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Regioselective Oxidative Chlorination of Arenols Using NaCl and

Oxone

Muhammet Uyanik, Naoto Sahara,”® and Kazuaki Ishihara

Abstract: We developed a practical and environmentally benign
method for the chlorinative dearomatization of arenols using
transient electrophilic chlorinating species generated in situ from
inexpensive sodium chloride and Oxone as a Cl source and oxidant,
respectively, under mild conditions. Moreover, the regioselective
chlorination or chlorinative dearomatization of 1-naphthols was also
achieved by changing the reaction conditions.

Introduction

The dearomatization of arenols has emerged as a promising tool
for the synthesis of various natural products and biologically
active compounds.!  Planar achiral substrates can be
transformed into chiral three-dimensional structures through an
sp>to-sp® change in geometry on one of the sp*hybridized
carbon centers. Several different compounds can be generated
depending on the nature of the reagents used.!" In this context,
the halogenative, especially the chlorinative, dearomatization of
arenols has been developed using electrophilic halogenating
reagents.” In 1883, Benedikt and Schmidt first reported the
chlorinative dearomatization of polychlorinated phenols u
toxic chlorine gas.” Since the 1950s, various electr
chlorinating systems including isocyanuric chloride, N-
chlorosuccinimide (NCS), SO,Cl,, tBuOCI, NaOCI, Sb
CH:Cl; and hypervalent iodine compounds h
developed for the chlorinative dearomatization
Recently, the enantioselective chlorinative dear:
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Results and

ive spirolactonization of
oiety at the ortho-position
ahydrate (NaOCI-5H,0) as an
Compared to conventional aqueous
t%, pH ~13), this solid oxidant offers
higher chlorine content (ca. 42%),
lower pH upon diss pH ~11) and high stability at lower
temperatures.”?  We envisioned that NaOCI-5H,0O could be
plied as chlorinating agent to the chlorinative
romatizz@@@n of arenols in the absence of an intramolecular
eophilic moiety at an appropriate position (Scheme 2b).
d, the rapid reaction of 1-methyl-2-naphthol (1a) with
-:5H,0 (2 equiv.) in a mixed solvent of ethyl acetate and
room temperature afforded 1-chloro-1-
en-2(1H)-one (2a) in 82% vyield. However,
undesired 8ho-quinol 3a™® was also obtained in 13% vyield as a
side product. The reaction of 2a under identical conditions did
not afford 3a and most of the 2a was recovered, which revealed
thag3a might be obtained from the direct oxidation of 1a.” A
creening of conditions revealed that the generation of 3a
be suppressed under acidic conditions in aqueous acetic

Recently, we
phenols tethe
using sodium h
oxidant (Scheme

4.1

a) Dearomatizative spirolactonizationl®! o
COH  Na0CI-5H,0 (1.1 equiv.) 0
OH o)
OO EtOAc/H,0, 0 °C, 5 min O‘
99%

b) Chlorinative dearomatization

Cl OH
OH NaOCI-5H,0 (2 equiv.) O O
+
solvent, r.t., 5 min
1a 2a 3a

EtOAc/H,0 (5:1, viv) 82% 13%
AcOH/H,0 (5:1, viv) 90% n.d.

Scheme 2. Oxidative dearomatization of 2-naphthols with NaOCI-5H,0.

