-
chlorophenol as starting material and NH,I. The crude material was
purified by flash column chromatography over silica gel with the
system (5% EtOAc/Hexane) to afford the product 31 (87 mg, 88%)
as a white solid. m.p. = 76—78 °C. Ry = 0.4 (10% EtOAc/Hexane). 'H
NMR (500 MHz, CDCL) & 7.65 (d, J = 2.4 Hz, 1H), 7.24 (dd, J =
8.7, 2.4 Hz, 1H), 694 (d, ] = 8.7 Hz, 1H), 5.29 (s, 1H). “C{'H}
NMR (126 MHz, CDCL) & 153.9, 137.3, 130.9, 126.5, 115.8, 85.6.
2,6-Dicholoro-4-iodophenol (32).”" The following compound was
obtained according to the general procedure B, by using 2,6-
dichlorophenol as starting material and NH,I. The crude material was
purified by flash column chromatography over silica gel with the
system (2% EtOAc/Hexane) to afford the product 32 (65 mg, 74%)
as a white solid. R, = 0.22 (5% EtOAc/Hexane). '"H NMR (500 MHz,
CDCl,) & 7.57 (s, 1H), 583 (s, 1H). “C{'H} NMR (126 MHz,
CDCly) & 148.7, 136.6, 122.5, 80.5.
4-Bromo-2-iodophenol (33). 7 The following compound was
obtained according to the general procedure B, by using 4-
bromophenol as starting material and NH,I. The crude material
was purified by flash column chromatography over silica gel with the
system (4% EtOAc/Hexane) to afford the product 33 (79 mg, 92%)
as a white solid. m.p. = 70—72 °C. R, = 0.22 (8% EtOAc/Hexane). 'H
NMR (500 MHz, CDCL) & 7.77 (d, J = 2.3 Hz, 1H), 7.35 (dd, J =
87, 2.3 Hz, 1H), 687 (d, J = 8.7 Hz, 1H), 528 (s, 1H). “C{'H}
NMR (126 MHz, CDCL;) & 154.3, 139.8, 133.7, 116.3, 113.6, 86.1.
2,4-Diiodophenol (34)."" The following compound was obtained
according to the general procedure B, by using 4-iodophenol as
starting material and NH,I. The crude material was purified by flash
column chromatography over silica gel with the system (3% EtOAc/
Hexane) to afford the product 34 (68 mg, 86%) as a colorless needle.
mp. = 72—74 °C. R; = 0.5 (5% EtOAc/Hexane). 'H NMR (500
MHz, CDCL,) & 7.93 (d, J = 2.3 Hz, 1H), 7.51 (dd, J = 8.5, 2.3 Hz,
1H), 6.76 (d, J = 8.5 Hz, 1H), 5.32 (s, 1H). “C{'H} NMR (126
MHz, CDCL) & 155.3, 145.7, 139.4, 117.9, 87.9, 82.9.
2-Bromo-4-iodophenol (35).”” The following compound was
obtained according to the general procedure B, by using 2-
bromophenol as starting material and NH,I. The crude material
was purified by flash column chromatography over silica gel with the
system (4% EtOAc/Hexane) to afford the product 35 (79 mg, 92%)
as a white solid. m.p. = 52—54 °C. R, =0.14 (8% EtOAc/Hexane). 'H
NMR (500 MHz, CDCL) & 7.76 (d, J = 1.5 Hz, 1H), 7.51 (dd, J =
8.4, 2.3 Hz, 1H), 679 (d, J = 8.5 Hz, 1H), 5.52 (s, 1H). BC{'H}
NMR (126 MHz, CDCL) & 152.5, 139.7, 138.7, 1183, 111.6, 82.6.
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2,5-Diiodophenol (36). The following compound was obtained
according to the general procedure B, by using 3-iodophenol as
starting material and NH,I. The crude material was purified by flash
column chromatography over silica gel with the system (2% EtOAc/
Hexane) to afford the product 36 (73 mg, 92%) as a white solid. m.p.
= 68—70 °C. R; = 0.14 (5% EtOAc/Hexane). IR (neat) v/cm™
3390, 3023, 1580, 1450, 1429. '"H NMR (500 MHz, CDCl,) § 7.34
(dd, ] = 4.8, 3.4 Hz, 2H), 7.00 (dd, ] = 8.3, 1.3 Hz, 1H), 529 (s, 1H).
BC{'H} NMR (126 MHz, CDCL) & 155.0, 139.2, 131.0, 124.5, 94.4,
85.3. HRMS (ESI-): m/z calculated for C;H,LO [M — H]™ =
345.8352, found 345.8350.

6-Chloro-3,4-difluoro-2-iodophenol (37). The following com-
pound was obtained according to the general procedure B, by using
6-chloro-3,4-difluorophenol as starting material and NH,I. The crude
material was purified by flash column chromatography over silica gel
with the system (3% EtOAc/Hexane) to afford the product 37 (92
mg, 98%) as a white solid. mp. = 80—82 °C. R; = 0.5 (5% EtOAc/
Hexane). IR (neat) v/cm™' = 3385, 3080, 1590, 1486, 1427. 'H
NMR (500 MHz, CDCL,) § 7.41 (t, J = 8.5 Hz, 1H), 5.86 (s, 1H).
BC{'H} NMR (126 MHz, CDCl;) 6 151.6 (d, ] = 14.5 Hz), 149.8—
149.1 (m), 144.1 (dd, J = 249.2, 15.8 Hz), 120.1 (d, J = 21.0 Hz),
101.8 (dd, ] = 7.7, 4.2 Hz), 73.3 (d, ] = 25.7 Hz). HRMS (EI): m/z
calculated for CH,CIF,IO [M]* = 289.8807, found 289.8803.

Examples in Scheme 4. The starting materials for the examples
38-41""°7 were synthesized according to the previously described
procedures.

2-Methoxynaphthalene.”** A 25 mL oven-dried round-bottom
flask equipped with a magnetic stir bar was charged with 2-naphthol
(2 mmol), dimethyl sulfate (2 mmol), and 3 mL of a solution (2 M)
of Na,CO;. After dissolving in 8 mL of acetonitrile, the mixture was
stirred at 25 °C overnight. After this period, the starting material was
fully consumed judging by TLC. To quench the reaction, AcOEt (S
mL) was added and concentrated in vacuo. Purification was carried
out by column chromatography with the EtOAc-Hexanes system to
give the desired product.

2-Benzyloxynaphthalene.?*®” A 25 mL oven-dried round-bottom
flask equipped with a magnetic stir bar was charged with 2-naphthol
(2 mmol), benzyl bromide (2 mmol), and 3 mL of a solution (2 M)
of Na,CO;. After dissolving in 8 mL of acetonitrile, the mixture was
stirred at 25 °C overnight. After this period, the starting material was
fully consumed judging by TLC. To quench the reaction, AcOEt (S
mL) was added and concentrated in vacuo. Purification was carried
out by column chromatography with the EtOAc-Hexanes system to
give the desired product.

2-Acetylnaphthalene®?*” A 25 mL oven-dried round-bottom
flask equipped with a magnetic stir bar was charged with 2-naphthol
(2 mmol), acetyl chloride (2 mmol), and triethylamine (2 mmol).
After dissolving in 8 mL of dichloromethane, the mixture was stirred
at 25 °C overnight. After this period, the starting material was fully
consumed judging by TLC. To quench the reaction, AcOEt (5 mL)
was added and concentrated in vacuo. Purification was carried out by
column chromatography with the EtOAc-Hexanes system to give the
desired product.

Naphthalene-2-yl Pivalate?*” A 25 mL oven-dried round-
bottom flask equipped with a magnetic stir bar was charged with 2-
naphthol (2 mmol), pivaloyl chloride (2 mmol), and triethylamine (2
mmol). After dissolving in 8 mL of dichloromethane, the mixture was
stirred at 25 °C overnight. After this period, the starting material was
fully consumed judging by TLC. To quench the reaction, AcOEt (S
mL) was added and concentrated in vacuo. Purification was carried
out by column chromatography with the EtOAc-Hexanes system to
give the desired product.

1-lodo-2-methoxynaphthalene (38).>' The following compound
was obtained according to a modified general procedure A, by using
2-methoxynaphthalene as starting material and NH,I (reaction was in
reflux overnight). The crude material was purified by flash column
chromatography over silica gel with the system (3% EtOAc/Hexane)
to afford the product 38 (52 mg, 57%) as a white solid. m.p. = 8688
°C. Ry = 0.5 (5% EtOAc/Hexane). "H NMR (500 MHz, CDCl,) &
8.15 (d,J = 8.6 Hz, 1H), 7.83 (d, ] = 8.9 Hz, 1H), 7.74 (d, ] = 8.1 Hz,
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1H), 7.54 (t, J = 7.7 Hz, 1H), 7.38 (t,] = 7.4 Hz, 1H), 7.22 (d, ] = 89
Hz, 1H), 403 (s, 3H). "C{'H} NMR (126 MHz, CDCL,) § 156.6,
135.6, 1312, 130.7, 129.9, 1289, 128.2, 124.6, 112.9, 87.7, 57.4.

2-(Benzyloxy)-1-iodonaphthalene (39).°° The following com-
pound was obtained according to a modified general procedure A,
by using 2-(benzyloxy)naphthalene as starting material and NH,I
(reaction was in reflux overnight). The crude material was purified by
flash column chromatography over silica gel with the system (3%
EtOAc/Hexane) to afford the product 39 (30 mg, 38%) as a white
solid. m.p. = 84—86 °C. R;= 0.5 (5% EtOAc/Hexane). "H NMR (500
MHz, CDCl,) 6 8.17 (d, ] = 8.6 Hz, 1H), 7.78 (d, J = 8.8 Hz, 1H),
7.73 (d, ] = 8.1 Hz, 1H), 7.56 (t, ] = 10.2 Hz, 3H), 7.40 (q, ] = 7.5 Haz,
3H), 7.33 (t,] =7.3 Hz, 1H), 7.22 (d, ] = 8.9 Hz, 1H), 5.32 (s, 2H).
BC{'H} NMR (126 MHz, CDCL) & 155.8, 1366, 1357, 131.6,
130.3, 130.1, 128.6, 128.9, 128.9, 127.9, 127.4, 124.6, 114.7, 89.5,
719.

4-lodo-1,2-dimethoxybenzene (42).** The following compound
was obtained according to a modified general procedure A, by using
1,2-dimethoxybenzene as starting material and NH,I (reaction was in
reflux overnight). The crude material was purified by flash column
chromatography over silica gel with the system (2% EtOAc/Hexane)
to afford the product 42 (71 mg, 37%) as a yellow liquid. R, = 0.5 (5%
EtOAc/Hexane). 'H NMR (500 MHz, CDCl;) § 7.37 (dd, ] = 11.1,
4.6 Hz, 1H), 7.09 (s, 1H), 6.77 (d, ] = 9.8, 49 Hz, 1H), 4.01 (s, 3H),
4.00 (s, 3H). “C{'H} NMR (126 MHz, CDCl;) & 149.8, 149.2,
129.7, 120.8, 113.8, 111.3, 82.3, 55.9, 55.8.

2-lodo-4,5-dimethoxybenzaldehyde (43).” The following com-
pound was obtained according to a modified general procedure A, by
using 4,5-dimethoxybenzaldehyde as starting material and NH,I
(reaction was in reflux overnight). The crude material was purified by
flash column chromatography over silica gel with the system (5%
EtOAc/Hexane) to afford the product 43 (36 mg, 20%) as a white
solid. R;= 0.5 (10% EtOAc/Hexane). 'H NMR (500 MHz, CDCl,) &
9.82 (s, 1H), 7.37 (s, 1H), 7.21 (s, 2H), 3.91 (s, 3H), 3.87 (s, 3H).
BC{'H} NMR (126 MHz, CDCL) & 194.9, 154.5, 1499, 128.4,
121.8, 111.2, 92.7, 569, 56.8.

Methyl 2-lodo-4,5-dimethoxybenzoate (44).°° The following
compound was obtained according to a modified general procedure
A, by using methyl 3,4-dimethoxybenzoate as starting material and
NH,I (reaction was in reflux overnight). The crude material was
purified by flash column chromatography over silica gel with the
system (3% EtOAc/Hexane) to afford the product 44 (59 mg, 36%)
as a white solid. R; = 0.5 (5% EtOAc/Hexane). '"H NMR (500 MHz,
CDCly) & 7.44 (s, 1H), 7.39 (s, 1H), 391 (s, 6H), 3.90 (s, 3H).
BC{'H} NMR (126 MHz, CDCL) & 166.5, 1527, 1488, 1269,
123.8, 113.9, 84.8, 56.4, 56.8, 52.4.

5-lodobenzo[d][1,3]dioxole (45).”* The following compound was
obtained according to a modified general procedure A, by using
benzo[d][1,3]dioxole as starting material and NH,I (reaction was in
reflux overnight). The crude material was purified by flash column
chromatography over silica gel with the system (3% EtOAc/Hexane)
to afford the product 45 (58 mg 28%) as a liquid. Ry = 0.5 (5%
EtOAc/Hexane). 'H NMR (500 MHz, CDCL,) & 7.24 (d, ] = 5.3 Hz,
2H), 6.71 (d, ] = 8.0 Hz, 1H), 6.07 (s, 2H). “C{'H} NMR (126
MHz, CDCLy) & 148.8, 147.9, 130.7, 117.9, 110.6, 101.5, 82.5.

2-lododibenzo[b,d]furan (46).”> The following compound was
obtained according to a modified general procedure A, by using
dibenzo[b,d]furan as starting material and NH,I (reaction was in
reflux overnight). The crude material was purified by flash column
chromatography over silica gel with the system (2% EtOAc/Hexane)
to afford the product 46 (58 mg, 16%) as a white solid in a 1.5:1
mixture with its corresponding 2,8-diiododibenzo[b,d]furane. R, =
0.15 (4% EtOAc/Hexane). Signals for monoiodinated derivative. 'H
NMR (500 MHz, CDCL,) & 8.28 (s, 1H), 7.74 (t, J = 12.0, 8.6, 1.8
Hz, 2H), 7.57 (d, ] = 8.3 Hz, 1H), 7.51-7.46 (m, 1H), 736 (dt, J =
8.6, 3.0 Hz, 2H). PC{'H} NMR (126 MHz, CDCL,) & 156.3, 155.6,
136.4, 135.6, 129.8, 129.6, 127.9, 123.1, 1208, 113.8, 113.7, 111.8,
85.7.

3-lodo-1H-indole (47).% The following compound was obtained
according to a modified general procedure A, by using 1H-indole as
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starting material and NH,I (iodosylbenzene and ammonium iodide
were used in 1 equiv each). The crude material was purified by flash
column chromatography over silica gel with the system (2% EtOAc/
Hexane) to afford the product 47 (99.5 mg, 96%) as a white solid.
= 0.54 (5% EtOAc/Hexane). 'H NMR (500 MHz, CDCl,) & 824 (s,
1H), 7.39 (d, J = 7.5 Hz, 1H), 7.28 (d, ] = 7.9 Hz, 1H), 7.22-7.10
(m, 3H). BC{'"H} NMR (126 MHz, CDCL) & 135.6, 129.8, 128.4,
1232, 121.3, 120.8, 111.7, 57.6.

3-lodo-9H-carbazole (48).°"** The following compound was
obtained according to a modified general procedure A, by using
9H-carbazole as starting material and NH,I (reaction was in reflux
overnight). The crude material was purified by flash column
chromatography over silica gel with the system (3% EtOAc/Hexane)
to afford the product 48 (58 mg, 47%) as a liquid R = 0.5 (5%
EtOAc/Hexane). 'H NMR (500 MHz, CDCI,) §8.39 (d, J = 1.5 Hz,
1H), 8.08 (s, 1H), 8.02 (d, ] = 7.8 Hz, 1H), 7.66 (dd, ] = 8.5, 1.7 Hz,
1H), 7.47—7.41 (m, 2H), 7.26—7.24 (d, ] = 82 Hz, 1H),7.23 (d, ] =
8.5 Hz, 1H). “C{'H} NMR (126 MHz, CDCl,) & 139.6, 138.9,
1342, 129.9, 126.7, 126.7, 122.5, 120.6, 120.1, 112.7, 110.8, 82.3.

Cyclohexa-3,5-diene-1,2-diimine (49).°” The following compound
was obtained according to the general procedure A, by using o-
phenylendiamine as starting material and NH,I. The crude material
was purified by flash column chromatography over silica gel with the
system (4% EtOAc/Hexane) to afford the product 49 (56 mg, 38%)
as a white solid. m.p. = 64—66 °C. R, = 0.4 (6% EtOAc/Hexane). IR
(neat) v/em™ = 3400, 3045, 1600, 1495, 1450, 1265. "H NMR (400
MHz, CDCl,) § 7.33—7.29 (m, 1H), 5.74—5.70 (m, 1H). “C{'H}
NMR (101 MHz, CDCL,) § 142.6, 114.6, 106.2. HRMS (ESI+): m/z
calculated for CH-N, [M + H]* = 107.0609, found 107.0602.

Examples in Scheme 5. 5-Bromo-[1,1'-biphenyl]-2-ol (50).%°
The following compound was obtained according to the general
procedure A, by using [1,1’-biphenyl]-2-ol as starting material and
NH,Br. The crude material was purified by flash column
chromatography over silica gel with the system (5% EtOAc/Hexane)
to afford the product 50 (63 mg, 86%) as a yellow oil. Ry = 0.12 (8%
EtOAc/Hexane). "H NMR (500 MHz, CDCl,) & 7.50 (t, J = 8.0 Hz,
2H), 743 (d, ] = 8.1 Hz, 3H), 7.37-7.34 (m, 2H), 6.88 (d, ] = 8.4
Hz, 1H), 5.22 (s, 1H). BC{'"H} NMR (126 MHz, CDCl,) § 151.7,
135.8, 132.7, 131.9, 130.2, 129.6, 129.0, 128.5, 117.7, 112.9.

1-Chloronaphthalen-2-ol (51).% The following compound was
obtained according to the general procedure A, by using 2-napthol as
starting material and NH,Cl. The crude material was purified by flash
column chromatography over silica gel with the system (5% EtOAc/
Hexane) to afford the product 51 (49 mg 80%) as a white solid. R; =
0.2 (10% EtOAc/Hexane). '"H NMR (500 MHz, CDCL): & 8.07 (d,
= 8.6 Hz, 1H), 7.81 (d, ] = 8.1 Hz, 1H), 7.73 (d, ] = 8.9 Hz, 1H), 7.59
(t,] = 88 Hz, 1H), 7.42 (t, ] = 7.9 Hz, 1H), 7.27 (s, 1H), 5.90 (s,
1H). ®C{'"H} NMR (126 MHz, CDCL,): 5 149.3, 131.0, 129.4, 128.4,
1281, 127.5, 124.1, 122.7, 117.2, 113.3.

1-Bromonaphthalen-2-ol (52).%° The following compound was
obtained according to the general procedure A, by using 2-naphthol as
starting material and NH Br. The crude material was purified by flash
column chromatography over silica gel with the system (5% EtOAc/
Hexane) to afford the product 52 (69 g, 94%) as a white solid. R, =
0.55 (10% EtOAc/Hexane). "H NMR (500 MHz, CDCL,) & 7.90 (d,
J = 8.5 Hz, 1H), 7.63 (d, ] = 8.1 Hz, 1H), 7.59 (d, J = 8.8 Hz, 1H),
7.43 (t,J = 7.6 Hz, 1H), 7.26 (t,] = 7.4 Hz, 1H), 7.14 (s, 1H), 5.83 (s,
1H). BC{'"H} NMR (126 MHz, CDCl,) & 150.6, 132.4, 129.8, 129.4,
1283, 127.9, 125.4, 124.2, 117.2, 106.2.

1,3-Dibromonaphthalen-2-ol (53).>° The following compound
was obtained according to the general procedure A, by using 3-
bromonaphthalen-2-ol as starting material and NH;Br. The crude
material was purified by flash column chromatography over silica gel
with the system (5% EtOAc/Hexane) to afford the product 53 (65
mg, 95%) as a white solid. Ry = 0.10 (15% EtOAc/Hexane). 'H NMR
(500 MHz) & 8.04 (d, J = 7.2 Hz, 2H), 7.70 (s, 1H), 7.58 (t, J = 7.8
Hz, 1H), 741 (t, ] = 8.1 Hz, 1H), 621 (s, 1H). *C{'H} NMR (126
MHz, CDCL,) § 147.3, 1319, 131.6, 129.9, 128.3, 1274, 125.9, 125.2,
110.8. 106.5.
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6-Bromo-1-chloronaphthalen-2-ol (54).*° The following com-
pound was obtained according to the general procedure A, by using 6-
bromonaphthalen-2-ol as starting material and NH,Cl. The crude
material was purified by flash column chromatography over silica gel
with the system (10% EtOAc/Hexane) to afford the product 54 (65
mg, 90%) as a white solid. R; = 0.2 (15% EtOAc/Hexane). '"H NMR
(400 MHz, CDCL,) & 7.81 (d, J = 9.9 Hz, 2H), 7.51 (d, ] = 8.7 Hz,
2H), 7.17 (d, ] = 7.4 Hz, 1H), 5.84 (s, 1H). “C{'H} NMR (101
MHz, CDCL,) § 149.7, 1309, 130.5, 130.2, 129.7, 127.6, 124.7, 118.5,
118.1, 113.6.

1,6-Dibromonaphthalen-2-ol (55).>° The following compound
was obtained according to the general procedure A, by using 6-
bromonaphthalen-2-ol as starting material and NH,Br. The crude
material was purified by flash column chromatography over silica gel
with the system (5% EtOAc/Hexane) to afford the product §5 (63
mg, 92%) as a white solid. R; = 0.49 (10% EtOAc/Hexane). '"H NMR
(500 MHz, CDCL,) & 7.85 (s, 1H), 7.81 (d, J = 9.0 Hz, 1H), 7.58—
7.51 (m, 2H), 7.19 (d, J = 8.7 Hz, 1H), 5.85 (s, 1H). *C{'H} NMR
(126 MHz, CDCL,) & 151.0, 131.8, 131.1, 130.7, 130.2, 128.5, 127.3,
118.4, 118.1, 1062.

1-Chloro-7-methoxynaphthalen-2-ol (56).>° The following com-
pound was obtained according to the general procedure A, by using 1-
chloro-7-methoxynaphthalen-2-ol as starting material. The crude
material was purified by flash column chromatography over silica gel
with the system (10% EtOAc/Hexane) to afford the product 56 (55
mg, 92%) as a white solid. R; = 0.55 (15% EtOAc/Hexane). 'H NMR
(400 MHz, CDCL,) 6 7.67 (d, J = 8.8 Hz, 1H), 7.62 (d, ] = 8.7 Hz,
1H), 7.33 (s, 1H), 7.11 (d, ] = 8.7 Hz, 1H), 7.05 (d, ] = 8.9 Hz, 1H),
590 (s, 1H), 3.97 (s, 3H). BC{'H} NMR (126 MHz, CDCL,) &
159.4, 150.0, 132.6, 130.0, 1282, 124.8, 1167, 114.6, 112.6, 101.7,
55.5.

1-Bromo-7-methoxynaphthalen-2-ol (57).%° The following com-
pound was obtained according to the general procedure A, by using 7-
methoxynaphthalen-2-ol as starting material and NH,Br. The crude
material was purified by flash column chromatography over silica gel
with the system (8% EtOAc/Hexane) to afford the product 57 (66
mg, 96%) as a white solid. R, = 0.55 (15% EtOAc/Hexane). '"H NMR
(500 MHz, CDCl,) 6 7.60 (dd, J = 9.2 Hz, 2H), 7.26 (d, ] = 2.5 Hz,
1H), 7.06 (d, J = 8.7 Hz, 1H), 6.98 (dd, ] = 8.9, 2.5 Hz, 1H), 5.89 (s,
1H), 391 (s, 3H). *C{'H} NMR (126 MHz, CDCl,) & 159.6, 150.9,
133.8, 129.9, 129.1, 124.9, 1164, 114.5, 105.3, 104.4, 55.4.

