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Abstract: New pseudocyclic benziodoxole tosylates were prepared
by the treatment of 1-hydroxybenziodoxolones with p-toluenesulfonic
acid or via ligand transfer reaction between Phl(OH)OTs (Koser’s
reagent) and substituted 2-iodobenzoic acids under mild condition.
Single crystal X-ray crystallography of these compounds revealed a
pseudocyclic structure with a short intramolecular interaction of
2.362 A between oxygen and iodine in the iodoxole ring.
Pseudocyclic benziodoxole tosylates readily react with various
organic substrates as electrophiles or oxidants to afford the
corresponding iodonium salts or the products of oxidation.
Furthermore, these compounds can be used as efficient recyclable
hypervalent iodine reagents. The reduced form of a pseudocyclic
benziodoxole tosylate, 2-iodobenzoic acid, can be efficie
recovered from the reaction mixture by a simple acid-base i
liquid biphasic procedure.

Introduction

Organohypervalent iodine compounds hav
synthetic application as efficient oxidants and en
friendly reagents for various synthetically important

benziodoxole-based cyclic atom-transfer reagents 1 (
1).”! Reactions of these reagents with prganic substrates r
in a facile formation of the correspondj
cyanation,”  trifluoromethylation,™
benziodoxole-based atom-transfer reage

prepared from 2-iodosylbenzojc acid (IBA,
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structural fea emistry of these species have not
been systematically investigated. In general, the pseudocyclic
organohypervglent iodine reagents are characterized by higher
rmal sta? better solubility, and improved reactivity pattern
pared t 78

e common iodine(lll) and iodine(V) reagents.
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(IBA) (acid-activated IBA)

me 1. Benziodoxole-based atom-transfer reagents 1 and IBA 2a.

The known examples of pseudocyclic benziodoxole reagents are
represented by structures 4-6 shown in Scheme 2. In
particular, Waser  and co-workers have prepared
triisopropylsilylethynyl benziodoxole triflate salt 4, which is a
potentially effective electrophilic alkynylating reagent.®® Very
recently, Toste and co-workers have reported the acid-activated
electrophilic trifluoromethylating reagent 5, which was prepared
by treatment of trifluoromethylbenziodoxole (Togni’s reagent)
with HCI gas.®™ Our group has reported the synthesis and
structural characterization of the new acid-activated hypervalent
iodine reagent, benziodoxole triflate 6, which was prepared from
IBA 2 and trifluoromethanesulfonic acid. This highly electrophilic
reagent readily reacts with various organic substrates to give the
corresponding products of oxidation in good yields.®
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Scheme 2. Known pseudocyclic benziodoxole reagents.

Benziodoxole triflate 6 represents the only known example of the
stable, acid-activated IBA species 3. The non-cyclic analog of
compound 6 is [hydroxyl(tosyloxy)iodo]benzene (HTIB, Koser’s
reagent), which can be considered as the acid-activated
iodosylbenzene, PhlO+TsOH. Koser’s reagent is one of the most
important common hypervalent iodine reagents."'” Several other
examples of acid-activated iodine(lll) derivatives have been
reported as unstable species that were difficult to isolate from
reaction mixture because of low thermal stability and sensitivity
to moisture.""

Herein, we report the preparation, structural investigation,
and reactivity of new pseudocyclic benzoiodoxole tosylate
derivatives, which are the analogs of benziodoxole triflate 6.
Pseudocyclic benziodoxole tosylates are efficient recyclable
hypervalent iodine reagents that readily react as electrophiles or
oxidants with various organic substrates.

Results and Discussion

In our initial experiments, we have found that the reaction of 2-
iodosylbenzoic acid 2a (1 equiv) with p-toluenesulfonic acid (2
equiv) in acetonitrile for 2 hours at room temperature yields
desired 2-[hydroxy(tosyloxy)liodobenzoic acid 7a in 93% yj
Decreasing amount of p-toluenesulfonic acid results in a r
yield of product 7a. Tosylate 7a is soluble in methanol, and
moderately soluble in acetonitrile. In the solid st
relatively stable at room temperature and can be
several months in a refrigerator without an
decomposition. The analogous reaction

iodosylbenzoic acid 2b under same conditi

R OH
/ p-TsOH-H,O g equiv)
0 MeC
o)
R=H: 2a
R =Me: 2b 7b (91%)

sed pseudocyclic tosylates.