We next focused on the in situ generation of electrophilic
chlorinating species from chloride (-1) under oxidative
conditions!"” for the chlorinative dearomatization of 1a (Table 1).
First, conventional oxidants (2 equiv.) were investigated under
similar conditions (i.e., EtOAc/H,O at room temperature) in the
presence of 2 equivalents of sodium chloride (entries 1-5).
Almost no reaction occurred with the use of hydrogen peroxide
or alkyl hydroperoxides (tert-butyl hydroperoxide (TBHP) and
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cumene hydroperoxide (CHP)) (entries 1-3). On the other hand,
the reaction with meta-chloroperbenzoic acid (mCPBA) as an
oxidant afforded a complex mixture of unidentified products
(entry 4). To our delight, the chlorinative dearomatization of 1a
proceeded efficiently with 1 equivalent of Oxone (as 2 equiv. of
oxidant, KHSOs), an inexpensive triple inorganic salt
(2KHSOs5'KHSO4-K2S04). Notably, undesired quinol 3a was not
detected under these acidic conditions (pH of the aqueous
phase ~1.6)® and 2a was obtained in 90% vyield as a single
product (entry 5). A brief screening of organic solvents (entries
6-8) revealed that the reaction rate was slightly increased in a
mixed tert-butyl methyl ether/water solvent, and 2a was obtained
in 92% isolated yield (entry 8). Notably, the use of water as a
co-solvent under these biphasic conditions was crucial to
dissolve Oxone and control the selective oxidative reaction,
since 1a was almost recovered in the absence of water (entry 9).

Chlorine (Cl;) or hypochlorous acid (HOCI) might be
generated in situ as an active electrophilic chlorinating species
from NaCl and Oxone under acidic conditions."®'" Interestingly,
the reaction was completed within 5 minutes, as in the
stoichiometric reaction with NaOCI-5H,0 (see Scheme 2), when
NaCl was pre-mixed with Oxone for 1 h to generate active
chlorinating species before the addition of 1a (Table 1, entry 10
versus entry 5). This result suggested that the transient active
species was generated in situ slowly and consumed rapidly, and
therefore the concentration of the highly reactive chlorinatigg
species could be minimized to induce high chemoseleci
compared to stoichiometric chlorinating reagents such as
(vide infra).

Table 1. Investigation of Chlorinative Dearomatization of 1a with

NaCl (2 equiv.), Oxidant
1a 2a

solvent, r.t.
Entry  Oxidant (equiv) Solvent Time [h]
1 30% H,0; (2) EtOAc/H,0™
2 TBHP (2) EtOAC/H,0"
3 CHP (2) EtOAC/H,0"
4 mCPBA (2) EtOAC/H,0"
5 Oxone (1) EtOAc/HA .
6 Oxone (1) CchR‘ 91 (;5)
7 Oxone (1) ‘\ene/HZOm "90 (<5)
8 Oxone (1) tBNHZOM 1 Y 92" (<5)

9 Oxone (1) <5 (>90)

10®  Oxone (1) ‘_ 0.08 92 (<5)
D U ¥

tBuOM\ 12
-—

alysis. Yields of recovered 1a are shown in
e were pre-mixed for 1 h before the addition
, vIv). [d] Isolated yield. TBHP, tert-butyl
eroxide, n.d., not detected.
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A series of 1-substituted 2-naphthols 1 bearing electron-
donating or -withdrawing groups were examined for the oxidative
chlorinative dearomatization usi aCl and Oxone under
optimized conditions (Scheme 3) most cases, the
corresponding 2 were obtained in high to, yields as sole
products. Several functional groups su
2f an 2k), cyano (2e), bro
(2m) and methoxy (20 and
these mild conditions.
dearomatization of 1
product lacinilene
several unidentifie
reactions of 2-nap
groups, respective!
challenging s

in high yield. However,
Iso obtained from the
ring alkynyl and alkenyl
chlorination of these

Considering the over-chlorination or
multiple bonds of these substrates, a

1 equiv.) use
obtained in good yields.
naphthols us NaOCI-5H,0O afforded complex mixtures of

isired 2] and 2m were obtained in only low yields

ions, and the corresponding 2 were
In sharp contrast, the reactions of these

NaCl (2 equiv.) R!' CI
Oxone (1 equiv.)

tBuOMe/H,0 (1:1, viv)
Room Temperature, 1-3 h

Product 2: Yield
R' = Et (2b): 84%

cl
O
CO,Me (2d): 94% Br

1T Cl Ph (2¢): 98%

CH,CH,CN (2e): 94% 2n: 99%
CH,CH,CO,E (2f): 89% MeO ° s
R3 = Me (29): 95% O‘
20: 74%

Ph (2h): 99%

Cl (2i): 95%

Br (2j): 92%
CO,Me (2k): 92%
CCPh (21): 86%[ (30%)0! Pr
CH,CH=CH (2m): 76%!2! (29% )] 2p: 90%

Cl
CCr
L

Scheme 3. Oxidative chlorinative dearomatization of 2-naphthols 1 with NaCl
and Oxone. [a] NaCl (1 equiv.) was used. [b] Reactions were performed
under stoichiometric conditions with NaOCI-5H,0 in AcOH as in Scheme 2.