1-Bromo-6-phenyinaphthalen-2-ol (58).* The following com-
pound was obtained according to the general procedure A, by using 2-
naphthol as starting material and NH,Br. The crude material was
purified by flash column chromatography over silica gel with the
system (5% EtOAc/Hexane) to afford the product 58 (73 mg, 93%)
as a white solid. m.p. =138—140 °C. R;= 0.12 (10% EtOAc/Hexane).
IR (neat) v/em™ = 3390, 3026, 1598, 1485, 1415. '"H NMR (500
MHz, CDCl;) & 8.10 (d, J = 8.7 Hz, 1H), 7.99 (d, J = 1.6 Hz, 1H),
7.84 (dd, J = 8.7, 1.8 Hz, 1H), 7.80 (d, ] = 8.8 Hz, 1H), 7.73—7.68
(m, 2H), 749 (t, J = 7.7 Hz, 2H), 7.39 (t, J = 7.4 Hz, 1H), 7.29 (d, J
= 88 Hz, 1H), 5.93 (s, 1H). “C{'"H} NMR (126 MHz, CDCL) &
150.8, 140.9, 137.1, 131.5, 1299, 1299, 1289, 127.5, 127.3, 127.7,
126.5, 1259, 117.6, 106.3. HRMS (EI): m/z calculated for
C.6H,,BrO [M]* = 297.9993, found 297.9988.

5-Bromo-[2,2'-binap hthalen]-6-ol (59). The following compound
was obtained according to the general procedure A, by using 5-
bromo-[2,2"-binaphthalen]-6-ol as starting material and NH,Br. The
crude material was purified by flash column chromatography over
silica gel with the system (10% EtOAc/Hexane) to afford the product
59 (69 mg, 94%) as a white solid. m.p. = 144—146 °C. R;= 0.55 (15%
EtOAc/Hexane). IR (neat) v/cm™ = 3386, 1717, 1600, 1450, 1258.
'H NMR (400 MHz, CDCL) § 8.15 (s, 1H), 8.12 (d, J = 5.7 Hz, 1H),
7.90 (ddd, J = 28.0, 19.6, 9.1 Hz, SH), 7.57—7.48 (m, 2H), 7.31 (d, J
= 88 Hz, 1H). “C{'H} NMR (101 MHz, CDCl,) & 150.7, 137.7,
136.8, 133.7, 132.8, 131.6, 1302, 129.6, 128.6, 128.2, 127.7, 127.6,
126.4, 126.5, 126.9, 126.6, 125.9, 125.2, 117.7, 106.9. HRMS (EI): m/
z calculated for C,0H;BrO [M]* = 348.0150, found 348.0145.

1-Chloro-6-(p-tolyl)naphthalen-2-ol (60). The following com-
pound was obtained according to the general procedure A, by using 6-
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(p-tolyl )naphthalen-2-ol as starting material and NH,CL The crude
material was purified by flash column chromatography over silica gel
with the system (10% EtOAc/Hexane) to afford the product 60 (52
mg, 90%) as a white solid. m.p. = 146—148 °C. R, = 022 (15%
EtOAc/Hexane). IR (neat) v/cm™ = 3398, 3032, 1600, 1498, 1429.
1H NMR (400 MHz, CDCL,) & 8.04 (d, J = 8.7 Hz, 1H), 7.90 (s,
1H), 7.76 (d, J = 8.7 Hz, 1H), 7.68 (d, ] = 8.9 Hz, 1H), 7.51 (t, ] =
13.2 Hz, 2H), 7.21 (dd, ] = 14.3, 5.6 Hz, 3H), 5.82 (s, 1H). *C{'H}
NMR (101 MHz, CDCL,) & 149.9, 137.6, 137.8, 136.9, 130.1, 129.9,
1297, 128.6, 127.9, 127.1, 125.7, 123.6, 117.6, 113.3, 21.6. HRMS
(EI): m/z calculated for C,;H,;CIO [M]* 268.0655, found
268.0649.
1-Bromo-6-(p-tolyl)naphthalen-2-ol (61). The following com-
pound was obtained according to the general procedure A, by using 6-
(p-tolyl )naphthalen-2-ol as starting material and NH,Br. The crude
material was purified by flash column chromatography over silica gel
with the system (8% EtOAc/Hexane) to afford the product 61 (62
mg, 92%) as a white solid. mp. = 150—152 °C. R; = 046 (15%
EtOAc/Hexane). IR (neat) v/cm™ = 3400, 3043, 1603, 1490, 1450,
1260. '"H NMR (400 MHz, CDCL,) 5 8.00 (d, J = 8.8 Hz, 1H), 7.88
(s, 1H), 7.79—7.68 (m, 2H), 7.53 (d, ] = 8.0 Hz, 2H), 720 (dd, ] =
14.5, 5.9 Hz, 4H), 5.84 (s, 1H), 2.35 (s, 3H). “C{'H} NMR (126
MHz, CDCL,) & 150.8, 137.7, 137.4, 137.7, 131.5, 130.5, 129.8, 129.8,
127.6, 127.4, 1263, 125.8, 117.8, 1068, 21.8. HRMS (EI): m/z
calculated for C;;H;BrO [M]* = 312.0150, found 312.0148.
1-Bromo-6-(4-methoxyphenyl)naphthalen-2-ol (62).*° The fol-
lowing compound was obtained according to the general procedure A,
by using 6-(4-methoxyphenyl) naphthalen-2-ol as starting material and
NH,Br. The crude material was purified by flash column
chromatography over silica gel with the system (10% EtOAc/
Hexane) to afford the product 62 (62 mg, 94%) as a white solid. m.p.
= 156—158 °C. Ry = 0.28 (15% EtOAc/Hexane). IR (neat) v/cm™
3400, 3033, 1590, 1495, 1429. 'H NMR (500 MHz, CDCl,) 6 7.99
(d, J = 8.8 Hz, 1H), 7.85 (d, J = 1.6 Hz, 1H), 7.75—7.68 (m, 2H),
7.59-7.53 (m, 2H), 7.19 (d, ] = 3.6 Hz, 1H), 6.97—691 (m, 2H),
5.83 (s, 1H), 3.80 (s, 3H). “C{"H} NMR (126 MHz, CDCl,) &
159.3, 150.5, 136.6, 132.9, 131.8, 130.5, 129.4, 128.8, 127.9, 125.8,
125.3, 117.5, 114.4, 106.4, 55.9. HRMS (EI): m/z calculated for
C,;H,3BrO, [M]* = 328.0099, found 328.0091.
1-Bromo-6-(4-fluorophenyl)naphthalen-2-ol (63). The following
compound was obtained according to the general procedure A, by
using 6-(4-fluorophenyl)naphthalen-2-ol and NH,Br. The crude
material was purified by flash column chromatography over silica
gel with the system (10% EtOAc/Hexane) to afford the product 63
(61 mg, 92%) as a white solid. mp. = 124—126 °C. R, = 045 (15%
EtOAc/Hexane). IR (neat) v/cm™" = 3400, 3045, 2225, 1600, 1485,
1450. "H NMR (400 MHz, CDCI,) 5 8.09 (d, ] = 8.8 Hz, 1H), 7.93
(s, 1H), 7.85—7.70 (m, 2H), 7.68—7.62 (m, 2H), 7.29 (d, ] = 8.8 Hz,
1H), 7.17 (t, J = 8.7 Hz, 2H), 595 (s, 1H). BC{'H} NMR (101
MHz, CDCL,) & 162.6 (d, ] = 246.7 Hz), 150.7, 136.8, 136.0, 131.4,
1299, 129.54, 128.8 (d, ] = 8.1 Hz), 127.7, 126.07, 125.9, 117.7,
1158 (d, J = 21.5 Hz), 106.3. HRMS (EI): m/z calculated for
C,6H,,BrFO [M]* = 315.9899, found 315.9895.
1-Bromo-6-(3-chloro~4-fluorophenyl)naphthalen-2-ol (64). The
following compound was obtained according to the general procedure
A, by using 6-(3-chloro-4-fluorophenyl )naphthalen-2-ol as starting
material and NHBr. The crude material was purified by flash column
chromatography over silica gel with the system (10% EtOAc/Hexane)
to afford the product 64 (61 mg, 90%) as a white solid. m.p. = 136—
138 °C. R, = 0.45 (15% EtOAc/Hexane). IR (neat) v/cm™" = 3395,
3060, 1660, 1540, 1427. "H NMR (500 MHz, CDCL) 6 8.05 (s, 1H),
7.87 (s, 1H), 7.80—7.63 (m, 3H), 7.49 (s, 1H), 7.22 (d, ] = 132 Hz,
2H), 5.92 (s, 1H). "C{'H} NMR (126 MHz, CDCl;) § 157.9 (d, ] =
254 HZ), 151.1, 137.9, 134.8, 131.9, 130.0, 129.7, 129.5, 127.1, 127.0,
126.4, 1262, 121.6 (d, ] = 60 Hz), 118.1, 117.1 (d, ] = 85 Hz), 106.2.
HRMS (ESI+): m/z calculated for C;;H;(BrCIFO [M + H]* =
350.9588, found 350.9580.
1-Bromo-6-(3,4-difluorophenyl)naphthalen-2-ol (65). The fol-
lowing compound was obtained according to the general procedure A,
by using 6-(3,4-difluorophenyl)naphthalen-2-ol and NH,Br. The
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crude material was purified by flash column chromatography over
silica gel with the system (10% EtOAc/Hexane) to afford the product
67 (88 mg, 90%) as a white solid. m.p. = 124—126 °C. R;= 0.14 (20%
EtOAc/Hexane). IR (neat) v/cm™ = 3395, 3032, 1600, 1496, 1427.
'H NMR (400 MHz, CDCLy) & 8.02 (d, ] = 8.8 Hz, 1H), 7.84 (s, 1H),
772 (d, ] = 8.9 Hz, 1H), 7.66 (dd, J = 8.8, 1.6 Hz, 1H), 7.42 (ddd, ] =
11.3, 7.6, 2.1 Hz, 1H), 7.35—7.30 (m, 1H), 7.25-7.17 (m, 2H), 5.91
(d, ] = 4.6 Hz, 1H). "C{'H} NMR (101 MHz, CDCl,) § 151.5 (dd, J
= 256 Hz), 1510, 149.1 (dd, J = 256 Hz), 137.6 (dd, J = 24 Hz),
134.9, 131.7, 129.8, 129.6, 1269, 126.3, 126.1, 123.1 (dd, ] = 24 Hz),
117.9,117.7 (d, ] = 68 Hz), 116.1 (d, ] = 68 Hz), 106.0. HRMS (EI):
m/z calculated for C,HsBrF,0 [M]* = 333.9805, found 333.9801.

One-Pot Dihalogenations. One-Pot Synthesis of 54. This
compound was synthesized by two consecutive halogenations
(chlorination-bromination) which were carried out in the same flask
with only single purification after the second reaction. Starting from 2-
naphthol and NH,ClI, the general procedure A was used to obtain 1-
chloro-2-naphthol 51 (58 mg) as a dark solid. The 'H and C{'H} of
this derivative match perfectly with the previous obtained compound.
Then, without purification, this dark solid was submitted to the
second halogenation reaction using the general procedure A and
NH,Br to yield the compound 56 (71 mg, 84%) after column
chromatography as a withe solid. The 'H and "“C{'H} of this
compound match perfectly with the previously obtained.

One-Pot Synthesis of 55. This compound was synthesized by two
consecutive halogenations (bromination-bromination) which were
carried out in the same flask with only single purification after the
second reaction. Starting from 2-naphthol and NHBr, the general
procedure A was used to obtain 1-bromo-2-naphthol 52 (72 mg) as a
dark-yellow solid. The 'H and C{'H} of this derivative match
perfectly with the previously obtained compound. Then, without
purification, this dark-yellow solid was submitted to the second
halogenation reaction using the general procedure A and NH,Br to
yield the compound 57 (89 mg, 91%) after column chromatography
as a withe solid. The 'H and "C of this compound match perfectly
with the previously obtained.

One-Pot Synthesis of 2. This compound was synthesized by two
consecutive halogenations (iodination-bromination) which were
carried out in the same flask with only single purification after the
second reaction. Starting from 2-naphthol and NH_I, the general
procedure A was used to obtain 1-iodo-2-naphthol 1 (88 mg) as a
gray solid. The 'H and"*C{"'H} of this derivative match perfectly with
the previous obtained compound. Then, without purification, this
gray solid was submitted to the second halogenation reaction using
the general procedure A and NH,] to yield the compound 2 (89 mg,
78%) after column chromatography as a withe solid. The 'H and '*C
of this compound match perfectly with the previously obtained.

Sequences Followed in Scheme 6. 6-Bromo-1-phenylnaph-
thalen-2-ol (66).°° The following substrate was prepared by Suzuki—
Miyaura cross-coupling reactions between 6-bromo-1-iodonaphtha-
len-2-ol and phenylboronic acid. A S0 mL round-bottom flask with a
stir bar was fitted with a rubber septum and flame-dried under high
vacuum. The flask was purged with argon and charged with
Pd(PPh;), (173.1 mg, 0.1 mmol), K,CO; (4452 mg, 4.2 mmol),
6-bromo-1-iodonaphthalen-2-ol (667.9 mg, 2.0 mmol), phenylboronic
acid (4.0 mmol), 10.0 mL of 1,4-dioxene, and 2 mL of distiled water.
The reaction mixture was then heated at 80 °C for 12 h. Afterward,
the reaction was cooled down to room temperature, the organic layer
was separated, the aqueous layer was extracted with ethyl acetate (3 X
10 mL), and the combined organic layer was dried over Na,SO, and
concentrated. The crude products were purified by flash chromatog-
raphy on silica gel (5% EtOAc/Hexane) to afford the product 6-
bromo-1-phenylnaphthalen-2-ol (420.1 mg, 86%) as a white solid.
mp. = 96—98 °C. R; = 02 (10% EtOAc/Hexane). IR (neat) v/cm™
= 3386, 3034, 1720, 1600, 1450, 1260. 'H NMR (500 MHz, CDCI,)
5809 (d, ] = 8.7 Hz, 1H), 7.94 (s, 1H), 7.83~7.75 (m, 2H), 7.62 (d,
J = 7.9 Hz, 2H), 7.45 (d, ] = 7.9 Hz, 2H), 7.30 (d, J = 8.8 Hz, 1H),
595 (s, 1H). BC{'"H} NMR (126 MHz, CDCl,) § 150.8, 1389,
1357, 133.8, 131.6, 129.8, 1299, 129.8, 128.8, 127.8, 126.5, 125.9,
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117.8, 106.4. HRMS (EI): m/z calculated for C;sH,,BrO [M]*
297.9993, found 297.998S.

1-Phenyl-6-(p-tolyl)nap hthalen-2-ol (67). The following substrate
was prepared by Suzuki—Miyaura cross-coupling reactions between 6-
bromo-1-phenylnaphthalen-2-ol (66) obtained in the previous
reaction and p-tolylboronic acid. A 50 mL round-bottom flask with
a stir bar was fitted with a rubber septum and flame-dried under high
vacuum. The flask was purged with argon and charged with
Pd(PPh;), (10624 mg, 0.1 mmol), K,CO; (4452 mg 4.2 mmol),
6-bromo-1-phenylnaphthalen-2-ol (66) (410 mg 2.0 mmol), p-
tolylboronic acid (4.0 mmol), 10.0 mL of 1,4-dioxene, and 2 mL of
distiled water. The reaction mixture was then heated at 80 °C for 12
h. After the reaction was cooled down to room temperature, the
organic layer was separated, the aqueous layer was extracted with
ethyl acetate (3 X 10 mL), and the combined organic layer was dried
over Na,SO, and concentrated. The crude products were purified by
flash chromatography on silica gel (10% EtOAc/Hexane) to afford
the product 1-phenyl-6-(p-tolyl)naphthalen-2-ol (67) (349 mg 82%)
as a yellowish solid. m.p. =138—140 °C. R; = 0.2 (10% EtOAc/
Hexane). mp = 92—94 °C. R;=02 (15% EtOAc/Hexane). IR (neat)
v/em™" = 3400, 3040, 2222, 1600, 1482, 1454. "H NMR (500 MHz,
CDCl,) & 8.03 (s, 1H), 7.89 (d, ] = 8.9 Hz, 1H), 7.63 (dd, ] = 14.4,
6.8 Hz, SH), 7.56 (t, ] = 7.4 Hz, 1H), 7.49 (d, ] = 62 Hz, 3H), 7.31
(dd, J = 13.6, 7.0 Hz, 3H), 520 (s, 1H), 2.44 (s, 3H). “C{'"H} NMR
(126 MHz, CDCL,) § 150.8, 138.4, 136.9, 136.5, 134.3, 132.2, 131.8,
129.7, 129.7, 129.7, 129.2, 128.6, 127.6, 126.1, 125.6, 125.4, 120.9,
117.8, 21.2. HRMS (EI): m/z calculated for C,;H,; ;0 [M]* =
310.1358, found 310.1355.

6-Bromo-1-iodo-2-methoxynaphthalene (68).°° To a solution of
2 (0.43¢ mg, 1.25 mmol) in acetone (5 mL) were added K,CO,
(0.345 mg, 10.0 mmol) and dimethyl sulfate (0.2 mL, 10.0 mmol).
The solution was heated to reflux for 4 h, at which time TLC
indicated complete consumption of the naphthol. The reaction
mixture was cooled to room temperature, Et;N (5.0 mL) was added,
and the reaction was stirred for 1 h. The layers were separated, and
the aqueous layer was extracted with DCM (3 X 10 mL). The
combined organic layers were dried over Na,SO, and concentrated
under reduced pressure to give crude material, which was purified by
flash column chromatography over silica gel with the system (5%
EtOAc/Hexane) to afford the product 6-bromo-1-iodo-2-methox-
ynaphthalene 68 (0.413 mg, 94%) as a yellowish solid. R; = 0.15 (8%
EtOAc/Hexane). 'H NMR (500 MHz, CDCL,) §8.02 (d, J = 9.1 Hz,
1H), 791 (s, 1H), 7.73 (d, ] = 8.9 Hz, 1H), 7.58 (d, ] = 9.0 Hz, 1H),
7.21 (4, J = 9.0 Hz, 1H), 4.02 (s, 3H). “C{'H} NMR (126 MHz,
CDCLy) 5156.9, 134.3, 13322, 131.8, 130.6, 129.9, 129.4, 118.2, 113.7,
877, 57.2.

6-Bromo-2-methoxy-1-(phenylethynyl)naphthalene (69). A 50
mL round-bottom flask with a stir bar was fitted with a rubber septum
and flame-dried under high vacuum. The flask was purged with
nitrogen and sequentially charged with 6-bromo-1-iodo-2-methox-
ynaphthalene (68) (361.8 mg 100 mmol), and Et;N (2 mL),
phenylacetylene (1.1 mmol), PdCl,(PPh;), (0.1 mmol), and Cul
(0.25 mmol) were added. The mixture was stirred at 60 °C for 6 h
until full consumption of 68 by judging on TLC development. Then
the mixture was filtered through a pad of Celite. The solvent was
removed under reduced pressure to afford the crude material which
was purified by flash column chromatography over silica gel with the
system (2% EtOAc/Hexane) giving rise to the product 6-bromo-2-
methoxy-1-(phenylethynyl) -naphthalene (69) (0.296 mg, 88%) as a
yellow liquid. R, = 0.44 (5% EtOAc/Hexane). IR (neat) v/cm™'
3400, 3360,3033, 1590, 1495, 1460. '"H NMR (500 MHz, CDCl;) §
8.21 (d,] = 8.9 Hz, 1H), 7.93 (s, 1H), 7.71 (d, ] = 9.1 Hz, 1H), 7.66
(d, J = 6.8 Hz, 2H), 7.60 (d, ] = 8.9 Hz, 1H), 7.42—7.35 (m, 3H),
7.27 (4, ] = 9.4 Hz, 1H), 4.04 (s, 3H). *C{'H} NMR (126 MHz,
CDCL,) §159.1, 133.9, 1319, 130.6, 130.0, 129.9, 129.1, 128.9, 128.7,
127.2, 123.7, 117.9, 113.7, 106.8, 99.4, 83.5, 56.7. HRMS (ESI+): m/z
calculated for C,¢H;BrO [M + H]* = 337.0228, found 337.0237.

6-(3-Chloro-4-fluorophenyl)-2-methoxy- 1-(phenylet hynyl)naph-
thalene (70). The following substrate was prepared by Suzuki—
Miyaura cross-coupling reactions between 6-bromo-2-methoxy-1-
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(phenylethynyl)naphthalene (69) obtained in the previous reaction
and (3-choloro-4-fluorophenyl)boronic acid. A 50 mL round-bottom
flask with a stir bar was fitted with a rubber septum and flame-dried
under high vacuum. The flask was purged with argon and charged
with Pd(PPh,;), (0.1 mmol), K,CO; (42 mmol), 6-bromo-2-
methoxy-1-(phenylethynyl )naphthalene (69) (56 mg, 2.0 mmol),
(3-choloro-4-fluorophenyl )boronic acid (4 mmol), 1,4-dioxene (10.0
mL), and distilled water (2 mL). The reaction mixture was then
heated at 80 °C for 12 h. Afterward, the reaction was cooled down to
room temperature, the organic layer was separated, the aqueous layer
was extracted with ethyl acetate (3 X 10 mL), and the combined
organic layer was dried over Na,SO, and concentrated. The crude
products were purified by flash chromatography on silica gel (5%
EtOAc/Hexane) to afford the product 6-(3-chloro-4-fluorophenyl)-2-
methoxy-1-(phenylethynyl )naphthalene (70) (45 mg, 68%) as a white
solid. m.p. = 96—98 °C. Ry = 0.55 (8% EtOAc/Hexane). IR (neat) v/
em™ = 3460, 33202933, 1560, 1510, 1440. '"H NMR (500 MHz,
CDCl,) 6 8.41 (d,] =8.7 Hz, 1H), 7.93 (s, 1H), 7.89 (d, ] = 9.1 He,
1H), 7.74 (s, 1H), 7.73 (t, ] = 2.4 Hz, 1H), 7.69 (dt, ] = 3.4, 1.9 Hz,
2H), 7.56 (t, ] = 8.5, 4.5, 2.3 Hz, 1H), 7.43—7.35 (m, 3H), 7.33 (d, ]
=9.1Hz, 1H), 7.24 (d, ] = 8.7 Hz, 1H), 4.09 (s, 3H). *C{'H} NMR
(126 MHz, CDCl,) 6 159.4, 158.6, 156.6 (d, ] = 1.1 Hz), 138.2 (d, J =
S.1 Hz), 134.9, 1339, 131.9, 130.4, 129.3, 128.6, 1283 (d, ] = 11.6
Hz), 126.8 (d, ] = 6.9 Hz), 126.5—125.9 (m), 123.6, 121.46, 121.3 (d,
J = 1.3 Hz), 117.02, 116.85, 1134, 106.3, 99.1, 83.6, 56.7. HRMS
(EI): m/z calculated for C,;H,,CIFO [M]* = 386.0874, found
386.0866.

Computational Details. The enthalpy and Gibbs free energy
calculations for the adduct PhII(OH)-NH, were computed as the
energy difference between the adduct and the sum of the energies of
the optimized PhilO and the NH,I at the gas phase employing the
Gaussian 16 software package.

Fukui Function Calculations for Phll(OH)-NH;. The reactivity of
the iodinating species was analyzed by exploring a very useful covalent
reactivity descriptor: the Fukui or frontier function, which is usually a
reliable predictor of the regioselectivity of soft molecules."*™* Fukui
functions are defined as the response of the electron density when the
number of electrons (N) suffers an infinitesimal change, providing us
information about the reactive sites of a molecular system."’
Particularly to indicate how the electron density is redistributed
when molecules react, thus, molecular regions suffering more charge
rearrangements are the most reactive sites. The Fukui functions are
obtained calculating the electron density of the PhII(OH)-NH; with
N, N — 1, and N + 1 electrons, respectively, at the ground state. The
positive (f7(r)) and negative (f (r)) forms of the Fukui functions are
useful descriptors to evaluate nucleophilic or electrophilic attacks,
respectively.