ith a close intramolecular interaction
hypervalent iodine atom and the
. Molecular structure of tosylate

7b demonstrates the of a tetracoordinated iodine
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center with one short iodine-oxygen covalent bond [I(1)-O(1) =
1.926(4) A], iodine-carbon covale ond [I(1)-O(1) = 1.926(4)
A], and two iodine-oxygen secon s to carboxylate and
tosylate oxygen atoms. This molecular ent is similar to
the previously reported structure of be iflate 6. The
intramolecular geometry of

characteristic of hypervalent Il) compounds. The
tosylate oxygen
[1(1)-O(4) 2.947(3)
non-covalent inter;
secondary bondin

pseudo square-pla

a

account primary and
e(lll) center in 7b has a

; 0(6) 0(5)

s)®

Figure 1. X-ray crystal structure of compound 7b. Thermal ellipsoid plot of 7b
drawn to the 50% probability level. Hydrogen atoms bound to carbon atoms
were removed for clarity. Selected bond lengths (A) and angles (°): I(1)-O(1)
; 1(1)-0(2) 2.362(3); 1(1)-C(1) 2.156(4); 1(1)-O(4) 2.947(3); C(8)—
32(5); C(8)-0O(3) 1.286(5); O(1)-O(5) 2.634(4); O(3)-O(6) 2.516(4);
174.58(12); C(1)-1(1)-O(1) 100.45(16); C(1)-I(1)-O(2)

The experimental procedure shown in Scheme 3 involves the
use of benziodoxoles 2 as starting materials and is limited to the
readily available precursors 2a and 2b. In a search for a more
general procedure utilizing the commercially available
substituted ortho-iodobenzoic acids, we have investigated the
preparation of tosylate 7a directly from 2-iodobenzoic acid 8a via
ligand transfer reaction with a commercially available
[hydroxy(tosyloxy)iodo]benzene (Koser's reagent). In order to
optimize reaction conditions, we have studied the reaction of 2-
iodobenzoic acid 8a (1.1 equiv) with Koser’s reagent (1 equiv) in
various solvents at room temperature (Table 1). The screening
of solvents has demonstrated that dichloromethane is the best
solvent in this ligand transfer reaction (entries 1-7). The
shortening of the reaction time and refluxing reaction mixture did
not improve the product yield (entries 8-10). Compared to our
initial preparation of 7a from IBA 2a and p-toluenesulfonic acid
(Scheme 3), the ligand transfer reaction under optimized
conditions affords product 7a in better yield (entry 1). Previously,
Koser and co-workers reported the reaction of 2-iodobenzoic
acid 8a with Koser’s reagent under similar conditions; however,
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they were not able to prepare product 7a and isolated only 2-
iodosylbenzoic acid 2a in 76%.'2

Table 1. Optimization of ligand transfer reaction between 2-iodobenzoic acid
8a and Koser’s reagent.[a]
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measurement of the spectra. However, the ESI-Mass spectra
(positive mode) of both compou clearly demonstrate the
corresponding molecular ion peaks I'.

Table 2. Optimization of ligan nsfer r on bet
iodobenzoic acids 8 and Koser’s r )

o Phi(

. 4

ween" substituted 2-

OH

COH

8a-j
(1.1 equiv)

| HO—I—0OTs I+ -OTs
©: . solvent E;E(O
COH M, 24n 7
8a
(1.1 equiv) (1 equiv)
Entry Solvent! Time (h) Yield of 7a (%)™
1 CH,Cl, 24 98
2 MeCN 24 44
3 Hexane 24 70
4 AcOEt 24 90
5 THF 24
6 Benzene 24
7 Et,0 24 0
8 CH,Cl, 2 h
9 CH,Cl, 4 —
10 CH,Cl, 1

[a] Reaction conditions: 2-iodobenzoic acid 8a (1.1 equiv) and
(1 equiv) in a solvent at room temperature was stirred for 4
Isolated yields. [c] Under reflux conditions for 1 hour.