Next, we examined the chlorination of 1-naphthol 4a (Table
2). The reaction of 4a using NaCl and Oxone (Method A) under
conditions similar to those for 2-naphthols afforded the para-
chlorinated product 5a and dearomatized para-dichloro product
6a as major products, which were produced via chlorination at
the most nucleophilic 4-position of 4a (entry 1). ortho-
Chlorinative dearomatized product 7a was a minor component,
and, as in 2-naphthols, ortho-quinol 8a was not detected under
these acidic conditions. A para-selective reaction proceeded
exclusively in an ethyl acetate/water mixed solvent (entry 2). To
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our delight, both 5a and 6a could be obtained selectively in high
yield by controlling the amount of reagents used (entries 3 and
4). We next examined NaOCI-5H,0 as a chlorinating agent for
the same reaction (Method B). Similarly, only para-chlorinated
products 5a and 6a were obtained under acidic conditions using
2 equivalents of KHSO, as an additive (pH of the aqueous
phase ~3.4)** or aqueous acetic acid as a solvent (entries 5 and
6). On the other hand, ortho-chlorinative dearomatized product
7a was obtained in 62% isolated yield as a major product under
basic conditions (pH of the aqueous phase ~10.1®) in an ethyl
acetate/water mixed solvent (entry 7). As expected, ortho-quinol
8a' was also obtained under these basic conditions. Notably,
slightly higher chemo- and regioselectivities were obtained with
NaOCI-5H,0 compared to conventional 10% aqueous NaOCI
(entry 7 versus entry 8).

Table 2. Regio- and Chemoselective Chlorination of 1-Naphthol 4a.
OH

Oy e “OOCW
4a

Method A:
NaCl (x equiv.), Oxone (y equiv.) o

Method B:
NaOCI-5H,0 (2 equiv.)

Entry '\A/liih(;()j orB Solvent El;:i'ne

1 A2, 1) tBuOMe/H,0' 3

2 A2, 1) EtOAc/H,0™ 3

3 A1, 1) EtOAc/H,0™ 4

4 A (3, 1.5) EtOAc/H,0™ 2

5 B AcOH/H,0" 0.5

6 B™ EtOAc/H,0" 0.5 67

7 B EtOAc/H,0" ‘L<5 10

8 B“ EtOAc/H,0" ~‘&

[a] Determined by 'H NMR analysis. ] KHSO, (2 equiv.) ed as an
additive. [c] NaOCI (10% aq.) was u, tead of NaOCI-5H,0¥ [d] Organic
solvent/H,0O (1:1, viv). [e] Organlc :1, viv). [f] Isolated yield.

erved for the
eriments were
conducted. First, no isom
ortho-product 7a to para-pro
(Scheme 4a)."
under acidic co
corresponding par:
yield (Scheme 4b).

10 selectively in 79%
ly, a lower reaction rate was observed
onditions compared to 4a, and

dearo as not observed even in the
presence O Cl (for comparison, see: Table 2,
entry 2). This might be due to lower local nucleophilicity at the
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para-position of methyl ethers 9 or 10 compared to 1-naphthols
4a or 5a." In sharp contrast, no reaction occurred and 9 was
recovered under basic conditions{eg NaOCI-5H,0 (Scheme
4c). These results suggested that th hlorinated products
5a or 10 might be generated via
substitution with in s:tu-generated
species at the most nucle
acidic conditions (Scheme
chlorinative dearomatizati
position to give 6a in
other hand, 1-nap
basic conditions a

sition of 4a or 9 under
Similarly, subsequent
|so proceed at the 4-

rinating agent to afford
1,3-shift to give ortho-

OH
l ! COzMe
[¢]]
Ta 5a, n.d
NaCl (2 equiv.) OMe
Oxone (1 equiv.) COzMe
OO 6a and 7a
EtOAc/H,0 (1:1, viv) n.d.
rt,7h cl
10, 79%
NaOCI-5H,0
(2 equiv.)
O;Me no reaction
EtOAc/H,0 (5:1, viv)
rt.,7h
Cl, or CIOH Cl, or CIOH
———> 5a,10 6a
(for 5a)