The transition state search for the PhII(OH)-NH, adduct was
obtained by using the DL-FIND library”” implemented in Terachem
1.9.37%75 employing the nudged elastic band method.
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An efficient chlorination and bromination of arenes mediated by in situ-formed PhiX)0AIX, (X = -Cl, -Br),
which is proposed as a plausible halogenating species, is described. The proposed dual role displayed by
AlX,, enables the lodosylbenzene [(PhlO),] depolymerization while also acting as the halogen source by
transferring the chlorine or bromine atoms to the iodine(1ll) center. This process allowed the chlorination
and bromination of different arenes and heteroarenes under mild and open flask conditions. To the best
of our knowledge, this is the first report describing a dual role of aluminum salts applied to the direct C-H
chlorination and bromination of arenes.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

Aromatic chlorides and bromides [1] are an important class of
structures in organic synthesis. They are found in naturally occur-
ring compounds [2], agrochemicals [3] and in material sciences [4].
They are also broadly used as building blocks in the pharmaceuti-
cal industry [5] as well as starting materials in metal-catalyzed
cross-coupling reactions such as Suzuki [6], Stille [7], Negishi [8],
the Sonogashira alkynylation [9] and the Mizoroki-Heck [ 10] olefi-
nation (Fig 1).

To date, the introduction of chlorine and bromine atoms to aro-
matic moieties has been described extensively. However, few of
these procedures are broad enough to allow the functionalization
with more than one different halogen, therefore they are restricted
to a single type of halogen (Cl or Br or I) connection. Regarding the
methods which allow direct C-H chlorination and bromination,
two common strategies have been used. The oxidation of chloride
and bromide salts and the activation of NCS[11] or NBS [12]. These
strategies can be categorized as metal-catalyzed procedures using
Rh [13], Pd [14], Cu [15] or Zr [16]. Also, metal-free-mediated

* Corresponding author.
E-mail address: solorio@ugto.mx (CR. Solorio-Alvarado).
! ASeugra-Quezada and Y. Satkar contributed equally to this work.

https://doiorg/10.1016/j.tetlet.2019.05.019
0040-4039/© 2019 Elsevier Ltd. All rights reserved.

197

methods activating chloro- or bromosuccinimides were described
using TMSCI [17], PhsPS [18] and under ball milling conditions
[19]. Finally in the context of this work, different iodine(1ll)-medi-
ated chlorination and bromination methods have been reported.
These protocols utilise pre-synthesized reagents (Zupan [20],
Zhdankin [21], Xue [22], Karade [23]) or in situ-formed reagents
(Bradock [24], Zhou [25], Evans [26] and ours [27,28]) as chlorinat-
ing and brominating active species (Scheme 1).

All of the aforementioned protocols display significant advan-
tages in terms of chemical reactivity and chemical-economy
[15,17]. Nevertheless serious synthetic issues such as the use of
strong acids (TFA'? or TfOH'?), aggressive oxidants (Na,S,0s)
[14Db], high temperatures [15], the necessity for using directing
groups [12] and the insolubility of the pre-synthesized reagents
[20-23] can be limiting for an optimal protocol that proceeds
under mild reaction conditions. Herein, we present an efficient
procedure which allows the chlorination and bromination of a
broad range of naphthol derivatives in good to excellent yields at
room temperature with in situ formation of the halogenating
reagent [PhI(C1)OAICI, or PhI(Br)OAIBr;). This feature avoids the
synthesis of a chlorinating or brominating reagent, thus diminish-
ing the cost of the process. Additionally, the in situ preparation is
enabled by the dual role of the aluminum salt (AlCl; or AlBr;)
which depolymerizes the iodosylbenzene (PhlO), [29] and is also
the source of chlorine and bromine atoms.
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Scheme 1. Representative methods for the chlorination and bromination of arenes.

Encouraged by our recent results regarding the nitration of phe-
nols catalyzed by PhIO [30], we envisioned the possibility of
extending our procedure to the bromination and chlorination of
these aromatic systems. Hence, we could develop a broad and
robust protocol simply by changing the halogen of the aluminum
salt In this way, we started an optimization of the reaction condi-
tions using the (PhlO),/AlX; (X = Cl, Br) system (Table 1).

The optimization started using 1.1 equiv. of iodosylbenzene and
1.2 equiv. of aluminum trichloride or tribromide (AlX3; X = Cl or Br)
in acetonitrile at room temperature, which gave chlorinated (1)
and brominated 2-naphthol (2) in 58% and 47% yield, respectively
(Entries 1 and 9). These experiments validated our hypothesis and
confirmed that the use of polymeric (PhlO), was able to introduce
chlorine or bromine atoms to 2-naphthol. Mechanistic investiga-
tion regarding the active iodine(Ill) species reacting with chlorine
or bromine atoms from the aluminum salts to form a plausible
halogenating species in the process, will be further described.
The optimization continued with a slight increase to 1.2 equiv. of
(PhIO), and 1.5 equiv. of AlX3; giving 71% and 65% yield for 1
and 2, respectively (Entries 2 and 10). It was observed that the
yield increased with the amount of the aluminum salt. We also
used 2.4 equiv. of AIX; with additional heating at 40 °C retaining
the lodosylbenzene stoichiometry. In these reactions 69% and
61% yield for 1 and 2, respectively, were attained (Entries 3 and
11). The observed lower yields were attributed to the heating.
Thus, the same conditions (1.2 equiv. (PhlO), and 2.4 equiv. of
AlX;) at room temperature were used, and to our delight an excel-
lent 94% and 98% yield for 1-chloro-2-naphthol (1) and 1-bromo-2-
naphthol (2), respectively, was achieved in 20-25 min (Entries 4
and 12). The following solvent optimization gave rise to lower
yields (Entries 6 and 13), complex reaction mixtures (Entry 7) or
no reaction (Entry 5). To complete the optimization, a number of

Table 1
Optimization of the (PhlO),/AlXs-mediated chlorination and bromination of 2-
naphthol (X = Cl, Br).

cl/Br
OH (PhIO), / AlXy OH
_—
LT saenene - (T,
X= «Cl, =Br 2,Br

Entry  (PhlO), (equiv.)  AlXs (equiv.)  Solvent, Temp (°C)  Yield (%)"
1 1.1 AlCl; (12) MeCN, 23 58

2 12 AlCl; (1.5) MeCN, 23 pil

3 12 AlCl; (2.4) MeCN, 40 69

4 12 AICl; (24) MeCN, 23 9%

5 12 AlCl; (2.4) MeOH, 23 nr.
6 12 AlCl; (2.4) THF, 23 48

= 12 AlClz (2.4) DCM, 23 cm
8 - AlCl; (2.4) MeCN, 23 nr
9 11 AlBrs (12) MeCN, 23 47
10 12 AlBrs (15) MeCN, 23 65
n 12 AlBrs (2.4) MeCN, 40 61
12 12 AlBr; (24) MeCN, 23 a8
13 12 AlBrs (2.4) THF, 23 54
14 -- AlBr; (24) MeCN, 23 nr.

# Reagents and conditions: 2-naphthol (0.5 mmol), solvent (03 M).
® Isolated yield. n. r.=no reaction was observed. ¢. m.=complex reaction
mixture.

control experiments were carried out for the chlorination and
bromination reactions. In the absence of (PhIO), using only the
AlX; salts, no reaction was identified (Entries 8 and 14). These
experiments ruled out the AlX; salts as the halogenating species.

With the optimal chlorination and bromination conditions in
hand, we proceeded to explore the scope of this protocol
(Scheme 2).

Several mono- and bis-annular naphthols and their correspond-
ing ethers were chlorinated and brominated under the optimized
conditions. 2-Naphthol was chlorinated (1) and brominated (2) in
94% and 98% yield, respectively, on milligram scales. Remarkably,
the gram scale reactions proceeded in excellent yields: 90% for 1-
chloro-2-naphthol and 94% for 1-bromo-2-naphthol. The chlorina-
tion of 3-bromo-2-menthoxynaphthalene gave 5 in 96% yield,
while bromination of the corresponding naphthol gave 6 in 92%
yield. On the other hand, 6-bromo-2-naphthol was chlorinated
and brominated to give 7 and 8 in 92% and 90% yield, respectively.
Also, their methyl-ethers lead to the formation of 9 and 10 in 90%
and 94% yield, respectively. Similarly, the bromination of 1-bromo-
2-naphthol gave 8 in 72% yield as well as 86% yield for its methyl-
ether (10). These lower yields compared with the previous
reactions can be explained by considering that the first position is
more reactive than the sixth position in the naphthalene fragment
The bromination of 2,3-dimethoxynaphthalene gave a mixture of
mono- (11) and bis-bromination (12) products in 56% and 12%
yield, respectively. This was the only example of polyhalogenation
in the naphthalenes tested. Considering these results, a double
amount of the reagent was used to complete the bis-chlorination
and bromination reactions. Thus, 14-dichloro- (13) and 14-
dibromo-2,3-dimethoxynaphthalene (12) were obtained in 86%
and 84% yield, respectively. These experiments demonstrate that
it is possible to expand our protocol to di-halogenation. To com-
plete the study with the naphthalene core, 7-methoxy-2-naphthol
was regioselectively chlorinated and brominated in the first posi-
tion to give 14 and 15 in 68% and 57% yield, respectively. Also,
1,7-dimethoxynaphthalene was brominated producing 16 in 48%
yield. These moderate results were attributed to complex reaction
mixtures, which resulted in difficult purification. It is important to
note that for this example, dihalogenation products were not iden-
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Scheme 2. Scope of the (PhlO)n/AlX;-mediated chlorination and bromination of
phenols and phenol-ethers (X = Cl, Br). Reagents and conditions: phenol (0.5 mmol),
(PhIO)n (12 equiv.), AIX3 (24equiv.), MeCN, 23°C, open flask a (PhlO)n
(2.4 equiv.), AlX; (4.8 equiv.) were used. b Overall yield for the one-pot dihalo-
genation readtion starting from 2-naphthol.

tified, at least within the "H NMR detection limits. Selected mono-
annular phenols were examined. The chlorination [31] and bromi-
nation of 2-phenylphenol both gave 17 and 18 in 70% yield. The
halogenation of 2-bromophenol produced chlorinated 19 and
brominated 20 in 56% and 59% yield, respectively. Also, 2-iodophe-
nol was chlorinated leading to the formation of 21 in 62% yield. The
bromination of moderately activated phenols (23), with bulky sub-
stituents (22 and 24) or containing two (25) or three (26) methoxy
groups was achieved in 36-68% yield. Additionally, 1,2,3-
trimethoxybenzene was chlorinated to give 27 in 59% yield. Finally,
to complete the initial scope exploration we carried out a one-pot
dihalogenation sequence starting from 2-phenol. Thus, the one-
pot, chloro-bromine and bromine-bromine reactions produced 7,
and 8 in 73% and 69% overall yield, respectively, after a single col-
umn chromatography purification. In all of the halogenation reac-
tions, the regioselectivity observed obeyed the known reactivity
for naphthalenes with initial reaction at the first position of the
ring followed by the sixth position. For phenols, the ortho- and/or
para-regioselectivity observed is dictated by the more electron-
donating group. Also, it is important to note that both electron-rich
(1-4, 11-18 and 22-27) phenols and those containing electron-
attracting groups (5-10 and 19-21) were successfully chlorinated
and brominated.

D)L J@f » om

~" 4 Br=Naproxen

28,72% 29, 56% 30, 86%
B: B! no reaction OH
) 00 i~ & ©
el olo
OH hllle NO;
with (Phi0)n/ AlCT,
31, 82% 32, 46% ot {PhIO)n AlBry

Scheme 3. Functional group tolerance for the (PhlO)n JAIXs-mediated chlorination
and bromination of phenols-ethers and carbazole (X = Cl, Br).

Next, various functional groups were explored to determine the
tolerance of the reaction (Scheme 3).

The chlorination of formyl aromatic derivatives was explored
with p-anisaldehyde which gave 28 in 72% yield, while the bromi-
nation of veratraldehyde led to the formation of 29 in 56% yield.
The carboxylic acid group was evaluated with the bromination of
naproxen giving 30 in 86% yield. Additionally, naphthols
containing the ester functionality reacted under our chlorination
conditions to give 31 in 82% yield. The bis-bromination of
1-methyl-1H-carbazole gave 32 in 46% yield. Other substrates such
as benzene, toluene or 4-nitrophenol did not react under our
halogenating conditions.

After evaluating the functional group scope, it was decided to
demonstrate the synthetic utility of our procedure (Scheme 4).

It was decided to use products 7 and 8 obtained using our
developed method to demonstrate its synthetic utility and obtain
34 via two sequential cross-coupling reactions. We started with a
regioselective Suzuki cross-coupling using 7 and p-tolylboronic
acid giving 33 in 78% yield. The second cross-coupling led to the
formation of 34 in 58% yield. On the other hand, compound 8
was submitted to a two-consecutive cross-coupling sequence
starting with selective reaction at the first position using phenyl-
boronic acid, to give 35 in 60% yield. The second Suzuki reaction
gave 34 in 88% yield.

Finally, to gain insight into the reaction mechanism, we ana-
lyzed the reaction of (PhlO), with AICl; and AlBrs. The literature

8
B(OH); | Pa(PPh,), (10 mob) PA(PPha)q (5 mols) l B(OH);

K;C04(2 aguiv.) K;CO4(2.1 equivy)
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80°C12h 80°C12h
Me cl
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e
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Scheme 4. Synthetic utility of the (PhlO)n JAlXs;-mediated chlorination and
bromination of phenols (X =Cl, Br).
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describes that polymeric lodosylbenzene is prone to depolymerize
releasing its monomeric sub-unit PhlO when dissolved in metha-
nol [32], upon treatment with (18-C-6/ HBF;-Me;0) [33], or in
presence of Lewis acids such as BF; [34]. Based upon these prece-
dents, it was hypothesized that the reaction of (PhlO), with alu-
minum salts could depolymerize it releasing monomeric PhIO
(Fig. 2).

To our delight after the reaction of (PhIO),, with aluminum chlo-
ride in acetonitrile at room temperature, the monomeric PhIO was
identified by HRMS ESI(+) analysis (Fig. 3).

Fig 2 unequivocally shows the depolymerization of (Ph10O), pro-
moted by AICl. It was possible to detect the protonated formed
adduct of the monomeric PhlO [PhIOH]". This mass analysis
demonstrated that monomeric PhIO was released after the reaction
with the chlorine aluminum salt. Also is important to note that
other possible species which could act as chlorinating or brominat-
ing reagents such as PhICI; or PhIBr, were not identified.

This short mechanistic experiment allowed us to rationalize
that the aluminum salts display a dual role: promoting the (PhiO),
depolymerization (as supported by HRMS) while acting as a chlo-
rine or bromine atom source. To the best of our knowledge this
is the first report describing the aforementioned dual role of such
AlX; (X = Cl, Br) salts.

With the experimental evidence obtained and the known chem-
istry [35] of iodine(1lI) the following reaction mechanism was pro-
posed (Scheme 5).

The mechanism starts with AlX; coordination to (PhIO), to give
the adduct (PhIO),-AlXs. Then the longer bond in (PhIO), is broken
while a halogen (X) is transferred to the iodine(lll) center forming a
plausible halogenating species. The latter reacts with the corre-
sponding phenol or phenol-ether via electrophilic aromatic substi-
tution which promotes reductive elimination from the I'"' to the I'
center, releasing iodobenzene, -OAIX, and gives rise to the non-
aromatic intermediate I. Finally, the aromatization of I assisted

Ph
O~y AICI; or AlBr; |é°
~ o Mgl —_—
o~ Seh b MeCN, 23 °C Ph
mmm 237 A
(PhlO), === iy PhIO
polymeric monomeric

Fig. 2. Proposed depolymerization of (PhlO)n using AlXz (X = Cl, Br).
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Fig. 3. Identification of monomeric PhlO after the AlX; promoted depolymerization
of (PhlO )n.

X712
¢ Ph
RN Ay ).y
0" pp In X=ClorBr 0" pp n

(PRIO), (PhIO) = AX5

HOY L HO:)
X
Q)
S
1
P

szl‘o'lle Q
XpAl—OH  + OH

~ b P
i plausible
Ph halogenating species
Scheme 5. Mechanistic proposal for the (PhlO )n /AlXz-mediated chlorination and
bromination of phenols and phenol-ethers (X = Cl, Br).
by -OAIX; leads to formation of the chlorinated or brominated
phenol.

In summary, we have developed an efficient and mild chlorina-
ton and bromination of mono- and bis-annular phenols using
polymeric lodosylbenzene and aluminum chloride and bromide
salts as starting materials. The reaction takes place at room tem-
perature and under open flask conditions allowing the chlorination
and bromination of a broad range of phenols containing electron-
donating as well as electron-attracting groups. The proposed reac-
tion mechanism involves (PhlO), depolymerization promoted by
AlX; salts (X = Cl, Br) and concomitant chlorine or bromine transfer
to the iodine(Ill) center. This process forms the plausible chlorinat-
ing [PhI(CI)OAICI;] or brominating [PhI(Br)OAIBr;] active species
in situ which carries out the halogenation reaction in the phenol
via electrophilic aromatic substitution. The AIX;-mediated lodosyl-
benzene depolymerization was supported by HRMS. To the best of
our knowledge, this is the first report describing the dual role of
aluminum chloride and bromide salts in the depolymerization,
and as halogen source by transfer from the aluminum to the
iodine(Ill) center. Additional mechanistic studies as well as a full
computational study of this reaction are currently ongoing in our
laboratory.
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Abstract: Iodine(IIT)-based reagents have been broadly used in oxidative reactions for structural
functionalization with several functional groups. Among the more relevant and useful synthetic
transformations using these hypervalent 7\.3-reagents‘ the fluorination. chlorination, bromination, as
well as the 1odination protocols, can be found. Herein. we present some of the most representative
oxidative halogenation procedures of arenes. olefins and alkynes dating from the oldest to the more

Dor- recent advances in the area, highlighting the discovery and application of new iodine(III)-based halo-
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1. INTRODUCTION

Halogenated aryls, olefins and alkynes are highly rele-
vant and synthetically useful building blocks 1n several areas
of the chemistry. Many specialized reviews on synthetic ap-
plications of specific classes of hypervalent iodine com-
pounds have been published [1-5]. In this regard, the hyper-
valent 1odine(III)-based reagents focused on the oxidative
mtroduction of the full family of the halogens, have been
extensively used for the fluorination, chlorination bromina-
tion and iodination of different arenes, heteroarenes, alkenes
and alkynes. This review addresses the most relevant oxida-
tive halogenations described in a summarized fashion during
the period between 1966 to 2018.

2. OXIDATIVE FLUORINATION OF ARENES MEDI-
ATED BY A’ IODANES

The fluorination of organic molecules is a field of syn-
thesis that poses great challenges despite the progress made
i recent decades. It 1s not surprising that fluorinated com-
pounds play a role as templates of bioactive molecules. For
example, 20% of compounds in the pharmaceutical industry
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include a molecule with a fluorine atom. In some cases, the
replacement of hydrogen by its 1sostere fluorine increases the
hydrophobicity leading to a delay in metabolism [6]. From
the chemical and especially pharmaceutical point of view,
adding fluorine at specific sites in substituted aromatic rings
1s an important task. The method of Balz [7], which has been
used since the 1960s, many times requires diazotization with
explosive diazofluoroborates. Therefore, alternatives have
been designed for the synthesis of fluorinated aromatic com-
pounds [8]. Fluorinated hypervalent iodine(III) reagents
(HIR) represented initially by the difluoroiodobenzene, are
promising replacements to the highly toxic heavy metal oxi-
dants, since they possess characteristics such as broad avail-
ability, low toxicity, high stability against oxygen and mois-
ture and their reactions usually proceed under mild condi-
tions releasing iodobenzene in a safe manner. Thus, their
versatility as synthetic tools in organic chemistry 1s currently
increasing for chemical fluorination [9] (Fig. 1).

o]

1
Fig. (1). Structure of the hypervalent iodine(IIl) reagent

difluoroidobenzene. (4 higher resolution / colour version of this
figure is available in the electronic copy of the article).

© 2021 Bentham Science Publishers

202



2 Mini-Reviews in Organic Chemistry, 2021, Vol. 18, No. 00

One of the initial methods for the one-step preparation of
difluoroiodobenzene derivatives usmg HIR (2) was de-
scribed by Carpenter in 1966 [10]. In this protocol, fluorine
sources such as F,, SF, or XeF, were avoided. The synthesis
of 4-iodotoluene difluoride and derivatives la-c was
achieved in good yields (60-90%) (Scheme 1).
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Scheme 1. Synthesis of diﬂuoroaryl-ls-iodanes la-c. (4 higher
resolution / colour version of this figure is available in the electron-
ic copy of the article).

With this background, Jacquesy et al. [11] described a
new method for mcorporating fluorine in aromatic com-
pounds such as 4-substituted phenols (3), using the combina-
tion of PIFA [bis(trifluoroacetoxy)iodobenzene] and PPHF
[12] (pyridinium polyhydrogen fluoride) to obtain mono- and
polycyclic 4-fluorocyclohexa-2,5-dienes (4) in fairly good
yields (61-77%) (Scheme 2).
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Scheme 2. Putative fluorination of aromatic phenols 4a-b using
PIFA and PPHF. (4 higher resolution / colour version of this figure
is available in the electronic copy of the article).

In 2004, Karam et al. [13] reported a fluorination proce-
dure using phenols of type 5. The combination of PPHF with
PIDA diacetoxyiodo(benzene) gave rise to the fluorination of
angular fluorocyclohexenones in low to moderate yields. The
procedure was also applied to the ipso-fluorination of estro-
gen steroids (7a-b) within moderates yields (58-77%) as well
as to the hydroindole 8 in moderate yield (35%) (Scheme 3).

Later, Kita and Shibata [14] described enantioselective
fluorination of indenones (9) catalyzed by the (R)-
binaphthyldiiodide (ArI) which is oxidized in situ to the
corresponding )-iodane. This protocol proceeded in mild
and effective reaction conditions (Scheme 4).

Afterward, Jouannetaud et al. [15] carried out the reac-
tion of para-substituted anilines (11) in the presence of PI-
DA and PPHF, giving easy access to new 4-fluorinated cy-
clohexa-2 5-dienimines (12). These fluorinated derivatives
12 were obtained in low to moderate yields (18-75%). The
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protecting group on the aniline nitrogen atom and the substi-
tution of the aromatic moiety have a crucial role i the suc-
cess of the reaction (Scheme 5).
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Scheme 3. Preparation of substituted fluorocyclohexenones using
PIFA. (A higher resolution / colour version of this figure is availa-
ble in the electronic copy of the article).
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Scheme 4. Enantioselective a-fluorination of 1.3-dicarbonyl-
indenones, catalyzed by hypervalent iodine(IIl) reagents and
Py-HF. (4 higher resolution / colour version of this figure is avail-
able in the electronic copy of the article).
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Scheme 5. Synthesis of 4-halo-4-alkylcyclohexa-2.5-dienimines
(12). (A higher resolution / colour version of this figure is available
in the electronic copy of the article).

Following the timeline, the group of Sanford [16] de-
scribed an example of palladium-catalyzed C-H fluorination
for a variety of 8-mehtylquinoline derivatives 13, using AgF
as fluoride source m mixture with PhI(OPiv), bis(rert-
butylcarbonyloxy)-iodobenzene. The reaction proceeded in
modest yields (41-59%) giving rise to the corresponding
benzylic fluorination products 14.

Interestingly, i the proposed catalytlc cycle, the fluoride
atom 1s the oxidizing agent (Pd" to Pd ™) and the source of
the fluorine atom (Scheme 6).

In 2013, Meng and L1 [17] used several aromatic anilides
14 and developed regioselective para-fluorination obtaining
the anilides 15. The reaction took place in the presence of
PhI(OP1v), and pyridine-hydrogen fluoride (Py-HF). They
obtained moderate to good yields (40-80%). Scheme 7 out-
lines a plausible mechanism. Herein the intermediate 16 was
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obtained through the nucleophilic attack from the anilide 14
to PhI(OPiv), following reductive elimination at the 1odine
atom with the concomitant generation of nitrenium ion 17.
Finally, the intermediate 18 was trapped by HF to give the
corresponding fluorinated derivatives 15 (Scheme 7).
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Scheme 6. Palladium-catalyzed C-H fluorination of 8-

methylquinoline derivatives 13a-c using PhI(OP1v), as oxidant. (4
higher resolution / colour version of this figure is available in the
electronic copy of the article).
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Scheme 7. Regioselective para-fluonination of anilides 14 mediated
by PhI(OP1v),/ Py-HF. (4 higher resolution / colour version of this
figure is available in the electronic copy of the article).