At the next step, we investigated the conversion
substituted ortho-iodobenzoic acids 8 to the
hydroxy(tosyloxy)liodonium derivativeg 7 under

respective

good yields. The reaction
iodobenzoic acid 8g gave the,
When the reaction
performed at reflux c

e, the yield of
of a sterically
oic acid 8b,
yield. Addition of increased
ulted in the improvement of
,5-diiodobenzoic acid 8j
in 18%, and this yield
ing 2 equivalents of p-toluenesulfonic
t reflux conditions. Most of products
clean NMR spectra. However, H
ate some decomposition during

hindered 3-methyl-2-iodobe
obtained in a relatlvely Iow

NMR of products 7e

r's rea
4 hours

‘OTs

53% (81%)d

OH
Jij:( "
7i

79%

+ ‘OTS

69%

[a] Reaction conditions: 2-iodobenzoic acid 6 (1.1 equiv) and Koser’s reagent
(1 equiv) in dichloromethane at room temperature for 24 hours. [b] Isolated
yields. [c] p-TsOHH,O (2 equiv) was added. [d] At reflux condition for 24 hour
using 1,2-dichloroethane.

Furthermore, we have found that 2-
[hydroxy(tosyloxy)liodobenzoic acid 7a can also be prepared
from 2-iodobenzoic acid 8a in a one-pot procedure by using m-
chloroperoxybenzoic acid (m-CPBA) as an oxidant in the
presence of p-toluenesulfonic acid in dichloromethane at room
temperature. Under these conditions, product 7a is isolated in
92% yield (Scheme 4), which is slightly lower compared to the
ligand transfer with Koser’s reagent and similar to the reaction of
IBA 2a with p-toluenesulfonic acid in acetonitrile (Scheme 3).
Olofsson and co-worker have also reported the in-situ
generation of 7a using similar conditions.!"
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m-CPBA (1.5 equiv) OH
p-TsOH-H,0 (1.2 equiv) i

I +
Eji CH.Cly, rt, 24 h 17 OTs \ fa-c]
N Table 3. Preparation of pseudocyclic diaryli osylates 9.°°
A com 92% _0 p p y ry y

OH Mes
OH T i

8a 7a SN oTs 17 -ots

L o+ ' _0

R
Scheme 4. One-pot synthesis of 7a. OH Me OH
7a-k (1 equiv) 9a-i

(1 equiv) es = 2,4,6-Me3CgHy

Similarly to Koser's reagent, the pseudocyclic benziodoxole

tosylates are expected to be strong electrophiles and effective “."fs OT: Me 'Y'fs OTs
oxidants. Previously, Kita and co-worker reported that the I\ ° '\
reaction of Kosers reagent with 1,3,5-trimethylbenzene 0 &0
(mesitylene) in 2,2,2-trifluoroethanol gives the corresponding 79% OH
diaryliodonium salt at room temperature."¥ We investigated the 9%
preparation of diaryliodonium salts from compounds 7 and

arenes under similar conditions. We have found that the Mes
reactions of pseudocyclic benziodoxole tosylates 7a-i with F. ijf -OTs
mesitylene proceed at room temperature affording the \©:(\O
corresponding diaryliodonium salts 9a-i in moderate to good OH
yields (Table 3). The structure of one of these products, 47%
diaryliodonium tosylate 9b, was established by a single-crystal of

X-ray crystallography (Figure 2). The X-ray data confirmed a

pseudocyclic  diaryliodonium  structure with a strong

intramolecular interaction between iodine and oxygen atoms 'Y'fs
I(1)-0(1) = 2.7022 A. The tosylate oxygen atom was '\ oTs
involved in a weak intermolecular interaction with iodine Br &0
resulting in a pseudo square-planar coordination o© OH
hypervalent iodine center. 698;/° 691;/° 73;%