Base (NaOH or NaOCl)
(R=H)

O~ Na*
“/002'\"6 Cl, or CIOH COZMe 3
a

Scheme 4. Control experiments for the regioselective chlorination of 4a.

In contrast to the chlorination of 2-naphthols, which
proceeded exclusively at the 1-position under acidic or basic
conditions, the regioselectivity of the reaction of 1-naphthols and
phenols depended on the reaction conditions and/or steric and
electronic effects of the substituents at the ortho- and para-
positions. A series of 1-naphthols 4 and phenols 13 were
examined under acidic and basic conditions using NaCl/Oxone
(Method A) or NaOCI-5H,0 (Method B), respectively (Scheme
5)."  2_Methyl-1-naphthol 4b afforded the para-chlorinated
product 5b or ortho-chlorinated product 7b selectively under
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acidic or basic conditions, respectively. Similarly, 4d bearing
ester and methyl substituents at the ortho- and para-positions,
respectively, afforded the corresponding 5d and 7d selectively
depending on the conditions used. On the other hand, since the
electrophilic aromatic substitution reaction proceeded at less-
hindered 2-postions of 4-methyl-1-naphthol (4c) and 4e, a 4-
phenyl analogue of 4d, only ortho-chlorinated products 7c and
7e were obtained selectively under both acidic and basic
conditions.

NaCl (1 equiv.), Oxone (1 equiv.) (Method A)
or NaOCI-5H,0 (2 equiv.) (Method B)

4,13 5+7,14+15
EtOAc/H,0, r.t.
OH (o}
“ T OO :
Cl
4b 5b 7b
Method A, 2 h: 67% n.d.
Method B, 1 h: 14% 64%
OH

5 -

5¢c 7c
Method A, 1 h: n.d. 64%
Method B, 1 h: nd 52%
OH 0}
O
Cl
4d 5d
Method Alel, 1 h:  86%
Method B, 3 h: 10%
OH o
“ ‘ e
Ph CI
de

Method B, 3 h:

Ac

13b 15b
3 h: 7% 79%

ld 12 h: 5% 20%

tion of 1-naphthols 4 and phenols 13.
Isolated yields are s equiv.) was used. [b] A tBuOMe/H,O
mixed solvent was used. [c] A messy reaction mixture was obtained. [d] 13b
was recovered in 50% yield.
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On the other hand, the chlorinative dearomatization of
phenols 13a and 13b under acidic conditions using NaCl and
Oxone proceeded efficiently at tl st nucleophilic and less-
hindered para- or ortho-positions t the correspondlng

unidentified products, where
afforded the both ortho-
yield.
transient generati
stoichiometric reag

the utility of the
species instead of
emoselectivity.

Conclusi

t chlorinative dearomatization of arenols
sient chlorinating species generated in
chloride and Oxone as a Cl source
and oxidant, resp emoselective chlorination could be
achieved under these mild conditions that maintained a low
cpncentration the transient chlorinating species. Moreover,

ioselecti hlorination or chlorinative dearomatization of 1-
thols was also achieved depending on the use of different
jon conditions.