Subsequently, Hu ef al. [18] established an efficient i0-
dine(IIT)-mediated method as a safe alternative to the poten-
tially explosive Balz-Schiemann procedure. Compounds 20
were obtained in moderate to good yields (48-83%). The
reaction took place under mild conditions allowing a wide
range of functional groups (Scheme 8).
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Scheme 8. Iodine(II)-catalyzed Balz—Schiemann fluorination of

arenes. (4 higher resolution / colour version of this figure is availa-
ble in the electronic copy of the article).

Recently, Murphy et al. [19] described a novel chemose-
lective fluorinative ring expansion of the alkenylbenzofu-
ranes 21 and 22 using (p-TolIF,). The procedure supports a
great variety of functional groups, including carbo- and het-
erocycles 23-24 with moderate to good yields (49-78%)
(Scheme 9).
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Scheme 9. Difluorinative ring expansions of 3-alkenyl- and 3-
allenyl-benzofuranes using p-(difluoroiodo)toluene. (4 higher reso-
lution / colour version of this figure is available in the electronic
copy of the article).
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3. OXIDATIVE CHLORINATION OF ARENES ME-
DIATED BY A*-IODANES

Another class of relevant compounds 1s the chloroarenes.
Herein we describe some representative procedures for the
chlorination of these compounds using novel hypervalent
10dine(III) reagents as oxidants.

Evans et al. [20] described a method for the chlorination
of 1,4-dimethoxynaphthalene by combining PIDA and trime-
thylsilyl chloride (TMS-CI). 2-chloro-1,4-dimethoxynaph-
thalene (26) was obtained in 83% yield (Scheme 10).

OMe OMe
ve c
OMe OMe
25 26(83%)

Scheme 10. Chlorination of 1.4-dimethoxynaphthalene. (4 higher
resolution / colour version of this figure is available in the electron-
ic copy of the article).

PhI(OAC), (1.1 equiv)

TMSCI (2.2 equiv)

0t023°C, 22 min

On the other side, in 1998, Zanka et al. [21] carried out
large-scale monochlorination of 4-aminoacetophenone (27)
(144 mol) using iodobenzene dichloride. The final process
was scaled up to afford 24.8 kg (87% yield) with 94% purity
(Scheme 11).
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Scheme 11. Monochlorination of 4-aminoacetophenone mediated
by PhICL,. (4 higher resolution / colour version of this figure is
available in the electronic copy of the article).

Interestingly, Karade et al. [22] described a method for
the preparation of the recyclable hypervalent 1odine(III) 31.
The 10dine reagent was synthesized from 4-iodophenol 30
and 2.4 6-trichloro-1,3,5-triazine 29 to form 2.4, 6-tris[(4-dich-
loroiodo)phenoxy)]-1.3,5-triazine 31 as a recyclable analog
non-polymeric of (dichloroiodo)benzene. This compound
was used with various arenes (32, 34) obtaining good to ex-
cellent yields (81-100%) of the corresponding chlorinated
derivatives (33, 35). The products were separated by simple
filtration and recycling the 10dide reagent (Scheme 12).
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Scheme 12. Preparation of 2.4.6-tris[(4-dichloroiodo)phenoxy)]-
1.3.5-triazine (31) and use in the chlorination of some arenes (33,
35). (4 higher resolution / colour version of this figure is available
in the electronic copy of the article).

On the other hand, mn 2014, Ibrahim et al. [23] set prece-
dent for the use of ammonium salts, a source of halogens in
the hypervalent 1odine chemistry applied to the o-
chlormation of 1,3-dicarbonyl compounds 36. This protocol
gave excellent yields (80% to 97%) under mild reaction con-
ditions (Scheme 13).

Regarding the catalytic reactions using hypervalent 1o-
dine reagents, Min et al. [24] developed regioselective chlo-
rination of electron-rich aromatic compounds 38. The proto-
col uses NH4I, m-CPBA and LiCl to form in situ, the hyper-
valent 10dane intermediate. In this way, the monochlorinated
compounds 39 are obtained in moderate to good yields (71-
91%) (Scheme 14).
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Scheme 13. o-Halogenation of 1.3-Dicarbonyl compounds using
the EtyNCI /PIDA system. (4 higher resolution / colour version of
this figure is available in the electronic copy of the article).
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Scheme 14. Catalytic p-chlorination of electron-rich arenes using
the NHyI/TsOH/m-CPBA/LiC1 system. (A4 higher resolution / colour
version of this figure is available in the electronic copy of the article).
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Scheme 15. Some examples of Pd-catalyzed C-H chlorination by in
situ-generation of PhI(OAc)CL. (A higher resolution / colour ver-
sion of this figure is available in the electronic copy of the article).

Another chlorination protocol was developed by Kim
et al. [25]. This procedure provides chemo- and regio-
selective C-H chlorination reaction at the benzylic or the
aromatic position of p-tolylpyridine 40 if a stoichiometric or
sub-stoichiometric amount of PhICl, is used (Scheme 15a-b).
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On the other hand, the palladium-catalyzed chlorination of
benzo[/]quinoline and the p-tolylpyridine derivatives 40-42
by using Pd(OAc),, PhI(OAc), and ammonium chloride as a
chlorme source, produced the corresponding halogenated
derivatives 44-46 in moderate to good yields (58-70%)
(Scheme 15c¢-d).

Subsequently, another chlorination method for arenes and
heteroarenes (47-49) was developed by Xue [26]. Here, the
use of the known iodine(III)-based chlorinating reagent 1-
chloro-1,2-benziodoxol-3-one (50) allowed the access to
several chlorinated carbo- and heterocycles (51-53) in mod-
erate to good yields (62-82%) (Scheme 16).
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51a (51%) 51b (78%) Ph  gram scale
cl Cl
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52b (68%) 53a (76%) 53b (94%) N

Scheme 16. Scope of chlorination by 1-chloro-1.2-benziodoxol-3-
one (old-age reagent) in arenes and heteroarenes. (4 higher resolu-
tion / colour version of this figure is available in the electronic copy
of the article).

A regioselective copper-catalyzed method to successfully
obtain chlorinated aryl heterocycles (46) was described by
Parvathaneni [27]. This protocol combines 50 with copper
10dide and K,S,05 as additive. Also, the procedure takes
place in a gram scale within good yields (78%) (Scheme 17).

Cul (0.01 equiv),
50 (1.2 equiv),

7\ K2S5203, 7\
=N DCE,100°C, 24 h N o
42 46 (78%)
gram scale

Scheme 17. Copper-catalyzed orfo-chlorination of aryl pyridines.
(A higher resolution / colour version of this figure is available in
the electronic copy of the article).

The same group of Parvathaneni [28] explored the reac-
tion with CuCl and PhI(OAc); 1n several 2-arylpyridines 42.
Different chlorinated derivatives 46 were obtained in ortho-
selective fashion with moderate to excellent yields (62-85%)
(Scheme 18).

In 2018, Murphy and Zhao [29] reported bis-chlorination
of phenylallene derivatives 54 using the chlorinating hyper-
valent 1odine(IIT)-based reagent 50. This reaction allowed
access to vicinal bis-chlorides 55 showing broad group toler-
ance and scope, in moderate to excellent yields (30- 93%)
(Scheme 19).
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Scheme 18. ortho-chlorination of an aromatic compound using
PIDA and CuCl. (4 higher resolution / colour version of this figure
is available in the electronic copy of the article).

H Cl
f X 50 (2.2 equiv) RS
RT —_—
Z MeCN, 90 °C, 2 h cl
(E/Z ratio 1:1.25 0 2.3)
54 55a, R= p-Me (90%)

55b, R= p-Ph (88%)
55¢, R= p-Br (49%)
55d, R= p-Cl (41%)

Scheme 19. Iodine(IIT)-mediated chlorination of phenylallene de-
rivatives 54. (4 higher resolution / colour version of this figure is
available in the electronic copy of the article).

Later, in 2019, Yu er al. [30] described the transfor-
mation of a wide range of indoles 56 into 3-chloro-2-
oxindoles (57-58). The reaction proceeds via the selective
oxidation of C-2 with concomitant mono- or bis-chlorination
at C-3. This 1odine(III)-promoted chloro-oxidation is a one-
pot transformation which takes place in moderate to high
yields (65-99%) with excellent functional group compatibil-
ity (Scheme 20).

cl
S
R_I\ N 50 (2 equiv) Ry= 0o
27 P ! = N
N DMFICF4CO,HM,0 \
56 Ri 23°C,10 min 57 (69%) N1
cl o
BN
Rz@ 50 (3 equiv) o LS 0
0 P 270 P>
N 1.4-dioxane/H,0 N
56 Ry 80 °C, 30 min 58 (86%) R4

Scheme 20. Synthesis of 3-chlorooxindoles mediated by 1-chloro-
1.2-benziodoxol-3-one 50. (4 higher resolution / colour version of
this figure is available in the electronic copy of the article).

Another chlorination protocol was described by Vallribe-
ra et al. [31]. Herein several arenes (59-61) were chlorinated
using the mixture of PIFA and KCI, yielding the halogenated
derivatives (62-65). Remarkably, this new methodology was
successfully tested on a multigram scale to obtain 4-chloro
salicylic acid 65 (6g, 77%) (Scheme 21).

Recently, the group of Solorio-Alvarado [32] described
electrophilic chlormation of different phenols and phenol-
ethers (66) using the PIFA/AICI; system. The procedure that
allowed access to a wide range of chlorinated naphthols (67),
i1s gram-scalable and the proposed chlorinating species re-
sulted as even more reactive than common commercially
available reagents such as NCS (Scheme 22).



6  Mini-Reviews in Organic Chemistry, 2021, Vol. 18, No. 00
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Scheme 21. Chlorination of arenes by using the PIFA-KC1 system.
(A higher resolution / colour version of this figure is available in
the electronic copy of the article).
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Scheme 22. Chlorination of arenes mediated by the PIFA/AICI;
system. (4 higher resolution / colour version of this figure is avail-
able in the electronic copy of the article).

4. OXIDATIVE BROMINATION OF ARENES MEDI-
ATED BY A*-IODANES

Concerning the brominated derivatives, due to their high
relevance in organic synthesis, there 1s an mcreasing interest
i accessing such important core. Herein we review some
relevant protocols of bromination mediated by iodine(III)
reagents.

In 1996, Evans et al. [20] reported novel haloacetoxyla-
tion of the 1,4-dimethoxynapthalene 68 using PIDA as an
oxidant in the presence of TMS-Br as halogen source. The
varied molar ratio of PIDA and TMS-Br gives rise to the
mono- or bis-brominated or the bromoacetoxylated product
69. The mechanism of this arene oxidation plausibly in-
volves the formal addition of the acetoxyl anion to benzyne
formed 1n 1,4-dimethoxynaphthalene (Scheme 23).

In 2002, Chen et al. [33] described the bromination of
methyluracil derivatives 70 using diacetoxyiodo(benzene)
and molecular bromine. The method leads to the formation
of the desired brominated methyluracils 71, in yields usually
higher than 90% (Scheme 24).
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Scheme 23. Bromination and acetoxylation of 1.4-dimethoxy-
naphthalene using PIDA and TMS-Br. (4 higher resolution / colour
version of this figure is available in the electronic copy of the arti-
cle).
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Scheme 24. Bromination of methyluracil mediated by the PIDA/Br,
system. (4 higher resolution / colour version of this figure is avail-
able in the electronic copy of the article).

Later, Wang et al. [34] reported an oxidative 10dine(III)-
based procedure for the aminobromination of «, B-unsatu-
rated ketones, esters, and amides 72. The protocol displayed
excellent diastereoselectivities under mechanical ball milling
conditions, using TsNH, and NBS as the nitrogen and bro-
mine sources respectively and (diacetoxyiodo)benzene as
oxidant. The electron-donating olefins showed reversed regi-
oselectivity and the corresponding bromoamine 73 was 150-
lated with 77% of yield exclusively with anti-configuration
(Scheme 25A).

The same group in 2008 reported a procedure using
bromamine-T as the nitrogen and bromine source for the
aminobromination of electron-deficient olefins 74. Excellent
stereoselectivities were found for the corresponding reaction
products 75 (Scheme 25B) [35].

Another 10dine(III)-catalyzed protocol for the regioselec-
tive monobromination of electron-rich arenes 76 was report-
ed by Zhou et al. [36]. The procedure allowed the bromina-
tion of different phenols-ethers and heterocycles in excellent
yields. The mechanism proposes the formation in situ of the
Koser’s type reagent [PhI(OTs)Br] following the electro-
philic aromatic substitution. In this way, different brominat-
ed arenes 77 were obtained (Scheme 26).

On the other hand, Hangirgekar er al. [37] developed a
procedure for the facile regio- and stereoselective methoxy-
bromination of olefins 78 using PIDA as oxidant and trime-
thyphenylammonium tribromide (PTAB) as a halogenating
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source. The mechanism of this reaction involves an Sy2 ring-
opening reaction which explains the high anti-stereoselec-
tivity of the brominated products 79. Additionally, this
methodology 1s characterized by high yields, short reaction
times and easy workup procedure (Scheme 27).

A) o) TsHN R,
NN R, TsNH,, NBS, PhI(OAC), N o
R ball milling (30 Hz), Rz J &
72 23°C, 90 min 73
[anti /syn ratio]
Ph
TeHN 73b, R= CgHs (83%), [92/8]
o T3¢, R=4-CHy-CgH. (61%), [92/8]
73d, R= 4-Cl-CgHg (73 %), [94/6]
R Br 73e, R= 2-Cl-CgHs (79 %), [94/6]
73f, R= 3,4-Cl-CgHa (76%), [93/7]
73a,83% 739, R= 4-NO,~CzH, (73%), [95/5]
anti/syn>92/8  T3h, R= 4-C-CaH (76%), [95/5]
TSHN  Me THN OMe TSHY N
I o} o o)
r Br cl Br
73i (76%) 73] (66%) 73k (49%)
antilsyn >92/8 antilsyn >92/8 antilsyn >99/1
Br O
B 0 Phi(OAc)
2
/\)L +  TsNBrNa R‘J\.)LRZ
R' R2 - H
DCM, 45 °C fHTs
- 53-74% 75

Scheme 25. Aminobromination of olefins promoted by PhI(OAc),.
(A higher resolution / colour version of this figure is available in
the electronic copy of the article).

OMe OMe
Phl
mCPBA
+ LBr ————— -
TsOH
76 Br 77
77a (98% 77b (81% 77c (97% 77d (51%

Scheme 26. Iodine(Ill)-catalyzed bromination of electron-rich
arenes using PhI(OTs)Br. (4 higher resolution / colour version of
this figure is available in the electronic copy of the article).

OM
e Phi OMe
mCPBA
+ LiBr ——————
TsOH
76 Br 77
77a (98% 77b (81% 77c (97%) 77d (51%)

Scheme 27. Synthesis of vicinal methoxy-bromides from olefins
using PIDA and PTAB. (4 higher resolution / colour version of this
figure is available in the electronic copy of the article).

208

Mini-Reviews in Organic Chemistry, 2021, Vol. 18, No. 00 7

Another brommation procedure was described by Mori-
yama and Togo [38]. They developed a metal-free synthesis
of 2-bis(sulfonyl)amino-3-bromo-indoles via the 13-
migration of imide groups on indolyl(phenyl)iodonium im-
ide. This protocol allowed the regioselective C,,’~H bromin-
ation of indoles in a two-step one-pot process (Scheme 28).

Phl(OAc): (1.2 eq)

(PhSO2)2NH (1.2 eq) o
©\/\> 1,3,5-tribromohidantoin (0.6 eq) &R
N DCE, 40°C, 7h N
80 PG  R=-NHy(SO,Ph) 81 o
ST BT :
povia TRIeNTs,
H B H
RET DR
: Z~N H
: \ :
i PG ! 81a (63%) 81b (64%)

Scheme 28. Regioselective C,p"—H bromo-amination of indoles
mediated by PIDA and (PhSO,)NH. (4 higher resolution / colour
version of this figure is available in the electronic copy of the article).

Also, the Gulder group [39] reported a one-pot synthesis
of B-lactams under iodine(IIl)-catalyzed conditions. This
cascade of reaction involves the bromination/rearrangement/
cyclization sequence with excellent yields. In general, this
three-step one-pot reaction gave direct access to isoserine
derivatives from simple imines (Scheme 29).

)
“NcoH
" 2 " 10 mol%
e‘NJ\IT ®  NBS,CsF(30mol%)  Me. O
TEBACI (30 mol%) “Ii
o 0Bz
THF-DCM (1:1
82 - g3 Me
i'"‘;,-;"g """ : Me‘ :Pr\ Ph.
H i
iMesy ! OBz OBz OBz
' H 5
] Bre 1 83a(85%) 83b(94%)  83c (95%)

Scheme 29. Iodine(IIT)-catalyzed triple cascade reaction to obtain
B-lactams. (A higher resolution / colour version of this figure is
available in the electronic copy of the article).

Besides, Maegawa et al. [40] reported the first study
about the dehydroxymethylbromination of methoxy-
substituted benzyl alcohol derivatives 84 using (PIDA) and
lithium bromide. This protocol involves the initial alcohol
oxidation followed by the ipso attack of bromide to the arene
with concomitant acetyl formate loss. The mono- or bis-
brominated arenes 85 can be obtained by controlling the mo-
lar ratio of the hypervalent 10dine(III) reagent and the lithium
bromide (Scheme 30).

Another relevant procedure to obtain brominated arenes
was reported by Solorio-Alvarado [41]. The protocol de-
scribed an efficient electrophilic bromination of several phe-
nols and heterocycles 86, with a broad scope of functional
groups using the PIDA/AIBr; system. The gram-scale reac-
tion proceeded with excellent yields and was applied to a
wide range of different compounds including analgesics such
as naproxen or paracetamol 87 (Scheme 31).
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- Br
meo L ] OH _PhI(OAC), LiBr oo 0
Z CF2CH,OH, 23°C O
84

85
Putative mechanism

/©/\0H PhI(OAC), /@AO
—_—
MeO MeO!

Br

o
53
AcOCHO ~ MeO
Scheme 30. Conversion of benzylic alcohols into arene bromudes.

(A higher resolution / colour version of this figure is available in
the electronic copy of the article).

H Electrophilic Bromination Br
» r:-"]ij/OR PhI(OAc), / AlBr3 e OR
Yoy MeCN, 23 °C Seg-
86 87 (12-96%)
pmmm e Br Br, Br
N :

Vol o
| ACO—|mm=mBr |
i H N
: | ;
: ! 87a, 93%
! E gram scale 87b, 62%
1
i Brominating E Br
! ]
i_.__Reagent | OMe

37 examples OO

HO,C.

R=-H, -Me, R )L

-Ac, -Bn, -Piv Me Br-Naproxen Br- Paracetamol
BN SR 87¢ (93%) 87d (65%)

Scheme 31. Bromination of arenes mediated by the PIDA/AIBr;
system. (4 higher resolution / colour version of this figure is avail-
able in the electronic copy of the article).

Moreover, a variant of the previous protocols of chlorina-
tion (PIFA/AICI;) [30] and bromination (PIDA/AIBr3) [41]
was described by the same group, using polymeric 1odo-
sylbenzene (PhIO), [42] and the corresponding aluminum
salt which carry a dual role in the depolymerization of iodo-
sylbenzene and as halogen source (AlX;; X= CI, Br). The
protocol was applied to a wide range of phenols and phenol-
ethers 88 and some heterocycles obtaining different chlorin-
ated and brominated arenes 89. Additionally, the sequential
bis-halogenation to obtain the chlorine-bromine and bro-
mine-bromine phenols was achieved (Scheme 32).

5. OXIDATIVE IODINATION OF ARENES MEDIAT-
ED BY A* - IODANES

The 10odme derivatives including aryl-, alkyl, alkenyl- or
alkynyl 1odides are a very important class of organic halides,
especially in organic synthesis. They are the best electro-
philic partners in the cross-coupling reactions and they are
used as organic building blocks for several transformations.
Along with the most relevant strategies for accessing these
derivatives, hypervalent 1odine chemistry has been used due
to the low toxicity and generally easy handling. Heremn we
present a brief overview of some of the most representative
1odination procedures which used hypervalent 10dine reagents.
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plausible
halogenating species
H X—i—OAIXz Cl/ Br
R_f"'.: . OH Ph PPN OH
Loy MeCN, 23°C Sy
88 X=-Cl,-Br 89
T A X—I—0AIX;
hio), _A%s 2
X=-Cl, -Br Ph

"CI* "/ “Br* " synthon
formatlon of the halogenating speaes

o, °“ ol

89d, 69%

89c, 73%
reaction sequence

89a, 86% (CI)
89b, 84% (Br)

Scheme 32. Chlornnation and bromination of arenes mediated by
the (PhIO),/AIX; (X= CL. Br) system. (4 higher resolution / colour
version of this figure is available in the electronic copy of the arti-
cle).

The very initial examples of iodination with hypervalent
1odine reagents were reported in 1968 by Aoki er al. [43].
Herein, the relative rate of the iodination reaction was meas-
ured of some aromatic compounds 90 using molecular 10dine
in peracetic acid as solvent. A rate law was found which can
be expressed as I = k[,][CH3COsH] where the electron-
withdrawing substituents accelerated the rate of reaction.
Representative aryliodides 91 obtained are outlined (Scheme 33).

Me

@ Me AcOOH 65°C
I 91
Me Me
Me Me
I 1 |
Me
\© Me'

I Me 1 1

91a (85%)

Me

91b (72%) 91c (75%) 91d (21%)

Scheme 33. Kinetic study and development of the iodination pro-
cedure of arenes using I,/AcO;H. (4 higher resolution / colour
version of this figure is available in the electronic copy of the arti-
cle).

Initial examples of iodination with hypervalent iodines
were reported in 1979 by Merkushev et al. [44]. They de-
scribed the 10dination of xylenes 92 in the presence of PIFA
or 10odosobenzene and molecular 1odine using chloroform as
solvent. The iodination procedure was fast and proceeded
smoothly, with high yields at room temperature (Scheme 34).

Subsequently, in 1988, Moriarty ef al. [45] reported the
decarboxylative-iodination of some cubane derivatives 94.
These homocubyl and cubyl carboxylic acids were treated
with the PIDA/T, system in CCly under irradiation condition
giving rise to the corresponding iodinated products i excel-
lent yields (80-90%). Also, the mechanism probably involves
the hypervalent 10dine(III) reagent prone to ligand exchange
in one or two of the carboxylic acid groups to generate the
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cubyl-acyloxy-hypervalent type system which upon irradia-
tion generates the radical that is 1odinated with molecular
1odine (Scheme 35).

0
TFAO—=|—OTFA L
L + l, ——=~ Phl + 2 I\O CF,
I
S o S 0
R.; R+
A I‘oJl\:Fs - A HOJLCF3
92
: : : 93d (79%)
93a (55%) 93b(61%) 93c (63%)

Scheme 34. Iodination of different arenes using PIFA/T>. (4 higher
resolution / colour version of this figure is available in the electron-
ic copy of the article).

OH PhI{OAc)y, I,

CCly, hv
R 95
J%f )%f rnd
95a (90%) 95c (80%) 95d (85%)

Scheme 35. Hypervalent iodine(II) mediated decarboxylative-
1odination of homocubyl and cubyl carboxylic acids. (4 higher
resolution / colour version of this figure is available in the electron-
ic copy of the article).