The reactivity of pseudocyclic benziodoxole to
oxidants toward various organic substrates is su
Scheme 5. For these studies we selected the re [a] ction conditions: a mixture of benziodoxole tosylate 7 (1 equiv) and
. mes, ne (1 equiv) was stirred in 2,2,2-trifluoroethanol at room temperature
compound 7a and the ortho-substituted co for g hours. [b] Isolated yields.
particular, the oxidation of thioanisole 10 or are
reagent 7a produced the corresponding sulfoxI
diiodoarene 13 in good yields. In the analogous reacti
thioanisole 10 or arene 12 with reagent 7b, the correspondin
products 11 and 13 were obtained in lower yields, probgbly
because of partial decomposition of t
conditions. Partially unreacted subst
reaction mixtures in these reactio

introduction of methyl grou iti lodine atom may
lead to destabilization of co und 7 and enhanced reactivity
due to structuragdistortion. The\@iect of the ortho methyl group
on stability and r clic benziodoxole tosylates
7 is in agreement Legault and coworkers Figure 2. X-ray crystal structure of compound 9b. Thermal ellipsoid plot of 9b

o .
experimental results computational studies of the oxidative drawn to the 50% prolbablllty level. Hydrogen atoms bound to ceirbon atoms

. 5] were removed for clarity. Selected bond lengths (A) and angles (°): I(1)-0(1)
a-tosylogylation of keto 2.7022(44); 1(1)-O(3) 2.8798(38); 1(1)-C(9) 2.133(6); O(1)-I(1)-C(1)
72.15(20); O(1)-1(1)-C(9) 157.37(18); C(1)-I(1)-C(9) 100.2(2).
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O
s 7a or 7b (1.2 equiv) é
P P
Ph Me MeCN, rt, 1 h Ph Me
10 1"
7a: 93%2, 7b: 72%2
15 (1.2 equiv), |
50% agq H,SO,
Mej@('v'e 7a or 7b (2.4 equiv) Me Me
Me Me MeCN, rt, 2 h Me Me

|
12 13
7a: 100%32, 7b: (26%)b

7a or 7b (1.5 equiv)
Me MeCN, reflux, 2 h

(0}
Ph )J\/OTS

15

Ph

S

7a: (6%)b, 7b: 90%32

(0]

7aor 7b (1.2 equiv)
Ph/\HJ\OM

MeOH, reflux, 8 h

Ph~" CONH, .

16 17
7a: (15%)b, 7b: 67%

a; Isolated yiel
b; NMR yields

Scheme 5. Oxidations of organic substrates using reagents of 7a

Compared to Koser's reagent, pseudocycli
tosylates 7 have an additional advantage o

standard oxidizing procedure or directly C
by treatment with Koser’s reagent (Table 2).

Conclusions

ed the prepar and structural
cyclic benziodoxole tosylates 7.

In conclusion, we have r
characterization of new pse

corresp,
ds can be used as efficient

recyclable hyperva agents. The reduced form of a
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pseudocyclic benziodoxole tosylate, 2-iodobenzoic acid, can be
efficiently recovered from the react@ag mixture by a simple acid-
base liquid-liquid biphasic procedure®

Experimental Sectio

acid 7a from 2-
fonic dcid monohydrate: p-
mmol) was added at room
Ibenzoic acid (264 mg, 1
tirred at room temperature
olvent was removed under
as washed with diethyl ether
ive 406 mg (93%) of compound

iodosylbenzoic acid
Toluenesulfonic acid
temperature to a sti
mmol) with MeCN (2

ohydrate (380
mixture of 2-io
. The reaction w:
f reaction,

for the preparation of 2-
[hydroxy(to: acids 7 from Koser’s reagent and 2-
idobenzoic acids 8: Hydro syloxy)iodobenzene (196 mg, 0.5 mmol)
was added at room temperature to a stirred mixture of 2-iodobenzoic acid
84(0.55 mmo? CH,Cl,. The reaction was stirred at room temperature

Ligand

24 h. Aft ompletion of reaction, the solvent was removed under
ced presslre and the solid residue was filtered and washed with
| ether several times and then dried in vacuum to give final

re for the preparation of 7a from 2-iodobenzoic
m-CPBA in the presence of p-toluenesulfonic acid
. 2-iodobenzoic acid (124 mg, 0.5 mmol) and m-CPBA
(129 mg, 0.750 mmol) were added to a solution of p-toluenesulfonic acid
monohydrate (194 mg, 0.60 mmol) in 1.0 mL of CH,Cl,. The reaction
ixwre was stirred at room temperature for 24 h. After completion of
, the solvent was removed under reduced pressure and the solid
e was filtered and washed with diethyl ether several times and then
in vacuum to give 201 mg (92%) product 7a.