A practical and e

gements

Financial support for this project was partially provided by
JSPS.KAKENHI (15H05755, 15H05484, 18H01973), and the
Proygam for Leading Graduate Schools: IGER Program in Green
8l Sciences (MEXT). We are grateful to the Kaneka
poration for providing NaOCI-5H,0.

eywords: chlorination « dearomatization « oxidation « phenol «
chemoselective « regioselective

[1] Selected reviews: a) C.-C. Liao, R. K. Peddinti, Acc. Chem. Res. 2002,
35, 856-866; b) D. Magdziak, S. J. Meek, T. R. R. Pettus, Chem. Rev.
2004, 104, 1383-1430; c) S. Quideau, D. Deffieux, L. Pouységu,
Tetrahedron 2010, 66, 2235-2261; d) S. P. Roche, J. A. Porco, Angew.
Chem. Int. Ed. 2011, 50, 4068-4093; Angew. Chem. 2011, 123, 4154—
4179; e) C.-X. Zhuo, W. Zhang, S.-L. You, Angew. Chem. Int. Ed. 2012,
51, 12662-12686; Angew. Chem. 2012, 124, 12834-12858; f) M.
Uyanik, K. Ishihara, in Asymmetric Dearomatization Reactions (Ed.: S.-
L. You), John Wiley & Sons, Hoboken, 2016, pp. 129-152; Selected
recent examples for the transition metal free oxidative dearomatization:
g) K. Muiiiz, L. Fra, Synthesis 2017, 2901-2096; h) C. Hempel, C.
Maichle-Mdssmer, M. A. Pericas, B. J. Nachtsheim, Adv. Synth. Catal.
2017, 359, 2931-2941; i) T. Dohi, H. Sasa, K. Miyazaki, M. Fujitake, N.
Takenaga, Y. Kita, J. Org. Chem. 2017, 82, 11954—11960; j) M. Uyanik,
N. Sasakura, M. Mizuno, K. Ishihara, ACS Catal. 2017, 7, 872-876; k)
E. Deruer, S. Coulibali, S. Boukercha, S. Canesi, J. Org. Chem. 2017,
82, 11884-11890; I) N. Jain, S. Xu, M. A. Ciufolini, Chem. Eur. J. 2017,
23, 4542-4546; m) D. Sarkar, M. K. Ghosh, N. Rout, P. Kuila, New J.
Chem. 2017, 41, 3715-3718; n) T. Hashimoto, Y. Shimazaki, Y.
Omatsu, K. Maruoka, Angew. Chem. Int. Ed. 2018, 57, 7200-7204;
Angew. Chem. 2018, 130, 7318-7322.

This article is protected by copyright. All rights reserved.



European Journal of Organic Chemistry

[2]

3]

[4]

[5]

[6]

[71

[8]

[9]
[10]

[11]
2]

[13]
[14]

[13]

[16]

a) V. V. K. M. Kandepi, N. Narender, Synthesis, 2012, 15-26; b) C.
Zheng, S.-L. You, Chem 2016, 1, 830-857; c) X. Liang, C. Zheng, S.-L.
You, Chem. Eur. J. 2016, 22, 11918-11933; d) W.-T. Wu, L. Zhang, S.-
L. You, Chem. Soc. Rev. 2016, 45, 1570-1580.

a) R. Benedikt, M. V. Schmidt, Monatsh. Chem. 1883, 4, 604-609; b) L.
Denivelle, R. Fort, J. Farve, Compt. Rend. 1953, 237, 340-342.

a) F. Mukawa, Tetrahedron Lett. 1959, 1, 17-20; b) Z. Zhang, Q. Sun,
D. Xu, C. Xia, W. Sun, Green Chem. 2016, 18, 5485-5492; c) H.
Suzuki, K. Ishizaki, T. Hanafusa, Nippon Kagaku Kaishi, 1975, 566—
568; d) L. Denivelle, M. Hedayatullah, Compt. Rend. 1961, 253, 2711—
2713; e) G. F. Bannikov, V. B. Vol'eva, G. A. Nikiforov, Bull. Acad. Sci.
USSR, Div. Chem. Sci. 1986, 35, 446-448; f) A. Nisson, A. Ronlan,
Tetrahedron Lett. 1975, 16, 1107-1110; g) B. Ferron, J.-C. Jacquesy,
M.-P. Jouannetaud, O. Karam, J.-M. Coustard, Tetrahedron Lett. 1993,
34, 2949-2952; h) O. Karam, M.-P. Jouannetaud, J.-C. Jacquesy, New
J. Chem. 1994, 18, 1151-1153.