On the other hand, C-H activation is an important and
challenging concept in organic synthesis. In this regard, Bar-
luenga et al. [46] developed a new protocol for the C-H 10-
dination using hypervalent 1odine(III) reagents. In this ap-
proach, the single as well as the double formal C-H bond
activation occurs either in i1odoalkanes or 1-acetoxy-2-
10docycloalkanes respectively 96-98. The reaction proceeds
by treating the alkanes with PIDA and I, in ferz-butylalcohol
under photochemical or thermal conditions, giving rise to the
1odinated products 99-100. The authors suggested that the
reaction proceeded through a radical pathway to initially
generate species of hypoiodite nature such as ‘BuOIL This
approach shows different diastereoselectivities under thermal
and photochemical conditions (Scheme 36).

| o I

OAc
CX PhI(OAC),, Iz Q PhI(OAC), |y QS
n o

BUOH, 40 °C BUOH, 23 °C, hv
n=1to4 n n=1to4 n

1
o7 96 |
PhI(OAC), I

I 'y
"mOAc BUOH, 40 °C

99 (65%) 98

PhI(QAC),, I
BUOH,23°C.hv

100 (85%)

Scheme 36. Photochemical and thermal 1odination of hydrocarbons
with PhI(OAc),)/1,. (4 higher resolution / colour version of this
figure is available in the electronic copy of the article).
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A slight variant was reported in 2003 by Tingoli ef al.
[47]. Herein the iodmnation of aryl ketones 101 using PIFA

and molecular 10dine took place in acetonitrile or methanol
to produce de-iodinated aromatic derivatives 102 (Scheme 37).

j)k/

55 e

102a (86%)

o)
PIFA/

MeCN or MeOH, 23 C

S
Ry
/

102b (73%) 102c (68%) 102d (81%)

Scheme 37. Electrophilic aromatic-iodination of alkyl- and aryl
ketones mediated by the PIFA/L, system. (4 higher resolution /
colour version of this figure is available in the electronic copy of
the article).

Also, Chen et al. [48] reported the 10dination of pyrazoles
103 mediated by the broadly used PIDA/I, system. The reac-
tion proceeded in dichloromethane at room temperature to
yield the corresponding 4-10dopyrazole derivatives 104 gen-
erally in high yields (Scheme 38).

Rz
) \S
N‘N Ra

1
R; 103

Ry, I
Y \g
N,N Ry
1
Ry 104
Me | Me | Me | Me, I
)/ \S )/ \S >_j/ \ N}/ \;
NoZme Ny Asen N Aspp NTTPD
N )
H H H Ph

104a (90%)

PhI(OAC), / 1,

DCM, 23°C

104b (87%) 104c (88%) 104d (88%)

Scheme 38. Iodination of pyrazole derivatives mediated by PI-
DA/, (A4 higher resolution / colour version of this figure is availa-
ble in the electronic copy of the article).

An additional use of the PIDA/I, system was developed
by Karade et al. [49] using the “Grindstone Chemistry” ap-
proach. This new approach allowed the mild, regioselective,
and easy to handle 1odination of different arenes 105 with a
broad substrate scope, for accessing some 1odoarene deriva-
tives 106. Improved yields and higher purities of the prod-
ucts were observed compared with those from established
methods (Scheme 39).

| N ., | PhI(OAC) X
L 2 2 —— = || _
R “Grindstone Chemistry” R/

105 106

OMe OMe |©/OM9
|©/ 1” : OMe
OMe

106a (86%)  106b (86%) 106¢ (86%)

Scheme 39. Iodination of arenes with the PIDA/T, system under the
grindstone chemistry approach. (4 higher resolution / colour ver-
sion of this figure is available in the electronic copy of the article).
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In 2007, Juaristi ef al. [5S0] developed an 1odination pro-
cedure for the synthesis of o.-substituted B-aminoacids, using
the PIDA/I, system. The reaction proceeded with perhydro-
pyrimidinone-6-carboxylic acids 107 in DCM at room tem-
perature to afford the expected mixture of the reduced
enones and iodoenones. The addition of BF;-Et,O drives the
reaction to the complete conversion into iodoenone 108
(Scheme 40)_

H 0
1.PIDA/ 1, N
R'( j§ _2BFsELO R'<Nj/§_'
COOH DCM,23°C o
Pn () 107 Ph (S) 108
H‘ (0] H‘ o] H\ o]
- S
| I Ph |
N Y N / N /
o o=<( o=<(
Ph Ph Ph
108a (56%) 108b (78%)  108c (56%)

Scheme 40. Preparation of enantiopure iodoenones using the PI-
DA/, system. (A higher resolution / colour version of this figure is
available in the electronic copy of the article).

Subsequently, Kirschning et al. [51] reported in 2007, a
new approach for the iodination of arenes and heterocyclic
compounds using a polymeric hypervalent iodine(IIl) rea-
gent. In this approach, m-iodosylbenzoic acid performed the
1odination of arenes 109 in the presence of molecular iodine,
at room temperature, in acetonitrile, obtaining good yields of
the corresponding 1odinated arenes 110.

The m-10odobenzoic acid can easily be removed by simple
acidification or by resin extraction (Scheme 41).

(0] HO/n

o

&

110

I, Rn

MeCN, 23°C

iSfm

1108 (91%) 110b (76%)

Scheme 41. Mono-1odination of arenes with m-iodosylbenzoic acid
and molecular iodine. (4 higher resolution / colour version of this
figure is available in the electronic copy of the article).

110c, R = Br (92%)

110d, R = -C(O)Ph (90%)
110e, R = -C(O)CH, (90%)
110f, R = -CH,C(QO)CH3; (90%)
110g, R = -CHO (85%)

The iodination mediated by hypervalent 1odine(III) rea-
gents has also been applied to alkynes. In 2007, Yan ef al.
[52] reported the 1odination of terminal alkynes 111 using
PIDA, potassium 1odide and copper(I). The protocol afforded
1-10doalkynes 112 in good to excellent yields under mild
conditions (Scheme 42).

Yusubov ef al. [53] developed another approach using m-
10dosylbenzoic acid and molecular iodine for the 1odination
of alkenes and alkynes 113. This efficient and facile method
afforded the 1odinated products 114 m good yields under
mild conditions. The final purification of m-10dosylbenzoic
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acid by acidification or extraction by resins allowed easy
isolation of the obtained products (Scheme 43).

KI, Cul,
_ PhI(OAc)Z o —
<:> - Et3N 23°C <:> "2_

112a, R = Ph (94%)
112b, p-MeCgH, (95%)
112¢, p-EtC4H, (96%)
112d, p-n-PrCsHs (92%)
112e, p-MeOCgHz (97%)
112f, p-BrCgHs (98%)
112g, p-NO,C4H, (95%)
112h, 0-CF,CqH, (87%)
112i, n-Bu (82%)

g w—

Scheme 42. Iodimnation of arenes mediated by PIDA/KI/Cul. (4
higher resolution / colour version of this figure is available in the
electronic copy of the article).

R R {oﬁ(gﬁ
= O Win

MeO R3
R? R4
R2 R4 2
13 MeOH, 23°C
| “"OMe
OMe 1 14a (85%) 114b (81%) 114c (85%)

Scheme 43. Iodomethoxylations of alkenes using hypervalent m-
iodosylbenzoic and molecular iodine. (4 higher resolution / colour
version of this figure is available in the electronic copy of the article).

, 015HC, !
xR 0.05NaNO,, L
R 051, 0, RI-L
Z l/
TFE, 23°C
15 16
COzMe
116a (94%) 116b 95% 116¢ 95% 116d 92%
!' T "].;2_6 ______________ \ Plausible Mechanism
1
i nocl 2
NO ! HC HICI, Ar-
1
NO; 1}
; HONO Ar=1
H
1
Lomnes H[

H20
Scheme 44. Nitrite-mediated aerobic iodination of arenes by in sifu

generation of ICL. (4 higher resolution / colour version of this fig-
ure is available in the electronic copy of the article).

Later, Iskra et al. [54] reported an electrophilic aromatic
1odination catalyzed by nitrous acid generated in situ. Differ-
ent arenes are converted to the corresponding iodinated
products via oxidative treatment at room temperature with
catalytic quantities of 1odine and nitrous acid m trifluoroeth-
anol as the solvent. Dichloroiodic acid 1s proposed as the
hypervalent 1odinating reagent. A plausible mechanism for
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I I
R—==w=H — R—==w=| + RJ\/“ + R&r'

17 18 19 | 120 |
alkyne method ;:aoﬁrct %yield (2:3:4)
R= ptolyl A 2a 99 (100:0:0)
B 3a 99 (0.8:98.8:0.4)
c 4a 93(3.7:32:93.1)
= Ph A 2 93(100:0:0)
B 3b 97(0.2:97.6:2.2)
c b 91(0.8:0.7:98.5)
R= m-tolyl A 2c 98(100:0:0)
B 3c 98(0.9:98.1:1.0)

Method A: TBAI / PhI(OAc), Method B: KI / Phl(OAc)2
Method C: 1. TBAI /Phl(OAC)z, 2. KI /PhI(OAc)2, 3. KI /Phi(OAc)2

Scheme 45. Iodination of alkynes mediated by PIDA/TBAI or PI-
DAJKI. (A higher resolution / colour version of this figure is avail-
able in the electronic copy of the article).

this reaction involves the interaction of sodium nitrate and
hydrochloric acid to produce nitrosyl chloride. This reacts
with molecular iodine to generate iodine chloride through a
process that likely liberates nitrosyl iodide as a by-product.
Iodine chloride reacts with arenes to produce 1odinated prod-
uct (Scheme 44).

In 2017, Maruoka and Liu [55] developed a new practical
approach for the chemoselective mono-, di-, and tri-
1odination of alkynes using hypervalent iodine(III) reagents.
The PIDA/TBAI (tetrabutylammonium iodide) system is
selectively applied for mono-iodination, while the PIDA/KI
system results in di-iodination. Combining the TBAI/PIDA
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RO
PhI(OCOCF3)/ 1, I OR
©\/>=o + ROH o
N 23°C,8h N
H H
121 122

EQ oFt | 2/0’(
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122b (69%)

: MeO e
I
(ees
N
H

122a (67%) 122c (64%)

Yo Yo 5

122d (42%) 122e (49%) 1221 (57%)

Scheme 46. Iodoalkoxylation of arenes mediated by the PIFA/I,
system. (4 higher resolution / colour version of this figure is avail-
able in the electronic copy of the article).

and PIDA/KI systems in a one-pot protocol provided the
corresponding tri-iodination products efficiently (Scheme 45).

Kotagiri et al. [56] reported metal-free 10doalkoxylation
of oxindoles 121 using the PIFA/L, system. In the first in-
stance, the ketal formation at the benzylic carbon takes place,
followed by the oxidative iodination leading to the formation
of the observed functionalized compounds 122 (Scheme 46).

Recently, another procedure for the electrophilic 1o-
dination of phenols 123 and phenol-ethers has been de-
scribed 1n 2018 by Solorio-Alvarado [57]. The protocol 1s
gram-scalable and in many cases more efficient than com-

OH OH I
H I ! P OH
TN R— | e
s ]fj/ou (PhIO), /NHl  R— ~ R
R— —_— o
Cop. MeOH, 0°C Controlled I
123 5- 20 min Mono-iodination| Diiodination  Mono-iodination
With K;PO, Without K;POy4
. i —
OH OH
cegiioe
H \I F Br
: i_@ 124a (90%) 124b (93%)
| 125 F NIS= 0% (90%) gram scale
iodin':';,‘:;::ecies OH OH OH
| | cl 1
! F
1 Me” M cl f
e e 124e (88%) 124 (88%)
124c (92%) 124d (90%) NIS= 0% NIS= 0%
I 1 !
“OMe OMe o\
o O h
H
124g (57%) 124h (38%) 124i (91%)

Scheme 47. Controlled di- or monoiodination of arenes mediated by the (PhIO),/NH4l system. (4 higher resolution / colour version of this

Sfigure is available in the electronic copy of the article).
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mon procedures using 10dinating reagents such as NIS. Addi-
tionally, the di-iodination of mono-annular phenols 1s a typi-
cal issue difficult to control. In this report, the mono-
1odination of several phenols was exclusively obtamed by
buffering the reaction with K3POy, while the reaction in the
absence of this salt, usually produced di-iodinated deriva-
tives. Additional computational studies revealed 125 as the
most plausible 1odinating species (Scheme 47).

CONCLUSION

In summary, some of the most representative protocols
for the halogenation of arenes, olefins and alkynes mediated
by different types of iodine(IIl)-based reagents were de-
scribed. Remarkably, every year there 1s a notable increased
mterest and demand for the use of 10dine(IIT) chemistry posi-
tioned as one of the main tools in organic synthesis. There
are several competitive advantages for using hypervalent
10dine(IIT)-based reagents for the functional groups introduc-
tion, specifically concerning the full family of halogens in
different aryls, heteroaryls, alkenes and alkynes, compared
with the transition-metal transformation strategy. This oxida-
tive approach for the functionalization of aromatic deriva-
tives resulted generally in the fast, efficient, non-toxic and
easy to handle reactions with the final introduction of the
fluorine, chlorine, bromine and iodine atoms.
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ABSTRACT: The first gold(I)-catalyzed cycloisomerization procedure applied to the synthesis of substituted 4H-benzo[d][1,3]-
oxazines has been developed starting from N-(2-alkynyl)aryl benzamides. The chemoselective oxygen cyclization via the 6-exo-dig
pathway yielded the observed heterocycles in modest to good chemical yields under very mild reaction conditions. The obtained
oxazines were assayed on the breast cancer (BC)-derived cell lines MCF-7 and HCC1954 with differential biological activity. The
newly synthesized 4H-benzo[d][1,3]oxazine compounds showed several degrees of cell proliferation inhibition with a remarkable
effect for those compounds having a substituted aryl at C-2 of the molecules. The 4H-benzo[d][1,3]oxazines showed an ICs, ranking
from 3.1 to 95 uM in MCF-7 and HCC1954 cells. These compounds represent potential drug candidates for BC treatment.
However, additional assays are needed to elucidate their complete effect over the cellular and molecular hallmarks of cancer.

H INTRODUCTION previously used as models for several compounds testing for
cancer treatment.'”'> BC is one of the most frequent and
deathly pathologies worldwide, women from 45 to S5 years old
being the most vulnerable population. In 2020, 684,996 deaths
were registered. LA Notably, there is a great difference in 5
year overall survival between developed and underdeveloped
countries with 80% of the population versus 40%, respectwely
MCF?7 cells have been used as a model for BC'®'” since 1973,
and several compounds have been used to evaluate their
potential in cancer treatment. 220

Regarding the synthesis of the new 4H-benzo[d][1,3]-
oxazines, several procedures have been developed for accessing

Onxazines' are a class of heterocyclic compounds broadly studied
in chemistry. In specific, 4H-benzo[d][1,3]oxazines have been
extensively used in different fields. Their importance can be
found in a broad applicability since this core can be found in
heat-resistant and electronic materials,” naturally occu.rrmg
active compounds,” and biologically 1mportant molecules” such
as pharmaceutlcals agrochemicals,’ amuol_ytlcs, anticonvul-
sants,® fungicides, or anti-inflammatories’ among others.
Representative examples of the benzo[d][1,3]oxazine nucleus
is established by etifoxine, a potent GABA receptor inhibitor, or
by efavirenz, which is an efficient inhibitor of reverse this

core (Figure 2).

. : }Iﬂr - 8 .
tmnscnp;;se ‘:l%:mﬁ th SR (Flgu 5 l)l; Some of the more representatives mclude metal-catalyzed
Regar ajciseases at cause great mortality, 4H-benzo[d]- procedures with Pd, 21723 Cu,>* and Fe;” also, different metal-
[1,3]oxazines were successfully used as human leucocyte

elastase and Clr serine protease inhibitors.” Finally, in the
context of this work, they have been used as progesterone Received: November 23, 2021
receptor agonist and DNA-binding antitumor agents.'” We Accepted: February 1, 2022
strongly considered this antitumor activity to design, postulate, Published: February 15, 2022
and explore a family of highly substituted 4H-benzo[d][1,3]-

oxazines in the biological assays of activity against MCF7 and

HCC1954 breast cancer (BC) cell lines, which have been

< zozzgnr: ?c:m&lil&"l?:ge% httpsy//doi.org/10.1021/acsomega.1c06637
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Figure 1. 4H-Benzo[d][1,3]oxazine core and examples of relevance.
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Figure 2. Described procedures for the synthesis of 4H-benzo[d]-
[1,3]oxazines and our developed protocol.

free-catalyzed protocols using I,”**” or chiral phosphoric acids™®
have been reported. All the aforementioned methods involve the
use of high temperatures, potentially toxic reagents or starting
materials, and general nonmild conditions. According to our
research group interest,”” herein, we present our gold(I)-
catalyzed approach of 4H-benzo[d][1,3]oxazines using very
mild reaction conditions. To the best of our knowledge, this is
the first procedure using gold(I) catalysis applied to the
synthesis of benzo[d][1,3]oxazines™ (Figure 2).

B RESULTS AND DISCUSSION

Organic Synthesis. The starting material synthesis of the N-
(2-alkynyl)aryl benzamides 5—15 had taken place by two
different routes (A and B) using the amide formation bond and
the Sonogashira alkynylation as main tools (Figure 3).
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Figure 3. Routes for the synthesis of N-(2-alkynyl)aryl benzamides 5—
15.

In the N-(2-alkynyl )aryl benzamide synthesis, route A started
with the amide formation on 2-iodoaniline. The use of different
substituted benzoic acids in the presence of dimethyl amino-
pyridine (DMAP) and dicyclohexyl carbodiimide (DCC)

https://doi.org/10.1021/acsomega.1c06637
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(method A) produced 2-iodobenzamides 1—3 in low to good
yields (21—769%). The following Sonogashira alkynylation using
phenyl acetylene under catalytic conditions of (Ph;P),PdCl,
and Cul led to the formation of N-(2-alkynyl)aryl benzamides
5—15. On the other hand, route B started with the Sonogashira
alkynylation on 2-iodoaniline with phenyl acetylene to yield 4 in
85%. Next, amide formation using method A or the
corresponding benzoyl chloride derivatives in the presence of
triethylamine (method B) gave rise to the desired benzamide in
modest to good yields (20—95%). The electron-donating (5—8)
and electron-attracting groups (9—15) were perfectly tolerated
in the procedure, generating a great variety of precursors to be
assayed in gold(I) catalysis.

After having the N-(2-alkynyl)aryl benzamides produced, we
proceeded to test and optimize our hypothesis on the gold(I)-
catalyzed synthesis of 4H-benzo[d][1,3]oxazines. Accordingly,
several cationic gold(I) complexes were assayed to determine
the best yield (Table 1).

Table 1. Optimization of the Gold(I)-Catalyzed Synthesis of
4H-Benzo|d][1,3]oxazine 167

[AuL]* (20 mol%)

(SR
9
N DCM, 23 °C N/)\©
16
6
entry catalyst time (h) yield (%)”
1 C1 % 92¢
2 C2 20 66
3 C3 17 61
4 C4 23 60
S Cs 2% 95
6 Cé6 21 90

“Reaction conditions: all the reactions were carried out using 0.1
mmol of 6 and 20 mol % gold(I) catalyst at 23 °C in DCM (0.1 M),
without a nitrogen atmosphere. “Yields were determined using
mesitylene as an internal standard. “Isolated yields.

5 2 2

[AuL]* = X\?l/e SbFg >k\.=!/e SbFg r

P-Au-NCMe F-Au-NCMe P:-Au-NTfZ

e

g SbF,
@ 5 b ’
P-Au-NCMe

\l/ =‘Pr - 4

B-Au-NTF, @-N N—@
"Pf?"Pr
aYe WLn
N cs eCN 4
c6

g

o

The optimization was carried out using N-(2-alkynyl)aryl
benzamide 6 as a model. In such a way, we started by testing the
cationic catalyst C1 (Echavarren’s catalyst)®' using increasing
amounts of the catalyst starting from 5 to 15 mol %; however, the
full consumption of the starting material was achieved with 20
mol % catalytic charge obtaining the desired benzoxazine 16 in
an excellent yield of 92% (entry 1). Accordingly, we decided to

6946

218

test C2—CS5 in this catalytic amount. Next, the ‘BuXPhos-
based®” gold(I) catalyst C2 was tested, obtaining a moderate
66% yield of the desired product (entry 2). The following
catalyst tested which contained the cyclohexyl JohnPhos-
based™ gold(I) catalyst C3 yielded the expected compound in
61%. On the other hand, cationic gold(I) catalyst C3 containing
MorDal]:Jhos34 as phosphine gave a similar 60% yield. Also, the
use ofgold(I) complex C5 containing Fu’s>® phosphine gave rise
to 16 in an excellent 95% yield. Finally, cationic carbene IPr-
based™ gold(I) catalyst C6 led to the formation of the desired
4H-benzo[d][1,3]oxazine 16 in good 90% yield. After this
optimization, the catalysts C1 and C5 tumed out to be the most
efficient and were used in the following cycloisomerization
reactions.

With the optimized conditions, we proceeded to carry out the
gold(I)-catalyzed cycloisomerization reaction to test the scope
of this protocol (Table 2).

According to our optimization table, catalysts C1 and CS were
the most efficient; thereby, we decided to test both when a
cyclization reaction showed a complex profile. The obtained

Table 2. Scope of the Gold(I)-Catalyzed Synthesis of a Family
of Highly Substituted 4H-Benzo|[d][ 1,3]oxazines™?

S ClorCs
O o] (10 to 20 mol%) o
AN =P
N Y g DCM, 23 to 30 °C N N
P | R
515 16-26 >

(]
Z 2
N)\© N)\©\
17,61% (C1) 18, 46% (C5)° OMe

5
Ol

0
19, 51% (C5)2°

16, 90% (C5)°

Z

o

21, 86% (C1)?

20, 73%

OMe cl

o

= |
N

23, 77% (cj)?©/
3 < |
| I

L2 2
N7 CFy O N7 Catalyst used in
5)° 2

brackets
25, 79% (C: 6, 52% (C5)°

22, 73% (C1)d

24, 41% (CS)

NO,
CF3

“Reaction conditions: unless otherwise indicated, all the reactions
were carried out using 20 mol % gold(I) catalyst at 23 °C in DCM
(0.1 M), without a nitrogen atmosphere. “Isolated yields reported. “3
mol % catalyst used. “10 mol % catalyst used. “Reaction heated at 30
°C.

https://doi.org/10.1021/acsomega.1c06637
ACS Omega 2022, 7, 69446955



ACS Omega http://pubs.acs.org/journal/acsodf

Ph

=
NN 5-15 [AuL]*
16.26 | JR /‘ ClorC5
[AuL]®

no Ko
I
W

Figure 4. Plausible reaction mechanism of the gold(I)-catalyzed synthesis of 4H-benzo[d][1,3] oxazines.
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Figure 5. Differential effect of the 4H-benzo[d][1,3]oxazine compounds 16—26 in the proliferation of MCF-7 and HCC1954 cell lines. (a) MCE-7
cells were treated with increasing doses of compounds 16—26. (b) HCC1954 cells were treated with increasing doses of compounds 16—26. Control
cells were cells treated with DMSO.

oxazines were designed to consistently have a benzylidene group ated the methyl group (16) with an excellent yield of 90% and
at C-4; then, the most relevant variations were present in the aryl the phenyl ring (17) at 61%. Also, electron-rich aryls containing
group at C-2. In such a way, the gold(I)-catalyzed cyclo- one or two methoxy groups (18 and 19) yielded the
isomerization of the starting N-(2-alkynyl)aryl benzamides 5— corresponding oxazines in 46 and 51%, respectively. Interest-
15 allowed the formation of highly substituted 4-benzyliden-2- ingly, these reactions needed soft heating at 30 °C to complete
aryl-4H-benzo[d][1,3]oxazines 16—26. This procedure toler- the starting material consumption. Other examples containing
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electron-attracting groups in the aryl at C-2 such as fluorine
(20), chlorine (21 and 22), iodine (23), fluorine and iodine
(24), trifluoromethyl (25), or the nitro group (26) could be
successfully obtained, generally with good yields (73—86%);
only two of these examples gave rise to modest 41 and 52%
yields. In this set of electron-attracting derivatives, the aryls with
iodine, trifluoromethyl, and nitro groups were heated at 30 °C to
complete the reaction.

It is important to highlight that the reactions to obtain the
family of the synthesized oxazines were carried out under very
mild conditions such as room temperature or 30 °C, without the
use of an inert atmosphere and under operationally easy to
handle conditions since they just needed the mixture of the
starting material and the gold(I) catalyst in dry DCM. These
characteristics represent a significant improvement regarding
the previously described metal-catalyzed procedures, by
considering that they required heating at 70 °C or more and a
nitrogen atmosphere and that the palladium catalyst or the
phosphines used had to be sometimes manipulated in a
glovebox.