Acknowledgements

This work was supported by research grants from the National
Science Foundation (CHE-1262479 and MRI-1420373), Russian
Science Foundation (RSF-16-13-10081). A.S. is also thankful to
JSPS Grants-in-Aid for Scientific Research (C) (Grant No
15K07852)

Keywords: hypervalent iodine * iodonium salts ¢ iodine *
oxidation ¢ recyclable reagents

[1] a) V. V. Zhdankin, in Hypervalent lodine Chemistry: Preparation,
Structure and Synthetic Application of Polyvalent lodine Compounds,
John Wiley & Sons Ltd, 2014; b) T. Kaiho, Editor, lodine Chemistry And
Applications, John Wiley & Sons, Inc., 2015; c) T. Dohi, Y. Kita, Curr.
Org. Chem. 2016, 20, 580-615; d) T. Wirth, Ed., Hypervalent lodine
Chemistry [In: Top. Curr. Chem., 2016, 373], 2016; e) F. V. Singh, T.
Wirth, Chem. - Asian J. 2014, 9, 950-971; f) A. Yoshimura, V. V.
Zhdankin, Chem. Rev. 2016, 116, 3328-3435; g) J. P. Brand, J. Waser,

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.201604475

(21

131

41

(51

161

(71

WILEY-VCH

Chem. Soc. Rev. 2012, 41, 4165-4179; h) M. S. Yusubov, V. V. [8] a) D. Macikenas, E. Skrzypczak-Jankun, J. D. Protasiewicz, J. Am.
Zhdankin, Mendeleev Commun. 2010, 20, 185-191; i) E. A. Merritt, B. Chem. Soc. 1999, 121, 7164-7165ab) G. C. Geary, E. G. Hope, K.
Olofsson, Angew. Chem., Int. Ed. 2009, 48, 9052-9070. Singh, A. M. Stuart, RSC Adv. 201 01-16506; c) D. J. Hamnett,

a) Y. Li, D. P. Hari, M. V. Vita, J. Waser, Angew. Chem., Int. Ed. 2016, W. J. Moran, Org. Biomol. Chem. 2014} 6-4162; d) C. Zhu, A.
55, 4436-4454; b) X. Liu, C. Xu, M. Wang, Q. Liu, Chem. Rev. 2015, Yoshimura, P. Solntsev, L. Ji, Y. Wei, V. . V. V. Zhdankin,
115, 683-730; c) J. P. Brand, D. F. Gonzalez, S. Nicolai, J. Waser, Chem. Commun. 2012, 48, 10108-1011 . oshimura, L.
Chem. Commun. 2011, 47, 102-115. Ji, Y. Wei, V. N. Nemykin , Org. Lett. 2012, 14, 3170-

a) V. V. Zhdankin, A. P. Krasutsky, C. J. Kuehl, A. J. Simonsen, J. K. 3173.
Woodward, B. Mismash, J. T. Bolz, J. Am. Chem. Soc. 1996, 118, [9] a) J. P. Brand, C. Chevalley, R.
5192-5197; b) A. P. Krasutsky, C. J. Kuehl, V. V. Zhdankin, Synlett
1995, 1081-1082; c) M. V. Vita, J. r. m. Waser, Org. Lett. 2013, 15, Cent. Sci. 2016,
3246-3249; d). Sharma, J. F. Hartwig, Nature (London, U. K.) 2015, Klasen, A. Sait
517, 600-604; f) P. T. G. Rabet, G. Fumagalli, S. Boyd, M. F. Greaney, 2015, 51, 7835-
Org. Lett. 2016, 18, 1646-1649; g) Y. Shinomoto, A. Yoshimura, H. [10] a) G. F. Koser,
Shimizu, M. Yamazaki, V. V. Zhdankin, A. Saito, Org. Lett. 2015, 17, J. A. Souto, K.

iti, J. Waser, Chem.--Eur. J.
ant, F. D. Toste, ACS
K. C. Nguyen, S. C.
Zhdankin, Chem. Commun.

, 89-102; b) L. Fra, A. Millan,
Ed. 2014, 53, 7349-7353.