Q. Yin, S.-G. Wang, W.-W. Liang, D.-W. Gao, J. Zheng, S.-L. You,
Chem. Sci. 2015, 6, 4179-4183.

M. Uyanik, N. Sasakura, M. Kuwahata, Y. Ejima, K. Ishihara, Chem.
Lett. 2015, 44, 381-383.

M. Kirihara, T. Okada, Y. Sugiyama, M. Akiyoshi, T. Matsunaga, Y.
Kimura, Org. Process Res. Dev. 2017, 21, 1925-1937.

M. Uyanik, T. Mutsuga, K. Ishihara, Angew. Chem. Int. Ed. 2017, 56,
3956-3960; Angew. Chem. 2017, 129, 4014-4018.

See Supporting Information for details.

a) R. K. Dieter, L. E. Nice, S. E. Velu, Tetrahedron Lett. 1996, 37,
2377-2380; b) E.-H. Kim, B.-S. Koo, C.-E. Song, K.-J. Lee, Synth.
Commun. 2001, 31, 3627-3632; c) B.V. Tamhankar, U. V. Desai, R. B.
Mane, P. P. Wadgaonkar, A. V Bedekar, Synth. Commun. 2001, 31,
2021-2027; d) M. Curini, F. Epifano, M. C. Marcotullio, O. Rosati
Tsadjout, Synlett 2000, 813-814; e) H.-W. You, K.-J. Lee, Synlett
105-107; f) P. Swamy, M. A. Kumar, M. M. Reddy, N. Narender, %
Lett. 2012, 41, 432—-434; g) J. Ren, R. Tong, Org. Biomol. Chem. 2013,
11, 4312-4315; h) P. Swamy, M. M. Reddy, M. A. Kumar, M.
Narender, Synthesis 2014, 251-257; i) S. Madabhushi,
Sriramoju; R. Singh, Green Chem. 2014, 16, 3125-313,
Tong, Green Chem. 2017, 19, 2952-2956; k) K. L. Ols;
J. A. MacKay, Tetrahedron Lett. 2017, 58, 4111-411
S. S. Lau, S. M. Abraham, A. L. Roberts, Environ.
50, 13291-13298.

a) T. G. Gant, A. |. Myers, Tetrahedron Lett. 1993, 34, 3707—
Krohn, G. Zimmermann, J. Org. Chem. 1998, 63, 4140-4142.

2003, 7125, 15455-15465.
a) Y. Ogata, M. Kimura, Y. Kondo, H.
Perkin Trans. Il 1984, 451-453; b) B
Chem. 2001, 40A, 1196-1202; c) D. E. Pear:
Breder, J. Org. Chem. 1967, 32, 2358-2360.
The reaction of 1-naphthol usi aCl/Oxone afforded ortho- and
para-chlorinated products in ield. The use of NaOCI-5H,0
and 2,4- roducts. On the other
-bi-2-naphthol and
1,1'-bi-2-naphtho oth methods gave
ee Supporting Inforfation for details.

hand, unfortunat
5,5'6,6'7,7',8,8"-octah
a complex reaction mixtur

This article is protected by copyright. All rights reserved.

10.1002/ejoc.201801063

WILEY-VCH



European Journal of Organic Chemistry 10.1002/ejoc.201801063

WILEY-VCH

Entry for the Table of Contents

COMMUNICATION &

OH (0}
~ R R! Cl
P NaCl, Oxone “o R2 Muha
: or
i Kazua
YN s Room Temperature O‘ O‘ U
L‘*t;-"" R4 ClI P,

xidative Chlorination
A practical and efficient chlorination of naphthols and phenols was developed using of Arenols Usif NaCl and Oxone
transient chlorinating species generated in situ from inexpensive sodium chloride
and Oxone as a Cl source and oxidant, respectively, under mild conditions.

Ra
49,
&

This article is protected by copyright. All rights reserved.