Finally, according to several reports on the gold(I)
chemistry,””*® it is possible to propose the following reaction
mechanism (Figure 4).

The mechanism starts with the coordination of the cationic
gold(I) complexes C1 or C5 to the N-(2-alkynyl)aryl
benzamides 5—15 to get the intermediate I. The following
chemoselective attack of the oxygen of amide to the internal
carbon of the triple bond led to the formation of the vinylidene
gold(I) benzoxazonium II via stereoselective 6-exo-dig cycliza-
tion; certainly, this explains the exclusive formation of the Z-
isomer in the obtained products. The final protodeauration gives
rise to the observed 4-benzyliden-2-aryl-4H-benzo[d][1,3]-
oxazines 16—26 with the concomitant regeneration of the
catalyst, which continues with another cycle.

Biological Evaluation in BC. The new 4H-benzo[d][1,3]-
oxazines presented a remarkable effect on cell proliferation
inhibition with important difference between MCF-7 and
HCC1954 response to the compounds (Figure Sab) that
could be attributable to the molecular background of cells, while
the former is Erb-B2 receptor tyrosine kinase 2 (HER)+/—,
estrogen receptor (ER)+, and progesterone receptor (PR)+ and
the latter is HER+, ER—, PR—.** "' The proliferation inhibition
in MCF-7 was as follows: 24, 25, 19, 18, 22, 21, 16 and 20. It
should be noted that compounds 23 and 17 did not have effects
on cell proliferation inhibition. In contrast, while compounds 24,
25,19, 18, 22, and 20 showed a statistically significant effect from
the concentration of 6.25 uM, compounds 16 and 21 presented
effects at 12.5 and 25 uM, respectively, in MCF-7 cells (Figure
Sa). In contrast, it must be noted thatin HCC1954 cells, the 4H-
benzo[d][1,3]oxazines presented different effects, specifically
with compound 23 which showed 70% proliferation inhibition
from 6.25 uM in HCC1954, while in MCF-7, a null effect was
recorded (Figure Sab). The most potent effect of 4H-
benzo[d][1,3]oxazines in HCC1954 cells was as follows: 25,
19,24,20,23,22, 16, 18,21, and 17. Another difference was that
in HCC1954 cells, all the compounds showed a stronger effect
compared to that of MCF-7; therefore, it seems that HCC1954
is more susceptible to 4H-benzo[d][1,3]oxazines than MCF-7,
Table 3 and Figure S2. The substituents in the aryl at C-2 of 4H-
benzo[d][1,3]oxazines seem to be important in achieving cell
proliferation inhibition since it can be noticed that compounds
17 and 23 are the simplest in regard to this structural feature
(Table 2). The benzoxazines have been reported as promising
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Table 3. IC, of 4H-Benzo[d][1,3]oxazines in BC Cells

compound MCF7 (uM) HCC1954 (uM)
16 12.20 12.09
17 95.82 87.37
19 3.485 3375
20 7.172 27.65
21 24.92 47.28
22 4.189 5.190
23 3114
24 3.408 3275
25 3.529 3373
26 4.148 6280

inhibitors of cell proliferation with IC;, ranking from 1 to 200
4M. Mbaba reported an ICsq of 11 #M in HCC70 cells,” while
Bollu reported 1.1—41.5 4M in MDA-MB-231 cells.*”” It should
be noted that different compounds were tested in different cell
lines. In contrast, de Brito et al. tested benzoxazines in MCF-7
cells, showing an ICy, of 21.8 and 28.8 uM for two different
oxazines.** In our present work, the ICs, ranked from 3.1 to 95
UM with astounding difference with compound 23 showing
effects in HCC1954 but not in MCF-7 cells, Figure S1 (see the
Supporting Information). The observed different effect could be
explained based on the cells’ molecular context that finally
results in cellular responses.45 Expression difference of ER, PR,
and HER2 could account for this singular specific effect. ER and
PR can regulate gene transcription either by directly binding to
DNA response elements directly or indirectly via other
transcription factors such as induction and coregulator
recruiting% and noncoding RNA regulatjon.47 In addition, ER
and PR could interact with several proteins and regulate cell
signaling pathways through nongenomic mechanisms.”**” The
molecular and cellular mechanism underlying the effect of 4H-
benzo[d][1,3]oxazines is under study in our research group.

B CONCLUSIONS

In summary, we developed the first gold(I)-catalyzed cyclo-
isomerization protocol of N-(2-alkynyl)aryl benzamides, which
was applied to the synthesis of substituted 4-benzyliden-2-aryl-
4H-benzo[d][1,3]oxazines 16—26 in modest to excellent yields.
The developed procedure took place under very mild reaction
conditions such as room temperature or heating at 30 °C and
without the use of an inert atmosphere. These characteristics
represent important advantages over the previously described
metal-catalyzed procedures that are usually carried out under
stronger heating and argon atmosphere conditions. MCF-7 and
HCC1954 BC cells presented different effects to 4H-benzo[d]-
[1,3]oxazines, remarkably with compound 23, which elicited
70% proliferation inhibition in HCC1954 versus a null effect on
MCF-7 cells. Stronger to weaker compound effects on MCF-7
cells were as follows: 24, 25, 19, 18, 22, 21, 16, and 20.
Compounds 23 and 17 recorded a null effect. In HCC1954 cells,
the effect of the compounds was as follows: 25, 19,24, 20, 23, 22,
16, 18, 21, and 17. This suggests that the HCC1954 cell line is
more susceptible to 4H-benzo[d][1,3]oxazines than MCF-7
cells. Additionally, it could be speculated that the substituents in
the aryl at C-2 of 4H-benzo[d][1,3]oxazines is important in
achieving cell proliferation inhibition; nevertheless, further
experiments are needed to validate our hypothesis.

https://doi.org/10.1021/acsomega.1c06637
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B EXPERIMENTAL SECTION

General Methods. All reactions were carried out under an
inert atmosphere using dry solvents and anhydrous conditions
and were capped with a rubber septum unless otherwise
mentioned. Reactions were followed by thin-layer chromatog-
raphy (0.25 mm Merckssilica gel plates 60F-254) using UV light
as the visualizing agent. Flash column chromatography
employed silica gel (40—60 pm, 230—400 mesh) purchased
from Sigma-Aldrich. The new compounds were characterized by
'H NMR, *C NMR, FT-IR, and high-resolution mass spectra
(HR-MS). The corresponding copies for 'H and *C NMR
spectraare provided. 'H and "*C NMR spectra were acquired on
a Bruker Advance III (500 MHz) spectrometer. All 'H NMR
data were reported in & units, parts per million (ppm) and were
calibrated relative to the signals for residual chloroform (7.26
ppm) in deuterochloroform (CDCl;). The *C NMR data
reported were obtained with 'H decoupling unless otherwise
stated. The following abbreviations explain the multiplicities: s =
singlet, d = doublet, t = triplet, q = quartet, br = broad, and m =
multiplet. Infrared (IR) spectra were recorded using a
PerkinElmer system 2000 FT-IR spectrometer. HR-MS was
performed on a Bruker Daltonics ESI-QTOF-MS maXis impact
using ESI-TOF (electrospray ionization—time of flight).

Synthesis. Method A. Acylation of 2-(Phenylethynyl)-
aniline®” A 25 mL oven-dried round-bottom flask equipped
with a magnetic stir bar was charged with 2-(phenylethynyl)-
aniline (0.1 g, 0.517 mmol, 1 equiv) in DCE (4 mL). Then,
DIPEA (0.15 mL, 4 equiv) at 0 °C was added. After dissolving
and obtaining a homogeneous mixture, the corresponding acyl
chloride (0.12 mL, 2 equiv) was added and stirred at 23 °C for §
h. The completion of the reaction was determined by TLC
analysis. To quench the reaction, H,O (30 mL) was added. The
aqueous phase was extracted with DCM (3 X 25 mL), dried over
Na,SO,, filtrated, and finally concentrated under reduced
pressure. The crude products were purified by flash chromatog-
raphy on silica gel with an EtOAc/hexanes system to obtain the
desired products.

Method B. Amidation of 2-lodoanilines. A 25 mL oven-
dried round-bottom flask equipped with a magnetic stir bar was
charged with 2-iodoaniline (0.5 g, 2.283 mmol, 1 equiv) or 2-
(phenylethynyl)aniline (0.1 g, 0.518 mmol, 1 equiv) in DCM (4
mL). Next, the corresponding benzoic acids (1.553 mmol, 3
equiv) were added and stirred at 23 °C until a homogeneous
mixture was obtained. Afterward, DCC (1.554 mmol, 3 equiv)
and DMAP (0.517 mmol, 1 equiv) were added at 23 °C for 24 h.
The completion of the reaction was determined by TLC
analysis. The aqueous phase was extracted with DCM (3 X 25
mL); the organic phase was dried over Na,SO,, filtrated, and
concentrated at reduced pressure. The crude products were
purified by flash chromatography on silica gel with an EtOAc/
hexanes system to obtain the desired products.

Sonogashira Alkynylation Procedure.’? A 25 mL oven-
dried round-bottom flask equipped with a magnetic stir bar was
charged with 2-iodoaniline (0.500 g, 2.283 mmol, 1 equiv) or 2-
iodobenzamides (0.100 g 0.0280 mmol, 1 equiv) in 15 mL of
‘PrEtNH and stirred for 10 min at S0 °C. Then, Cul (0.0056 g, 3
mol %) and (Ph;P),PdCl, (0.0084 g, 3 mol %) were added for
10 min while maintaining the temperature. Subsequently,
phenylacetylene (0.336 mL, 1.2 equiv) was added dropwise.
The mixture was stirred at 50 °C for 3 h. The completion of the
reaction was determined by TLC analysis. Afterward, the
reaction was cooled until room temperature and quenched with
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H,O (30 mL). The aqueous phase was extracted with DCM (3
X 25 mL), collected, dried over Na,SO,, filtrated, and
concentrated at reduced pressure. The crude products were
purified by flash chromatography on silica gel with an EtOAc/
hexanes system to obtain the desired products.

Procedure for Gold(l) Catalysis. Although our optimiza-
tion showed that generally, the cycloisomerization proceeded
with 20 mol % catalyst, some indicated examples needed 3 or 10
mol % only.

General Procedure for Gold(l)-Catalyzed Synthesis of
4H-Benzo[d][1,3]oxazine. A 25 mL oven-dried round-
bottom flask equipped with a magnetic stir bar was charged
with the corresponding N-(2-alkynyl)aryl benzamides (1 equiv)
in anhydrous DCM (2 mL) and stirred at 23 or 30 °C. Then,
gold(I) catalyst C1 or CS (3 or 10 or 20 mol %) was added,
without a nitrogen atmosphere. The completion of the reaction
was determined by TLC analysis. The reaction was allowed to
reach room temperature and quenched by adding three drops of
Et;N and H,O (30 mL). The aqueous phase was extracted with
DCM (3 X 25 mL), then dried over Na,SO,, filtered, and
concentrated at reduced pressure. The crude products were
purified by flash chromatography on silica gel with an EtOAc/
hexanes system to obtain the desired product.

Examples in Figure 3. 4-Chloro-N-(2-iodophenyl)-
benzamide 1. The following compound was obtained according
to Method B, using 2-iodoaniline (0.5 g, 2.2835 mmol, 1 equiv)
as a starting material and 4-chlorobenzoic acid (1.0687 g, 6.8507
mmol, 3 equiv). The crude material was purified by flash column
chromatography over silica gel with the system 1% EtOAc/
hexane to afford the product 1 (310 mg, 38%) as a white solid.
mp = 143—145 °C. IR (neat) v/cm™": 3262 (s),2927 (w), 1647
(s), 1522 (s), 1307 (m), 1019 (m). '"H NMR (500 MHz,
CDCL,): 5842 (dt, ] =8.4, 1.7 Hz, 1H),8.22 (s, 1H),7.91 (d, ] =
8.1 Hz,2H), 7.82 (dd, ] =8.1, 1.6 Hz, 1H),7.50 (dd, ] = 8.4, 1.9
Hz, 2H), 741 (t, ] = 7.8 Hz, 1H), 6.90 (t, ] = 7.7 Hz, 1H). '*C
NMR (126 MHz, CDCly): 6 164.9, 138.9, 138.7, 138.5, 1334,
129.6, 1299, 128.7, 126.4, 1219, 90.6. HRMS (ESI+) m/z:
caled for C3H;CIINO [M + H]*, 357.9496; found, 357.9524.

4-Fluoro-N-(2-iodophenyl)benzamide 2. The following
compound was obtained according to Method B, using 2-
iodoaniline (0.5 g, 2.2835 mmol, 1 equiv) as a starting material
and 4-fluorobenzoic acid (0.9592 g, 6.8507 mmol, 3 equiv). The
crude material was purified by flash column chromatography
over silica gel with the system 1% EtOAc/hexane to afford the
product 2 (160 mg, 21%) as a white solid. mp = 127—-130°C. IR
(neat) v/em™': 3221 (m), 3163 (m), 1645 (s), 1496 (s), 1232
(s). "H NMR (500 MHz, CDCL,): 3 8.42 (d, ] = 8.4 Hz, 1H),
821 (s, 1H), 7.98 (dd, ] = 8.6, 5.3 Hz, 2H), 7.82 (d, ] = 8.0 Hz,
1H), 7.40 (t, ] = 8.0 Hz, 1H), 720 (t, ] = 8.4 Hz, 2H), 6.92—6.85
(m, 1H). BC NMR (126 MHz, CDCl;): §165.0 (d, ] =254 Hz),
164.1, 138.7, 138.0, 130.5 (d, J = 3 Hz), 129.4 (d, ] = 9 Hz),
129.3, 126.0, 121.6, 115.9 (d, ] = 19 Hz), 90.2. HRMS (ESI+)
m/z: caled for C;3H;(FINO [M + H]*, 341.9791; found,
341.9811.

3-Chloro-N-(2-iodophenyl)benzamide 3. The following
compound was obtained according to Method B, using 2-
iodoaniline (0.5 g, 2.2835 mmol, 1 equiv) as a starting material
and 3-chlorobenzoic acid (1.0687 g, 6.8507 mmol, 3 equiv). The
crude material was purified by flash column chromatography
over silica gel with the system 2% EtOAc/hexane to afford the
product 3 (624 mg, 76%) as a white solid. mp = 123—125°C.IR
(neat) v/ecm™": 3281 (m), 2929 (m), 1651 (s), 1530 (s), 1272
(s), 1128 (s). '"H NMR (500 MHz, CDCL,): 3 7.95 (d, ] = 8.0
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Hz, 1H), 7.79 (s, 1H), 7.68 (d,] = 7.9 Hz, 1H), 7.44 (d, ] = 7.1
Hz, 1H),7.29 (d, ] = 8.0 Hz, 3H), 7.08 (d, ] = 7.9 Hz, 1H), 7.03
(t, ] = 7.6 Hz, 1H). *C NMR (126 MHz, CDCL;): § 171.1,
141.7, 140.5, 135.8, 134.6, 132.4, 130.2, 1299, 129.6, 129.5,
1292, 127.2, 98.7. HRMS (ESI+) m/z: caled for C,;H;,CIINO
[M + HJ*, 357.9496; found, 357.9512.

2-(Phenylethynyl)aniline 4. The following compound was
obtained according to the Sonogashira Alkynylation Procedure,
using 2-iodoaniline (0.500 g, 2.283 mmol, 1 equiv) as a starting
material and phenylacetylene (0.336 mL, 1.2 equiv). The crude
material was purified by flash column chromatography over
silica gel with the system 5% EtOAc/hexane to afford the
product 4 (380 mg, 85%) as an orange solid. The spectroscopic
data were consistent with those previously described in the
literature.”’ "H NMR (500 MHz, CDCL): § 7.58—7.51 (m,
2H), 7.41-7.30 (m, 4H), 7.15 (td, ] = 7.8, 1.5 Hz, 1H), 6.79—
6.72 (m, 2H), 440 (br s, 2H). *C NMR (126 MHz, CDCl,): §
147.3, 132.2, 131.5, 129.7, 128.4, 128.2, 123.3, 118.3, 114.6,
108.2, 94.8, 85.8.

N-(2-(Phenylethynyl)phenyl)acetamide 5. Compound $
was obtained according to Method A, using 2-(phenylethynyl )-
aniline (0.1 g, 0.517 mmol, 1 equiv) as a starting material and
acetyl chloride (0.07 mL, 2 equiv). The crude material was
purified by flash column chromatography over silica gel with the
system 10% EtOAc/hexane to afford the product 5 (111.6 mg,
79%) as a yellow solid. The spectroscopic data correlated with
those described previously.”' "H NMR (500 MHz, CDCL,): &
841 (d, ] =84 Hz, 1H),7.98 (s, 1H), 7.57—7.52 (m, 2H), 7.50
(dd, J=7.8,1.6 Hz, 1H), 740 (p, ] = 4.0 Hz, 3H), 7.35 (td, ] =
7.8, 1.6 Hz, 1H),7.07 (t, ] = 7.6 Hz, 1H), 2.02 (s, 3H). *C NMR
(126 MHz, CDCl;): § 168.1, 138.9, 131.6, 131.5, 129.7, 128.9,
128.6,1234,1223,119.3,111.8, 96.4, 84.2, 25.0.

N-(2-(Phenylethynyl)phenyl)benzamide 6. Compound 6
was obtained according to Method A, using 2-(phenylethynyl )-
aniline (0.1 g, 0.517 mmol, 1 equiv) as a starting material and
benzoyl chloride (0.12 mL, 2 equiv). The crude material was
purified by flash column chromatography over silica gel with the
system 10% EtOAc/hexane to afford the product 6 (141.0 mg,
89%) as a yellow solid. The spectroscopic data corresponded to
those described in the literature.”’ 'H NMR (500 MHz,
CDCl,): 6 8.96 (s, 1H), 8.64 (d, ] = 8.3 Hz, 1H), 7.97 (dd, ] =
7.6, 1.7 Hz, 2H), 7.60—7.52 (m, 4H), 7.49 (t, ] = 7.6 Hz, 2H),
7.45—7.37 (m, 4H), 7.15—7.10 (m, 1H). ®C NMR (126 MHz,
CDCl;): 6 165.0, 139.1, 134.9, 132.0, 131.5, 131.4, 129.9, 129.0,
1289, 128.6,127.0, 123.5, 1222, 119.1, 112.2, 97.0, 84.5.

4-Methoxy-N-(2-(phenylethynyl)phenyl)benzamide 7. The
reaction was carried out according to Method B, using 2-
(phenylethynyl)aniline (0.1 g,0.518 mmol, 1 equiv) as a starting
material and 4-methoxybenzoic acid (0.2362 g, 1.5536 mmol, 3
equiv). The crude material was purified by flash column
chromatography over silica gel with the system 4% EtOAc/
hexane to afford the product 7 (374 mg, 22%) as a white solid.
The spectroscopic data were consistent with those previously
described.*” 'H NMR (500 MHz, CDCL,): 5 8.87 (s, 1H), 8.61
(d,J = 8.4 Hz, 1H),7.95-7.91 (m, 2H), 7.55 (tt, ] = 7.6,4.7,2.0
Hz,3H), 7.44—7.38 (m,4H), 7.10 (t,] = 7.6 Hz, 1H),6.99—6.95
(m, 2H), 3.88 (s, 3H). *C NMR (126 MHz, CDCL,): 5 164.6,
162.6, 139.3, 131.5, 1314, 129.9, 128.9, 1289, 1286, 127.1,
123.3,122.3,119.0, 114.1, 112.0, 96.8, 84.6, 55.5.

3,4-Dimethoxy-N-(2-(phenylethynyl) phenyl)benzamide 8.
It was obtained according to Method B, using 2-
(phenylethynyl)aniline (0.1 g, 0.518 mmol, 1 equiv) as a
starting material and 3,4-methoxybenzoicacid (0.2828 g, 1.5536
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mmol, 3 equiv). The crude material was purified by flash column
chromatography over silica gel with the system 5% EtOAc/
hexane to afford the product 8 (672 mg, 36%) as a yellow solid.
mp = 128—131 °C. IR (neat) v/cm™": 3410 (m), 3323 (m),
2929 (s), 2850 (s), 1675 (m), 1626 (m), 1573 (m), 1507 (s),
1266 (m)."H NMR (500 MHz, CDCL): 58.88 (s, 1H), 8.62 (d,
J = 8.4 Hz, 1H), 7.57—7.51 (m, SH), 7.40 (dd, ] = 5.0, 1.9 Hz,
4H),7.11 (dd,] = 8.4,7.0 Hz, 1H), 6.89 (d, ] = 8.4 Hz, 1H), 3.94
(s, 3H), 3.82 (s, 3H). 3C NMR (126 MHz, CDCL,): § 164.7,
152.2, 149.2, 139.3, 131.5, 131.4, 129.9, 129.0, 128.6, 127.5,
123.3,1222,119.7, 119.0, 112.0, 110.2, 110.3, 96.7, 84.5, 56.1,
55.7. HRMS (ESI+) m/z: caled for Ci3H,oNO; [M + HJY,
358.1443; found, 358.1467.
4-Fluoro-N-(2-(phenylethynyl)phenyl)benzamide 9. The
following compound was obtained according to the Sonogashira
Alkynylation Procedure, using 4-fluoro-N-(2-iodophenyl)-
benzamide (0.08 g, 0.2346 mmol, 1 equiv) as a starting material
and phenylacetylene (0.309 mL, 1.2 equiv). The crude material
was purified by flash column chromatography over silica gel with
the system 1% EtOAc/hexane to afford the product 9 (70 mg,
95%) as a light-brown solid. mp = 142—144 °C. IR (neat) v/
cm':3300 (s), 3061 (m), 2925 (m), 2440 (w), 2212 (w), 1652
(s), 1607 (s), 1505 (s), 1447 (s), 1226 (m). "H NMR (500
MHz, CDCL,): 5 8.86 (s, 1H), 8.59 (d, ] = 8.3 Hz, 1H), 7.99—
7.95 (m, 2H), 7.54 (ddd, ] = 9.8, 7.5, 2.7 Hz, 3H), 7.41 (tq, ] =
8.3,2.6 Hz,4H), 7.15 (dt,] = 8.3 Hz, 3H). *C NMR (126 MHz,
CDCl,): 6 164.5,139.8, 131.7,131.5, 130.1, 129.6, 129.8, 129.5,
128.8, 123.8, 122.3, 119.9, 116.4, 116.7, 1124, 97.9, 84.7. °C
NMR (126 MHz, CDCL,): 5 165.1 (d, ] = 258 Hz), 164.1, 139.0,
131.6, 131.5, 1312 (d, ] = 3 Hz), 130.1, 129.5 (d, ] = 9 Hz),
129.2, 1288, 123.8, 122.3, 1192, 116.1 (d, ] = 22 Hz), 112.4,
97.1,84.5. HRMS (ESI+) m/z: caled for C,,H, FNO [M + H]*,
316.1138; found, 316.1161.
4-Chloro-N-(2-(phenylethynyl)phenyl)benzamide 10. The
reaction was carried out according to the Sonogashira
Alkynylation Procedure, using 4-chloro-N-(2-iodophenyl)-
benzamide (0.1 g, 0.2801 mmol, 1 equiv) as a starting material
and phenylacetylene (0.369 mL, 1.2 equiv). The crude material
was purified by flash column chromatography over silica gel with
the system 1% EtOAc/hexane to afford the product 10 (80 mg,
86%) as a light-brown solid. mp = 144—147 °C. IR (neat) v/
cm™': 3292 (m), 2925 (m), 2859 (m), 2214 (w), 1730 (m),
1649 (s), 1528 (s), 1447 (s), 1317 (m). "H NMR (500 MHz,
CDCly): 58.87 (s, 1H), 8.58 (d, ] = 8.3 Hz, 1H), 7.89 (d, ] = 8.3
Hz, 2H), 7.55—7.51 (m, 3H), 7.46—7.39 (m, 6H), 7.39 (dt, ] =
12.9,8.0 Hz, 1H). >*C NMR (126 MHz, CDCl;): § 164.4, 138.9,
138.9, 133.8, 131.7, 131.8, 130.4, 129.6, 129.3, 128.8, 128.5,
123.9, 122.5,119.3,112.7,97.2, 84.5. HRMS (ESI+) m/z: caled
for C,,H,;CINO [M + H]*, 332.0842; found, 332.0863.
3-Chloro-N-(2-(phenylethynyl)phenyl)benzamide 11. The
following compound was obtained according to the Sonogashira
Alkynylation Procedure, using 3-chloro-N-(2-(phenylethynyl)-
phenyl)benzamide (0.1 g, 0.3020 mmol, 1 equiv) as a starting
material and phenylacetylene (0.398 mL, 1.2 equiv). The crude
material was purified by flash column chromatography over
silica gel with the system 2% EtOAc/hexane to afford the
product 11 (82 mg, 89%) as a white solid. mp = 145—147°C. IR
(neat) v/cm™: 3292 (s), 2929 (s), 1726 (m), 1651 (s), 1524
(s), 1311 (m). "H NMR (500 MHz, CDCL): & 8.91 (s, 1H),
8.61 (d, ] = 8.3 Hz, 1H), 7.96 (d, ] = 2.0 Hz, 1H), 7.85 (dd, J =
7.6, 1.6 Hz, 1H), 7.60—7.52 (m, 4H), 7.46—7.38 (m, SH), 7.14
(t, J = 7.6 Hz, 1H). ®C NMR (126 MHz, CDCl;): & 163.6,
138.7, 136.7, 135.14, 132.1, 131.5, 1314, 130.3, 129.9, 129.1,
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1287, 127.1, 1253, 123.8, 122.0, 119.1, 112.4, 97.3, 84.3.
HRMS (ESI+) m/z: caled for C;H;sCINO [M + HJY,
332.0842; found, 332.0865.
3-lodo-N-(2-(phenylethynyl)phenyl)benzamide 12. The
following compound was obtained according to Method B,
using 2-(phenylethynyl)aniline (0.1 g 0.518 mmol, 1 equiv) as a
starting material and 3-iodobenzoic acid (0.3852 g, 1.5536
mmol, 3 equiv). The crude material was purified by flash column
chromatography over silica gel with the system 2% EtOAc/
hexane to afford the product 12 (71 mg, 32%) as a yellow solid.
mp = 143—145 °C. IR (neat) v/cm™': 3285 (m), 2957 (s), 2855
(s), 1728 (m), 1260 (m). '"H NMR (500 MHz, CDCl;): & 8.87
(s, 1H),8.60 (d, ] = 8.3 Hz, 1H), 8.29 (d, ] = 2.3 Hz, 1H), 7.96—
793 (m, 1H),7.90 (dd,] = 7.9, 1.5 Hz, 1H),7.62—7.54 (m, 3H),
7.45—7.39 (m, 4H),7.23 (d,] = 7.9 Hz, 1H), 7.14 (t,] = 7.9 Hz,
1H). ®C NMR (126 MHz, CDCl;): § 169.8, 163.3, 142.5,
1409, 138.9, 135.6, 1314, 130.5, 130.0, 1292, 129.0, 128.7,
126.4,123.8,119.0,112.3,93.8, 84.1. HRMS (ESI+) m/z: caled
for C5;H,;INO [M + HJ*, 424.0198; found, 424.0224.
2-Fluoro-5-iodo-N-(2-(phenylethynyl)phenyl)benzamide
13. Compound 13 was obtained according to Method B, using
2-(phenylethynyl)aniline (0.1 g, 0.518 mmol, 1 equiv) as a
starting material and 2-fluoro-S-iodobenzoic acid (04131 g,
1.5536 mmol, 3 equiv). The crude material was purified by flash
column chromatography over silica gel with the system 10%
EtOAc/hexane to afford the product 13 (115 mg, 50%) as a
yellow solid. mp = 130—132 °C. IR (neat) v/cm ™ ": 3391 (s),
2927 (s), 1724 (m), 1683 (s), 1451 (m), 1266 (s), 753 (s). 'H
NMR (500 MHz, CDCL,): 59.42 (d, ] = 15.0 Hz, 1H), 8.62 (d, ]
=8.4Hz 1H),8.53 (dd, J=7.5,2.4 Hz, 1H), 7.81 (ddd, ] = 8.4,
48,24 Hz, 1H), 7.57 (td, ] = 7.8, 2.6 Hz, 3H), 7.45—7.36 (m,
4H),7.14(t,J=7.5Hz 1H), 696 (dd, J = 11.7, 8.6 Hz, 1H). B°C
NMR (126 MHz, CDCL,): 5160.1 (d, ] = 253 Hz), 159.4, 142.4
(d, ] = 9 Hz), 1409, 138.8, 131.9, 131.4, 129.6, 128.7, 128.3,
1239, 123.0 (d, ] = 12 Hz), 122.3, 119.9, 118.3 (d, ] = 26 Hz),
112.7, 96.6, 88.0, 83.9. HRMS (ESI+) m/z: caled for
C,;H,FINO [M + H]*, 442.0104; found, 442.0141.
N-(2-(Phenylethynyl)phenyl)-3,5-bis(trifluoromethyl)-
benzamide 14. The following compound was obtained
according to Method B, using 2-(phenylethynyl)aniline (0.1 g,
0.518 mmol, 1 equiv) as a starting material and 3,5-
bis( trifluoromethyl)benzoic acid (0.4008 g, 1.5536 mmol, 3
equiv). The crude material was purified by flash column
chromatography over silica gel with the system 5% EtOAc/
hexane to afford the product 14 (49 mg, 22%) as a yellow solid.
mp = 140—144 °C. IR (neat) v/cm ': 3281 (m), 2929 (m),
1651 (s), 1530 (s), 1272 (s), 1128 (s). "H NMR (500 MHz,
CDCL,): 5 8.92 (s, 1H), 8.61 (d, ] = 8.4 Hz, 1H), 8.41 (s, 2H),
8.07 (s, 1H), 7.59 (dd, J = 7.8, 1.5 Hz, 1H), 7.56—7.50 (m, 2H),
7.48—7.36 (m, 4H), 7.19 (t, ] = 7.8 Hz, 1H). >*C NMR (126
MHz, CDCL,): §162.3,138.5, 137.4, 133.0 (d, ] = 34 Hz), 132.1,
131.8,130.4, 129.7, 129.1,127.6 (d, ] = 4 Hz), 1249, 1232 (d, ]
=273 Hz), 122.0, 119.7, 113.1, 98.1, 84.1. HRMS (ESI+) m/z:
caled for C,3H,,F,NO [M + H]*, 434.0980; found, 434.1005.
4-Nitro-N-(2-(phenylethynyl)phenyl)benzamide 15. The
following compound was obtained according to Method A,
using 2-(phenylethynyl)aniline (0.1 g 0.517 mmol, 1 equiv) as a
starting material and 4-nitrobenzoyl chloride (0.1920, 1.0357
mmol, 2 equiv). The crude material was purified by flash column
chromatography over silica gel with the system 10% EtOAc/
hexane to afford the product 15 (35 mg, 20%) as an orange solid.
The spectroscopic data correspond to those already described in
the literature.”’ "H NMR (500 MHz, CDCl,): & 8.92 (s, 1H),
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8.58 (d,] = 8.3 Hz, 1H), 833 (d, ] = 8.5 Hz,2H), 8.11 (d, = 8.5
Hz, 2H), 7.57 (dd, ] = 7.7, 1.4 Hz, 1H), 7.55—7.50 (m, 2H),
7.48—7.39 (m, 4H), 7.18 (t, ] = 7.6 Hz, 1H). ®C NMR (126
MHz, CDCL,): 5 162.8, 1499, 140.3, 138.3, 131.3, 130.0, 129.4,
129.3,128.8,128.1,124.3, 124.1, 121.9, 119.3, 112.6,97.3, 84.1.
Examples in Table 2. (Z)-4-Benzylidene-2-methyl-4H-
benzo[d][1,3Joxazine 16. The following compound was
obtained according to the Procedure for Gold(I) Catalysis,
using N-(2-(phenylethynyl)phenyl )acetamide (0.030 g, 0.1276
mmol, 1 equiv) as a starting material and gold(I) catalyst C1
(0.0030 g, 0.0038 mmol, 3 mol %). The crude material was
purified by flash column chromatography over silica gel with the
system 5% EtOAc/hexane to afford the product 16 (28 mg,
90%) as a white solid. The spectroscopic data matched with
those previously described in the literature.” 'H NMR (500
MHz, CDCL,): 4 8.38 (d, ] = 8.3 Hz, 1H), 7.57 (d, ] = 7.7 Hz,
1H), 7.51—7.41 (m, SH), 7.37 (ddd, ] = 8.4, 7.1, 1.3 Hz, 1H),
7.30 (t, ] = 74 Hz, 1H), 6.64 (s, 1H), 2.09 (s, 3H). *C NMR
(126 MHz, CDCL,): 6 171.3, 139.6, 137.6, 134.0, 1289, 128.6,
128.5, 125.0, 123.5, 1202, 1159, 111.4, 27.8.
(Z)-4-Benzylidene-2-phenyl-4H-benzo[d][1,3]Joxazine 17.
This compound was obtained according to the Procedure for
Gold(I) Catalysis, using N-(2-(phenylethynyl)phenyl)-
benzamide (0.030 g 0.1009 mmol, 1 equiv) as a starting
material and gold(I) catalyst CS (0.013 g, 0.0201 mmol, 20 mol
%). The crude material was purified by flash column
chromatography over silica gel with the system hexane to afford
the product 17 (19 mg, 61%) as a yellow solid. The
spectroscopic data matched with those previously described in
the literature.”’ "H NMR (500 MHz, CDCL,): §8.27 (d,] = 7.7
Hz, 2H), 7.74 (d, ] = 7.7 Hz, 2H), 7.54 (dq, ] = 20.5, 7.4 Hz,
5H), 7.43 (tt,] = 15.9, 7.7 Hz, 5H), 6.27 (s, 1H). >*C NMR (126
MHz, CDCly): 6 135.3,131.8,131.4,129.3,128.7, 128.7, 128.6,
128.5, 128.4, 128.2, 128.1, 127 .4, 126.6, 1224, 121.9, 121.1.
(Z)-4-Benzylidene-2-(4-methoxyphenyl)-4H-benzo[d]-
[1,3]-oxazine 18. This compound was obtained according to
the Procedure for Gold(I) Catalysis, using 4-methoxy-N-(2-
(phenylethynyl) phenyl) benzamide (0.026 g, 0.0794 mmol, 1
equiv) as a starting material and gold(I) catalyst C5 (0.010 g
0.0158 mmol, 20 mol %). The crude material was purified by
flash column chromatography over silica gel with the system
hexane to afford the product 18 (12 mg, 46%) as a white solid.
mp = 95-98 °C. IR (neat) v/cm™': 3072 (m), 2931 (s), 1675
(s), 1321 (s). "H NMR (500 MHz, CDCl,): & 7.68—7.63 (m,
3H), 7.58—7.55 (m, 1H), 7.34 (d, ] = 7.3 Hz, 2H), 7.25—7.20
(m, 4H), 7.19—7.15 (m, 1H), 6.79 (s, 2H), 6.77 (s, 1H), 3.81 (s,
3H). ®C NMR (126 MHz, CDCly): & 169.7, 163.4, 141.8,
1387, 133.4, 1332, 129.6, 128.6, 128.5, 127.9, 127.6, 124.3,
123.1, 121.1, 114.1, 109.1, 55.9. HRMS (ESI+) m/z: calcd for
C»H,;sNO, [M + H]*, 328.1338; found, 328.1366.
(Z)-4-Benzylidene-2-(4-fluorophenyl)-4H-benzo[d][1,3]-
oxazine 20. The following compound was obtained according
to the Procedure for Gold(I) Catalysis, using 4-fluoro-N-(2-
(phenylethynyl) phenyl) benzamide (0.049 g, 0.1372 mmol, 1
equiv) as a starting material and gold(I) catalyst C1 (0.0735 g
0.0137 mmol, 10 mol %). The crude material was purified by
flash column chromatography over silica gel with the system
hexane to afford the product 20 (36 mg, 73%) as a yellow solid.
mp = 130—132 °C. IR (neat) v/cm™': 2929 (s), 2853 (m), 1588
(m), 1507 (m), 1221 (s),766 (s). 'H NMR (500 MHz, CDCI,):
58.13 (d, J = 8.4 Hz, 2H), 7.68 (d,] = 7.8 Hz, 2H), 7.58 (d, ] =
7.8 Hz, 1H), 7.45—7.37 (m, 4H), 7.35—7.28 (m, 2H), 7.25—
7.21 (m, 2H), 6.22 (s, 1H). 3C NMR (126 MHz, CDCL,): &
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1654 (d, J = 253 Hz), 154.5,145.6, 139.2, 135.0, 1319, 130.9,
130.5 (d, ] = 9 Hz), 129.8, 128.8 (d, ] = § Hz), 128.3, 127.1,
122.3, 1219, 116.9 (d, J = 23 Hz), 102.2. HRMS (ESI+) m/z:
caled for C,;H;;FNO [M + HJ*, 316.1138; found, 316.1165.
(Z)-4-Benzylidene-2-(4-chlorophenyl)-4H-benzo[d][1,3]-
oxazine 21. The following compound was obtained according
to the Procedure for Gold(I) Catalysis, using (Z)-4-chloro-N-
(2-(phenylethynyl)phenyl)benzamide (0.035 g 0.1057 mmol, 1
equiv) as a starting material and gold(I) catalyst C1 (0.0816 g,
0.0095 mmol, 10 mol %). The crude material was purified by
flash column chromatography over silica gel with the system
hexane to afford the product 21 (30 mg, 86%) as a yellow solid.
mp = 143—145 °C. IR (neat) v/cm™: 2929 (s), 2855 (m), 1679
(s), 1600 (s), 1256 (s). "H NMR (500 MHz, CDCl,): § 8.26—
8.13 (m,2H), 7.69 (d, ] = 7.9 Hz, 2H), 7.59 (d, ] = 7.9 Hz, 1H),
7.40 (t, J =7.6 Hz,2H), 7.35—7.27 (m, 2H), 724 (d, ] = 7.1 Hz,
2H),7.14(t,J= 8.6 Hz, 2H), 6.22 (s, 1H). "*C NMR (126 MHz,
CDCl;): 6 154.3, 145.3,138.8, 138.1, 135.6, 134.8, 131.5, 130.6,
1300, 129.6, 1294, 129.2, 129.1, 127.0, 122.0, 102.0. HRMS
(ESI+) m/z: caled for C,,H ;CINO [M + H]*, 332.0842; found,
332.0869.
(Z)-4-Benzylidene-2-(3-chlorophenyl)-4H-benzo[d][1,3]-
oxazine 22. The following compound was obtained according
to the Procedure for Gold(I) Catalysis, using 3-chloro-N-(2-
(phenylethynyl)phenyl )benzamideoxazine (0.030 0.0906
mmol, 1 equiv) as a starting material and gold(I) catalyst C1
(0.0699 g, 0.0090 mmol, 10 mol %). The crude material was
purified by flash column chromatography over silica gel with the
system hexane to afford the product 22 (22 mg, 73%) as an
orange solid. mp = 94—97 °C. IR (neat) v/cm™': 2923 (s), 1722
(m), 1317 (s), 749 (s). 'H NMR (500 MHz, CDCl): 3 7.88—
7.85 (m, 1H), 7.66—7.64 (m, 1H), 7.49—7.45 (m, 2H), 7.33—
727 (m, SH), 7.21-7.15 (m, 3H), 7.15—7.11 (m, 2H), 6.78 (s,
1H). C NMR (126 MHz, CDCl;): § 169.0, 141.2, 138.5,
137.2, 134.6, 132.8, 130.6, 129.9, 129.6, 128.8, 128.6, 128.5,
128.1, 125.0, 123.9, 121.2, 114.6, 110.4. HRMS (ESI+) m/z:
caled for CyH,sCINO [M + H]*, 332.0842; found, 332.0865.
(Z)-4-Benzylidene-2-(3-iodophenyl)-4H-benzo[d][1,3]-
oxazine 23. The following compound was obtained according
to the Procedure for Gold(I) Catalysis, using 3-iodo-N-(2-
(phenylethynyl)phenyl)benzamide (0.022 g, 0.0520 mmol, 1
equiv) as a starting material and gold(I) catalyst CS (0.0070 g,
0.0104 mmol, 20 mol %). The crude material was purified by
flash column chromatography over silica gel with the system
hexane to afford the product 23 (16 mg, 73%) as a white solid.
mp =90—93 °C.IR (neat) v/cm ™ ': 2922 (s), 1684 (s), 1452 (s),
1318 (s). '"H NMR (500 MHz, CDCL,): & 7.91 (d, ] = 7.3 Hz,
1H), 7.78 (s, 1H), 7.64 (s, 2H), 7.56 (s, 1H), 7.35—7.29 (m,
3H),7.25 (s, 1H), 7.19 (s, 2H), 7.11 (d, ] = 7.3 Hz, 1H), 6.95 (s,
1H), 6.77 (s, 1H). *C NMR (126 MHz, CDCL): 6 168.7,
141.5, 141.2, 139.4, 138.5, 137.3, 133.3, 130.1, 129.5, 128.9,
128.6,128.1, 125.1, 124.0, 121.2,114.8, 110.4, 93.9. HRMS ( ESI
+) m/z: caled for C,;H;INO [M + HJ*, 424.0198; found,
424.0235.
(Z)-4-Benzylidene-2-(2-fluoro-5-iodophenyl)-4H-benzo-
[d]-[1,3]oxazine 24. The following compound was obtained
accordingto the Procedure for Gold(I) Catalysis, using 2-fluoro-
5-iodo-N-(2-(phenylethynyl)phenyl)benzamide (0.096 g,
0.2176 mmol, 1 equiv) as a starting material and gold(I) catalyst
C5 (0.0295 g, 0.0435 mmol, 20 mol %). The crude material was
purified by flash column chromatography over silica gel with the
system hexane to afford the product 24 (39 mg, 41%) as a white
solid. mp = 93—95 °C. IR (neat) v/cm™*: 3072 (m), 2931 (s),
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1675 (s), 1321 (s). "H NMR (500 MHz, CDCL,): 5827 (d, ] =
8.2 Hz, 1H), 7.62 (d, ] = 7.8 Hz, 1H), 7.55—7.52 (m, 1H), 7.44
(ddd,J=7.8,4.8,2.2Hz, 1H),7.40 (t,] =7.8 Hz, 1H), 7.35(d, ]
=14.8 Hz, 1H),7.23 (d,J= 7.5 Hz, 2H), 7.17 (t, ] = 7.5 Hz, 2H),
7.12 (t,] = 7.3 Hz, 1H), 6.69 (s, 1H), 6.48 (t, ] = 7.3 Hz, 1H).
C NMR (126 MHz, CDCl;): § 167.6, 163.8, 159.2 (d, ] = 256
Hz), 141.8,140.1, 139.1 (d,] = 2 Hz), 137.7, 132.3 (d, J = 9 Hz),
130.8, 128.8, 127.8, 125.1, 124.1, 120.6, 117.8 (d, J = 22 Hz),
115.1, 111.2, 86.3. HRMS (ESI+) m/z: caled for C,;H;,FINO
[M + H]*, 442.0104; found, 442.0139.

(Z)-4-Benzylidene-2-(3,5-bis(trifluoromethyl) phenyl)-4H-
benzo[d][1,3Joxazine 25. The following compound was
obtained according to the Procedure for Gold(I) Catalysis,
using N-(2-(phenylethynyl)phenyl)-3,5-bis(trifluoromethyl )-
benzamide (0.043 g, 0.0992 mmol, 1 equiv) and gold(I) catalyst
C5(0.0135 g,0.0198 mmol, 20 mol %). The crude material was
purified by flash column chromatography over silica gel with the
system hexane to afford the product 25 (33 mg, 79%) as a white
solid. mp = 105—108 °C. IR (neat) v/cm™’: 2925 (m), 1732
(w), 1454 (w), 1140 (m). 'H NMR (500 MHz, CDCL,): 5 8.21
(d,J=8.2Hz, 1H),7.87 (s, 2H), 7.72—7.66 (m, 2H), 7.46—7 41
(m, 1H), 7.38 (t,] = 7.5 Hz, 1H), 7.16 (d, ] = 7.5 Hz, 2H), 7.12—
7.04 (m, 3H), 6.80 (s, 1H). >*C NMR (126 MHz, CDCl,): §
167.4, 140.4, 138.5, 137.9, 1329, 130.2 (d, ] = 3 Hz), 129.6,
129.2, 128.9, 128.52,125.8,124.7,122.1 (d, ] = 273 Hz), 121.3,
115.1, 111.4. HRMS (ESI+) m/z: caled for CyyH, ,FNO [M +
H]"*, 434.0980; found, 434.1009.

(Z)-4-Benzylidene-2-(4-nitrophenyl)-4H-benzo[d][1,3]-
oxazine 26. Compound 26 was obtained according to the
Procedure for Gold(I) Catalysis, using 4-nitro-N-(2-
(phenylethynyl) phenyl) benzamide (0.020 g, 0.0854 mmol, 1
equiv) as a starting material and gold(I) catalyst C5 (0.0080 g,
0.0116 mmol, 20 mol %). The crude material was purified by
flash column chromatography over silica gel with the system
hexane to afford the product 26 (11 mg, 52%) as ared solid. The
spectroscopic data matched with those previously described in
the literature.2” "H NMR (500 MHz, CDCI,): & 8.04—7.99 (m,
3H),7.66 (t,] = 8.2 Hz, 3H),7.37 (d, ] = 8.2 Hz, 2H), 7.22 (d, |
=7.5Hz2H),7.13 (d,] = 7.5 Hz,2H), 7.09 (t, ] = 7.5 Hz, 1H),
6.79 (s, 1H). °C NMR (126 MHz, CDCL,): & 168.4, 149.8,
141.2, 140.7, 138.5, 133.0, 131.2, 129.0, 128.8, 128.5, 125.5,
124.5, 123.5, 121.3, 1149, 111.0.

Biological Assays on BC. Cell Lines. The tumor cell lines
MCF-7 and HCC1954 were grown in Dulbecco’s modified
Eagle medium (Invitrogen Corporation, Carlsbad, CA, United
States) enriched with 5% fetal bovine serum. Medium change
and passage were achieved every 3 and 4 days, respectively. The
MCEF-7 and HCC1954 cell lines were generously provided by
Professor V. Trevino from ITSM.

Cell Proliferation Analysis. The method for quantifying cell
proliferation was carried out with the use of crystal violet dye in
1x phosphate-buffered saline (2.7 mM KCl, 1.8 mM KH,PO,,
136 mM NaCl, 10 mM Na,HPO, pH 7.4). The treated cells
were incubated in methanol for 15 min and washed two times
with water. Cells were dyed with 0.1% crystal violet and washed
three times with water. Crystal violet was recovered with 10%
acid acetic to be analyzed in a microplate reader Multiskan GO
spectrophotometer (Thermo Scientific, Ratastic, Finland).
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Abstract: The first iodine(lll)}-mediated para-selective iodination
protocol for free-anilines as well as the mechanistic elucidation of the
reaction pathway is described. The developed method proceeded
under clean, non-toxic, efficient and in general mild reaction
conditions. To the best of our knowledge this report describes for the
first time a procedure focused specifically on the introduction of an
iodine atom in free anilines using PIDA [(diacetoxyiodo)benzene] and
ammonium iodide which formed in situ acetyl hypoiodite (AcO-l) as
the halogenating species. Our DFT calculations suggest a reaction
mechanism that highlights the catalytic role of the ammonium cation
in the AcO-I formation and halogenation. Considering there are few
procedures for the iodine atom introduction in anilines using non-
acidic conditions, herein we described an initial report on a mild and
operationally simple alternative using iodine(lll) reagents.

Introduction

lodinated aryls are an important class of organic compounds. They
are the best electrophilic counterparts in the Stille!" or Suzuki® cross-
coupling reactions as well as in the Mizoroki-Heck™ olefination and
Sonogashira” alkynylation. Particularly, iodinated anilines, are
broadly used as radiocontrast medium!® in cholecystography.
Representative examples such as GSK1120212 (JTP-74057-:DMSO)
effective againts cancer cell lines, ioxaglate, diatrizoate, iohexol,
ioversol or iopodate sodium have been used."® Also, iopanoic acid has
been used in the long-term treatment of Grave's disease.”! The
presence of iodo anilines is significatively described in non-linear
optics,”™ as quiral auxiliard® and in the syntnesis of antimicrobials,!"”
anti-inflamatories,!'"! quinolones,"? Abl kinase-inhibitors'" and in
fullerene functionalization!"* (Figure 1).

| (o] | o]
1

F ) H
ST
AR ,:g ){f& e b

N & MeHN™ S0  loxaglate GO0 Ok
O” N 5 o OOH |
VAN :
Me™ N Moo AcHN NHAC | GO0
GSK1120212 ) NH;
(JTP-74057 - DMSO) Diatrizoate lopanoic acid
Figure 1. Rep ples of rel d anilines.

In regard of the iodoaniline core synthesis, the first described
protocols involved the direct use of aniline in harsh acidic
conditions. These use molecular iodine in different mineral-acids
media to activate the halogen as a good electrophile.!' Other
general protocols for the aromatic iodination are non-specific for
anilines, require of strong metallic oxidants and have a narrow
application scope just for a few N-substituted anilines."® On the
other hand, specific iodination for the aniline nuclei is restricted to
few methods. Examples of transtion-metal-free protocols require
Iz in polar solvents!'”! or mixed with oxidants.!"® The use of ICI "%
NIS!?% or the oxidation of the iodie anion from Kl with KCIO3?" or
H20:1?? has been described as |* equivalent regents. Another
important strategy for aniline iodination, makes use of the
dichloroiodate anion. The ©ICl. species as reagent has been used
with different cations such as Na*,?* K* 2%l py’R, %! BnzEtsN*1°!
and Bn:DABCO?'." Finally, the specific metal-mediated
methods for aniline iodination are resticted to the use of HgO /?®l
TI(OTFA)®* and Ag.SOs: mixing with molecular iodine™”

(Scheme 1).
PG. _H |l ICLNIS 5a. il
NT Kl /-KCIO3, -H,0, N7
A K*, Na*, Py*R/-CIO, 2\
R I/ HgO., TIOTFA)3, AgzSO4 R
z -
® N-protected anilines ® Strong acidic media
® Toxic Metals
this work ,
NHz  pIDA (1.2 equiv) I
B NH,l (1.5 equiv) Z e 0 :
R )] ————> [ §Rii W i
~Z  H,0-MeCN (1:1), X i o |
23-60°C, 5-20 min it acatyl hypoiodte !

®Free-anilines  ®Metal-Free ® Mild conditions
®Non-toxic metals or reagents ® Mineral- and Bronsted-acid Free

Sch 1.D ibed p for i 1 of anilines.

As part of our research interest on the iodine(ll) chemistry,?'l we
started a program for the development of new oxidative
procedures'®? focused mainly on the aromatic introduction of
aryls,®™ and inorganic groups (-CI,1*! -Br,5) -| 8 and -NO,17).
Under our methodology, the obtained compounds have been
used in the total synthesis of natural products® aiming to
evaluate them as plausible drug-candidates for mycoses® or in
cancer therapy.“°

1
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Considering the few procedures available to synthesize
iodoanilines starting from non-N-substituted materials, the
aggressive acidic media required, the highly toxic metals used
and the relevance of these structures; herein we describe the first
iodine(lll)-mediated procedure for the iodination of free anilines
under non-Br@nsted or mineral acids, metal-free, mild, non-toxic
and in general, operationally simple reaction conditions using
PIDA as oxidant and ammonium iodide as the iodine atom source.

Results and Discussion

Inspired by our previous results on the iodination of phenols®®®
using iodosylbenzene and ammonium iodide, we decided to apply
a similar methodology for the iodination of anilines. The different
conditions tested are described as follows (Table 1).

Table 1. Optimization of the iodine(lll) of free anilines.”
NH, PIDA (equiv) NH;
NH,! (equiv)
solvent (ratio),
time (min), 23°C |
1 2
Entry PIDA NH4l Solvent Time Yield
(equiv)  (equiv) ratio (min) (%)™

1 1.2 24 MeOH 10 c.r.m.
2 1.2 24 MeOH-Hz0 (1:1) 10 c.r.m,
3 22 34 H.0 12h 32
4 22 34 MeCN 24h 45
5 22 34 MeCN-H:0 (5:2) 3h 38
6 22 34 MeCN-H:0 (1:1) 2h 42
7 1.0 1.0 MeCN-H:0 (1:1) 10 40
8 1.2 11 MeCN-H.0 (1:1) 5 44
9 12 13 MeCN-H20 (1:1) 5 57
10 12 14 MeCN-Hz0 (1:1) 5 65
11 1.2 15 MeCN-H;O (1:1) 5 76
12 .- 15 MeCN-Hz0 (1:1) 5 n.r.
13 12 .- MeCN-H20 (1:1) 5 c.r.m.

[a] Reaction conditions: anmm (0. 5 mmol), solvem (03 M), open flask. [b]
Isolated yields. PIDA= reaction
mixture. n.r.= no reaction.

Initial examination to validate our hypothesis started with 1.2 equiv of
PIDA and 2.4 equiv of ammonium iodide with aniline in methanol or in
methanol-water (1:1). After 10 minutes, the starting material was fully
consumed but a very complex reaction mixture was observed (entries
1 and 2). Thus, we considered using only water as solvent. Due to the
low solubility of PIDA, an excess of both reagents up to 2.2 and 3.4
equivalents of PIDA and ammonium iodide, respectively, were used.
Gratifyingly, a 32% yield of 4-iodoaniline 2 was obtained after 12
hours of reaction (entry 3). The ortho- regioisomer was not observed
at least by the detection limit of NMR. Under the same stoichiometry,

10.1002/ejoc.202201067
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the reaction showed a 45% yield in acetonitrile, however 24 hours
were necessary (entry 4). These results drove us to consider testing
both solvents in reaction, since water accelerates the process and
acetonitrile dissolve effectively the organic reagents. Thus, keeping
the previous ratio of reagents, a mixture of acetonitrile and water (5:2)
yields 38% of 2 after 3 hours (entry 5). A 1:1 solvent ratio increased
the yield to 42% and diminished the time to 2 hours (entry 6). At this
point we found the best solvent ratio regarding time and yield. Then,
we decided to optimize the reagents using 1 equivalent of oxidant and
ammonium iodide. To our delight, compound 2 was obtained in 40%
yield after only 10 minutes of reaction (entry 7). A slight increase to
1.2 equiv of PIDA and 1.1 of ammonium iodide gave rise to 2 in 44%
yield after 5 minutes of reaction (entry 8), Consecutive and systematic
increases in reagents (entries 9-11), showed a stoichiometric yield-
sensitive reaction yielding 57-76% of product. The best result was
achieved using 1.2 equiv of PIDA and 1.5 equiv of ammonium iodide
(entry 11). Control experiments using only oxidant or ammonium
iodide did not show any reaction (entries 12 and 13).

Once the optimal conditions were stablished, we proceeded to explore
the scope of the new developed protocol (Table 2).

Table 2. Scope of the PIDA/NHal-mediated iodination of free anilines.*

NH, PIDA (1.2 equiv) NH,
1(1.

AN NH,! (1.5 equiv) 2N
R—, H,0-MeCN (1:1), 23-60°C, R
5-20 min

H  R=-Cl,-Br,-NO,, -OMe, -Ph, I 2:20

©©¢f©¢f""’©

2, 75‘/. 5,54%  6,65% 1 45%
(740 mg, 31%) (24,60°C)
NH, O NH, O NH, O
:,NOzMs.:, :JL :}LOMQ:JL
8 ss-/. 9, 52«/. 1o 67% 11 63% 12,72%
(14,60°C)
2
7—NH,
”"‘2 1: 65% (R= -H) Q oy ‘N
14, 54% (R= -Cl)
15, 53% (R= -Me) 1 I)‘N“z i
’72°%’°°°%"5""
: NI i 5
H : :"’ { : ": NH, R NHp
X OlMs Noz  pn o NO, |

x
F
!
@

[a] Reaction Conditions: aniline (0.5 mmol), MeCN-H20 (1:1) (0.3 M), open
flask. [b] Isolated yields. [c] PIDA (2.4 equiv)/NHg4! (3 equiv) used.

lodination of the simple aniline takes place also in gram scale to
get 2 in 31% yield. On the other hand, the iodination of the free
2-chloro-, 2-bromo-, 2-iodo-, 2-nitro and 3-chloroanilines gave
rise to the corresponding iodinated products 3-7 in yields ranging
from 40-65%. Duplicating the amount of reagents and heating at
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Scheme 2. Energy profile for the cal
D/def2-SVPP level.

60 °C for 2 days led to the iodinated aniline 6 which has the
strong electron-attracting nitro group. The same was observed
for iodinated aniline 8 that needs of 1 day heating at 60 °C. The
iodination process took place regioselectively on the para
position regarding the amino group of aniline. Also, very short
reaction times to complete the reactions were required, usually
from 5 to 20 minutes.

lodination of alkyl aniline led to the formation of 9 in 62% vyield.
Anilines containing carboxylic acids, esters o ketones were also
successfully iodinated to get 10-12 in 63-72% yield. A small
group of free anilines containing different substituted aryls at C-
2, yielded the corresponding iodinated products 13-16 in modest
50-65% yields with the para regioselectivity previously observed.
The 1-amino naphthalene gave the corresponding iodinated
derivative 17 in 20% yield. Finally, some heterocycles including
pyridines and 2-aminothiazole were iodinated under our
developed conditions to get the corresponding iodoanilines 18-
20 in 60-58% yield. Other free para-substituted anilines with
small groups such as methyl, chlorine, bromine, iodine or
methoxy gave a complex reaction mixture of products becoming
not suitable starting materials for our procedure. Based on these
results, we could hypothesize an initial para iodination which
formed a non-aromatic 4,4-disubstituted product that evolved by
decomposition. Therefore, trying to induce the iodination at C-2
of the aniline, we synthesized the 4-phenylaniline. This
compound with a bulky group at C-4 did not react under our
optimized conditions. We attribute the lack of reactivity to the
steric hindrance by the phenyl at C-4 as well as the iodine atom.
To complete the scope exploration, other free anilines containing
strong electron-withdrawing groups such as -F, -NOz, or -CF3 did
not react even with higher amounts of reagents or heating.

10.1002/ejoc.202201067
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To demonstrate the utility of our developed protocol, we carried
out the following short synthetic route (Scheme 3).

R—= (3 equiv) R R
I | PA(PPhy),Cl (8 mol®%) X Z
ﬂ Cul (12 mol%)
NH, NH,

(Pr) NH-THF(1:1),
23°C,8h

s 21, 72% (R= -TMS)
22, 94% (R=-Ph)
i >L @ et c1(5moi%) |DCM,23°C,
: P-Au=NCMe ; 20 min
i Y
S, - PN
H—ph
23, 89% (from 22)

Scheme 3. Synthetic utility of the obtained lodinated anilines.

Starting from the synthesized diiodo aniline 5, the Sonogashira
alkynylation with TMS-acetylene as well as with phenylacetylene
gave rise to double alkynylated products 21 and 22 in 72 and
94% yield, respectively. The following gold(l)-catalyzed
cycloisomerization reaction*'! using 5 mol% of Echavarren’'s
catalyst C1,"“ led to the formation of the functionalized indole 23
in 89% yield starting from 22,

To obtain more insights into the mechanistic details on the
iodination of aniline via PIDA and ammonium iodide, we
performed theoretical calculations at the (SMD:water):wB97X-
D/def2-SVPP level (see the Sl for computational details).
According to the calculated reaction mechanism (Scheme 2),
first PIDA interacts with ammonium iodide to give intermediate
A1 (AGr: = ~14.4 kcal/mol). Then the acetate of PIDA, which
interacts with ammonium ion, dissociates (via transition state
TS1, AG+* = +18.5 kcal/mol) forming 11 (AGgz = 0.0 kcal/mol).
Next, the ammonium acetate and 11 forms adduct 12 (AGrs = -6.3
kcal/mol). The geometry of this adduct allows the acetate of
ammonium acetate to displace the iodine atom of 11, while last
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acetate of 11 dissociates (TS2, AG:” = +14.6 kcal/mol) leading to
AcO-l (AGrs = —-13.8 kcal/mol). Finally, the last reaction step is
the para iodination of aniline (AGrs = -18.8 kcal/mol).
For this, we found three transition states that involves AcO-l
interacting with: 1) ammonium acetate (through TS3, AGs* = +7.9
kcal/mol), 2) acetate anion (TS4, AG4+* = +25.2 kcal/mol) and 3)
two water molecules (TS5-2, AGs* = +26.7 kcal/mol). Among
these, TS3 has the lowest energy barrier (see S| for further
information). Therefore, ammonium cation has an important
effect in TS3; it bridges both acetates via hydrogen bonds
making iodine of AcO-l more electrophilic and catalyses the
AcO-l formation and the halogenation process. Ortho lodination
resulted thermodynamically (AGrs, = -6.2 kcal/mol) and
kinetically (TS3-0, AGs,” = +12.6 kcal/mol) less favorable than
para lodination, which is consistent with experimental
observation (see Sl). Overall, the reaction is exergonic (AGr =
-53.3 kcal/mol) and the calculated total energy barrier of +18.5
kcal/mol is in line with the reported conditions. According to the
performed theoretical calculations, our developed iodination
process was carried out through the in situ generation of acetyl
hypoiodite (AcO-l) which is the iodinating species.
Regarding AcO-l formation this highly reactive halogenating
reagent has been previously synthesized by reacting . with
Pb(OAC),*!  Hg(OAc),*" AcO:H,“* oxone/Ac.O/AcOH,",
AcOAg,""! or with the AcOAg/ICI**! system. In regard the use of
iodine(lll) reagent the AcO-I formation it has been described by
reaction of PIDA with I2,*”) Nal,"*¥ NIS®® and NHal for this work.
To date it AcO-I has not been isolated, however Lusztyk“”
described the '"H NMR characterization in CDCls. Thus, to test
the plausibility of our mechanistic proposal, we carried out a
NMR study to identify the formation of AcO-I by mixing PIDA and
NHal in the solvent system [CD3CN-D2O (1:1)] that we used in
our procedure (Figure 2).

PIDA + NHyl ————————3 AcO-l + Phl + NH,OAc

D,0-CD4ON (1:1),
23-60°C

~
COLNDO (V1)

B B

G
b

6 min
BE OO 4 min

POA « sty
COLNDO (1) 2 min

B B @

W &S &8 33 %8 A4S 48 335 %8 43 a8 33 38 3% 28 i3 i s
7 o

Figure 2. Indirect identification of AcO-I by the reaction of PIDA and NHal in
CD3CN-D20 (1:1). Water signal suppression for experiments A-E.

All the spectra in the study were obtained in CD3sCN-D2O (1:1). We
started by the acquisition of the 'H spectrum of the commercially
available PIDA (Figure 2A). Next, according with our iodination
conditions we mixed 1 equivalent of PIDA with 1.5 equivalents of

yviLcoxr-von

ammonium iodide. After 2 minutes, the spectrum showed the fully
consumption of PIDA in a very fast reaction. Also, all the phenyl ring
signals shifted to high field by around 0.5 ppm. Additionally, one
singlet overlapped with the residual signal of the CD3sCN at & 1.94
ppm, which was assigned to a methyl group, was putatively attributed
to the AcO-l formation (Figure 2B). The following two spectra
corresponding to 4 and 6 minutes showed the same profile (Figures
2C and 2D). Starting from PIDA and NHl, the AcO-I synthesis implies
necessarily the iodobenzene (Ph-I) formation. Therefore, the 'H NMR
of the commercial Ph-l was obtained (Figures E and F). This spectrum
(Figure 2E) matches perfectly with those obtained at 2, 4 and 6
minutes (Figures 2B-D), confirming the Ph-I formation as result of the
reaction between PIDA and ammonium iodide, and in consequence
the AcO-I formation. Even though these spectroscopic results match
with those reported by Lusztyk,“”. we considered an indirect
identification of the AcO-I, based on the overlapping with deuterated
solvent and since the HRMS analysis did not show the corresponding
molecular peak. However, the Ph-l formation as the sole product
involves the AcO-I production. It is important to highlight that previous
reports using iodine(lll) reagents***"! just assume or demonstrate by
theoretical calculation the formation of AcO-I, nevertheless this is the
first report with an indirect experimental demonstration of AcO-l is
forming by mixing PIDA/NHsl (1:1.5).
To confirm the AcO-| as the iodinating species in our protocol, we
synthesized it using the AcOAg/ICI*® system and carried out an
iodination reaction with aniline in our solvent system MeCN-HzO (1:1)
(Scheme 4).

A) AcO-Ag + ICI —» AQCly + ¢

AcO-1 2
B e, 8%
H,O- (1:1),
23.609C 73 % (with NH,0Ac)
h 4. Confi of the AcO- f as the i g sp in our
developed protocol.

This way, an equimolar amount of silver acetate and iodine
monochloride were mixed at 0 °C in ether. Precipitation of AgCl
indicated the acetyl hypoiodite formation (Scheme 4A). Then a 1:1
MeCN-H:0 mixture was added followed by aniline. In one experiment
the reaction was carried out directly after the AcO-I formation and in
a second experiment, one equivalent of aniline and one equivalent of
NH:OAc were added (Scheme 4B) according to the stoichiometry of
the procedure (see Fig 2). To our delight we observed the iodination
of aniline to get 2 in both experiments. It was obtained a 51% yield in
the experiment only with the prepared AcO-l and 73% yield using
ammonium acetate. The former result is very close to the obtained
(76%, see Table 2) by mixing PIDA/NHsl. This indicates that
ammonium acetate plays an important role as additive, assisting and
favoring the iodination step, such as it is described (TS3) in our
theoretical calculations. In fact, it is acting as a catalyst due to its
regeneration once the iodination process has been completed. This
set of theoretical and experimental results of the mechanistic study
confirms that the acetyl hypoiodite is the halogenating species in our
developed iodination procedure and that the ammonium cation is key
for increasing the yield, catalyzing the AcO-l formation and the
iodination step.
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Finally, considering all the mechanistic and experimental evidence we
postulated the reaction mechanism for this process (Figure 3).

AcO=I~OAc NH,I I—I-OAc

Ph Ph 11

NH4OAC, l
N

NH,0Ac + E:-?:: w AcO—1 + Ph—I
Figure 3. Reaction mechanism for the iodination of free-anilines using
the PIDA/NHal system (illustration with aniline to get 4-iodoaniline).

The reaction started by the ligand exchange between PIDA and
NHsl to get intermediate 11 with concomitant release of
ammonium acetate. Then, 11 evolves in less than two minutes to
form acetyl hypoiodite (AcO-l) and iodobenzene via reductive
elimination catalyzed by ammonium acetate. Final iodination of
aniline with AcO-|, as the halogenating species, gives rise to the
observed iodinated products with the regeneration of ammonium
acetate.

Conclusions

In summary, we have developed a metal-free, mild non-toxic and in

G | P A for lodinati

A 25 mL oven-dried round-bottom
flask equipped with a magnetic stir bar was charged with the
corresponding anilines (0.5 mmol, 1 equiv) and MeCN-Hz0 (1:1) at 23 °C.
After dissolving and obtaining a homogeneous mixture, NHal (0.8 mmol,
1.5 equiv) was added and stirred for 2 min. Then PIDA (0.6 mmol, 1.2
equiv) was added and stirred at 25 °C until full consumption of the starting
material (usually 5 min to 20 min). To quench the reaction, AcOEt (5 mL)
was added and concentrated in vacuo. Purification was carried out by
column chromatography with the EtOAc-Hexanes system to give the
desired product. Comp d 5 (Table 2). The following compound was
obtained according to the general procedure for iodination using 2-iodo
aniline as starting material. The crude material was purified by flash
column chromatography over silica gel with the system (1%
EtOAc/Hexane) to afford 5 (43 mg, 54%) as a light pink solid. The reaction
time for this example was 20 min. R/ = 0.4 (2 % EtOAc/Hexane). m.p. =
93-95 °C. IR (neat) vicm™'= 3373, 3282, 1619, 1455, 1369, 1284. 'H NMR
(500 MHz, CDCl1) 5 7.89 (d, J = 1.8 Hz, 1H), 7.38 (dd, J = 8.4, 1.8 Hz, 1H),
6.52 (d, J=8.4 Hz, 1H), 4.12 (bs, 2H). *C NMR (126 MHz, CDCl3) 5 146.6,
145.9, 138.4, 116.8, 84.9, 79.8. HRMS (ESI+): m/z calcd. for CsHeNI2
[M+H]* = 345.8590, found 345.8566.

P dure for the Synthesis of AcO-l From AcOAg/ICI with NHsOAc.
A 25 mL oven-dried round-bottom flask equipped with a magnetic stir bar
was charged with silver acetate (202 mg, 1.2 mmol) in 2 mL of ether and
added iodine monochloride (196 mg, 0.06 mL, 1.2 mmol). After the

general an operationally simple protocol for the para-selective
iodination of free anilines under mineral and- Bronsted-acid-free
conditions. The theoretical and experimental results on the reaction
mechanism confirmed that the halogenating species of our process is
acetyl hypoiodite (AcO-l) which is formed in situ in less than 2 minutes
by reacting PIDA and ammonium iodide. This species is stable in
water and reacted as a soft electrophile exclusively at the C-4 of the
aniline core. Ammonium cation assisted and catalyzed the AcO-l
formation but also it was important to favor the aromatic iodination
step and therefore, the chemical yield of reaction. The use of this new
methodology allowed us the development of the first iodination
protocol of free anilines under very mild conditions.

Experimental Section

General Methods. Compounds were characterized using 'H-NMR, "*C-
NMR, Melting Point, IR and High-Resolution Mass Sp py. Copies
of 'H-NMR and '*C-NMR spectra are provided for all new compounds.
pounds were pared with existing
Characterization data and the references are given. 'H and '*C NMR
spectra were recorded with 500 MHz and Bruker advance 400 MHz
instruments using deuterated solvents purchased from Sigma Aldrich like
CDCls. 'H spectra were referenced to tetramethylsilane (TMS, 0.0 ppm)
and chloroform (CDCls, 7.26 ppm) and are reported as follows: chemical
shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet), coupling constant (Hz), and integration. Chemical shifts of the
13C NMR spectra were measured relative to CDCls (5 = 77.16 ppm)
Melting points were measured using a Fisher-Johns apparatus. IR spectra
were measured using a Perkin-Elmer System 2000 FT-IR. Compounds
were applied in a thin film on a KBr pellet or ATR diamond. High-resolution
mass (HRMS) analysis was obtained using GC-MS Thermo Scientific™
DFS™,

Data of known literature.

precipitation of silver acetate, 2 mL of MeCN-H:0 (1:1) containing
ammonium acetate (77 mg, 1.0 mmol) was added followed by aniline (100
mg, 0.1 mL, 1.1 mmol). The reaction was stirred at room temperature for
10 minutes. After the fully consumption of the starting material the reaction
was stopped. The crude material was purified by flash column
chromatography over silica gel with the system (5% EtOAc/hexane) to
afford (173 mg, 73%) of a brown solid which correspond to 4-iodoaniline
2. '"H NMR (500 MHz, CDCl:) & 7.41 (d, J = 8.5 Hz, 2H), 6.47 (d, J= 85
Hz, 2H), 3.65 (s, 2H).

t These two authors contributed equally to this work.
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NH, NH,

)oLof'
3 soop tpolodin (%
H,0-MeCN (1:1), X
H 23-60°C, 5-20 min h

® Free-anilines  ®Metal-Free ®Mild conditions
® Non-toxic metals or reagents
® Mineral- and Bronsted-acid Free

The first iodine(lll)-mediated para-selective iodination of free-anilines via the in situ fo
is described. This procedure allows a cheap, efficient and easy way to get acetyl hypo utes by combining PIDA
and NHql. Experimental ant theoretical calculations supported the mechanism that
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