5212-5215. [11] . Hanzawa, Org. Lett. 2013, 15,
a) R. Chowdhury, J. Schoergenhumer, J. Novacek, M. Waser, . Ki uki, H. Taniguchi, P. J. Stang,
Tetrahedron Lett. 2015, 56, 1911-1914; b) M. Chen, Z.-T. Huang, Q.-Y. 48, 7149-7156; c) T. Kitamura, Yuki Gosei Kagaku
Zheng, Org. Biomol. Chem. 2015, 13, 8812-8816. 3-905; d) T. Kitamura, K. Nagata, T. Nakamura,

Tetrahedron 1995, 51, 6229-6236; e) T. A.
ejorado, T. R. R. Pettus, Tetrahedron 2010,

a) P. Eisenberger, S. Gischig, A. Togni, Chem. Eur. J. 2006, 12, 2579-
2586; b) I. Kieltsch, P. Eisenberger, A. Togni, Angew. Chem., Int. Ed.

2007, 46, 754-757; c) V. Matousek, J. Vaclavik, P. Hajek, J. 66, 5873-5883; ~ ra, L. Zheng, T. Fukuoka, Y. Fujiwara, H.
Charpentier, Z. E. Blastik, E. Pietrasiak, A. Budinska, A. Togni, P. Beier, Taniguchi, M. Sakurai, R. Tanaka, J. Chem. Soc., Perkin Trans. 2 1997
Chem. - Eur. J. 2016, 22, 417-424; d) D. Katayev, J. Vaclavik, F. 1511-151

Bruning, B. Commare, A. Togni, Chem. Commun. 2016, 52, 4049-4052. G.F. KiR. H. Wettach, J. Org. Chem. 1980, 45, 1542-1543.

a) J. P. Brand, J. Charpentier, J. Waser, Angew. Chem., Int. Ed. 2009, a) M. J®ouma, B. Olofsson, Chem. - Eur. J. 2012, 18, 14242-14245;

48, 9346-9349; b) D. Fernandez Gonzalez, J. P. Brand, J. Waser,
Chem.--Eur. J. 2010, 16, 9457-9461; c) D. Fernandez Gonzalez, J. P.
Brand, R. Mondiere, J. Waser, Adv. Synth. Catal. 2013, 355, 1631-
1639.

For reviews on pseudocyclic hypervalent iodine compounds, see:
Yoshimura, M. S. Yusubov, V. V. Zhdankin, Org. Biomol. Chem. 2016, [15]
14, 4771-4781; b) V. V. Zhdankin, J. D. Protasiewicz, Coo,
Rev. 2014, 275, 54-62; c) B. V. Meprathu, J. D. P,
Tetrahedron 2010, 66, 5768-5774.

b) N. Jalalian, B. Olofsson, Org. Synth. 2013, 90, 1-9.

) T. Dohi, M. lto, K. Morimoto, Y. Minamitsuji, N. Takenaga, Y. Kita,
em. Commun. 2007, 4152-4154; b) T. Dohi, N. Yamaoka, Y. Kita,
edron 2010, 66, 5775-5785; c) M. Ito, C. Ogawa, N. Yamaoka, H.
ohi, Y. Kita, Molecules 2010, 15, 1918-1931.

ault, C. Y. Legault, ACS Catal. 2012, 2, 219-222.

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.201604475

WILEY-VCH

Entry for the Table of Contents (Please choose one layout)

Layout 1:

FULL PAPER

(o] o
New hypervalent iodine A ome O
reagents: Pseudocyclic Ar”"CONH, o
benziodoxole tosylates readil \CHGOH L
y y Ar Me

react with various organic
substrates as electrophiles or

OH

Uj[ PhI(OH)OTs ‘ N0 O s
= 0 — g™
F(/ cot & S ~F R

OH

Wylene
Mes
X

oxidants to afford the
corresponding iodonium salts or
the products of oxidation.

Reactivity of Pseudocyclic
enziodoxole Tosylates: New

Layout 2:
FULL PAPER

A
Author(s), Corresponding Author(s)*

((Insert TOC Graphic here; max. width: 11.5 cm; max. height: 2.5 cm))

<
&

Page No. — Page No.
Title

Text for Table of Contents

This article is protected by copyright. All rights reserved.



