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New in situ Formed I(lll)-Based Reagent for the Electrophilic

ortho-Chlorination of Phenols and Phenol-Ether

PIFA-AICI; System

Pradip D. Nahide,™ Velayudham Ramadoss,?*

Solorio-Alvarados?

Abstract: A new and in situ formed reagent generated by mixing
PIFA/AICI; was introduced in the organic synthesis for the direct and

highly regioselective ortho-chlorination of phenols and phenol-ethers.

An efficient electrophilic chlorination for these electron rich arenes as
well as the starting scope of the reaction are described herein. An
easy, practical and open flask reaction allowed us to introduce a
chlorine atom, which is a highly important functional group in organic
synthesis. The reproducibility of our method has been demonstrated
in gram-scale by carrying out the reaction in 6-bromo-2-naphthol.
This halogenation reaction also proceeds in excellent conditions by
first preparing the iodine(lll)-based chlorinating reagent. Our new
chlorinating reagent can be stored at least for two weeks at 4 °C
without losing its reactivity.

Introduction

Chlorinated compounds are ubiquitous in nature.
them in naturally occurring compounds,™
synthetic intermediates,”® and materials science
Specifically, chlorophenols are a relevant cla
they are very important in the industrial and pha
area®™ (Figure 1).
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the Use of

atives are available. A
the wuse of N-

However, due to th
jvation

tive low electrophilicity at chlorine-atom,
mmonly necessary by using Lewis
ronsted acids (TfOH),!"" metallic
Lewis acids (ZrCls, 1 Pd(0OAC), "™ PdCI, or CuCl,™
CuXo-Pd(OAC),"®), non-metallic Lewis acids (TMS-CI'™) or
(C’S] CAN-HCI"®) in order to have an electrophilic
ugh chidgghe atom to be attacked by the arene. On the other
significant efforts have been placed to develop more mild
active chlorination reagents such as trichloroisocyanuric
acid WATCICA), 1,3-dichloro-5,5-dimethylhydantoin (DCDMH),
ethylpiperidine (TMPH) /SO,Cl5,?” Zeolites?" and
Ceria?” (Scheme 1B).
Recently B¥fan et al described an elegant and broad method for
heteroarenes-chlorination. This approach uses the guanidine-
base reagent (Palau’Chlor®).”®! On the other hand are worth to
jon the strong-oxidative chlorinating methods, which use
1,4 Chloramine B, *® NaOCIs/HCI/AcOH?® or divanadium
(with H0.%" or Selectfluor®®®) (Scheme 1C). The arene
orination by photocatalysis with flavin hydrochloride,”® or
hloramines in presence of Ru(lll) complexes®” are also
valuable alternatives (Scheme 1D). Finally, the chlorination of
arenes including phenols and phenol-ethers by using
hypervalent iodine (lll)-based reagents were initially described
by Zupan and Zhdankin.®" Also Karade® and Xue®™! described
a chlorination of some arenes by using iodine (lll)-based
reagents (Scheme 1E).
Even though a vast amount of chlorinating procedures for
arenes are available, all of them show relevant disadvantages.
For example the reagent activation or preparation, costly
acquisition, or polymerization. In regards to the iodine (lll)-based
chlorinating methods, the low solubility is an important drawback.

Herein we described the first iodine (lll)-based chlorinating
reagent generated in situ by the easy mix of
bis[(trifluoroacetoxy)iodobenzene] (PIFA) and AICI;. The reagent
is totally soluble in the organic reaction solvent and is used in
the same reaction flask. The use of inexpensive reagents and
the fast in situ reagent-formation are the main advantages of our
procedure over those previously described (Scheme 1). We
apply this protocol to the direct chlorination of some phenols and
phenol-ethers, which are described below.
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A) NCS-BASED methods

TIOH, ZrCl,, Ru(lll), Pd(OAC)5, PACI,, CuCl,,
CuXz-Pd(OAC),, TMS-CI, CAN

DMF, CCl,, HCI-H,0

R B) Hetero-Cl or Material-Cl methods R cl
r:\' m ) TCICA, Palau’Chlor, Zeolites, nanocrystalline Ceria \r\ M/\,ﬂ\>>
A n e n
St TX C) Oxidative methods SR X
X=0,S,N BuOClI, chloramine B, NaOCl3, V(salts) X=0,S,N
R= Alkyl, Aryl, -OH, -OMe R= Alkyl, Aryl, -OH, -OMe
n=1,2 n=1,2

D) Photocatalytic methods
Ru(lll) (flavin-HCI, Chloramines); hv

E) I()-based methods

¢l R2
| PN
L LKL

\ RN R?
Xue Karade

This work

OR OR :

N PhI(OTFA), /AICI; N c o

R — | _ > R!— |
N o S Lag - |

> Electrophilic Chlorination N ;

R=-H, -Me, Ac

! | Plausible chiorinating

Scheme 1. Different chlorinating methods for arenes.

Results and Discussion

The total synthesis of dimeric naturally occurring compou
one of the research interests in our group. We are currently
carrying out the synthesis of some these alkaloid
searching for a new route to dimeric natural produ
dimerization of naphthol using PIFA and a Lewj
surprisingly observed selective halogenation
position rather than dimerization with AICl;. In s
the development of the present chlorinating
result of a Lewis acid screening, looking for a n
activation procedure® in the PIFA-mediated oxi
dimerization of phenols®® (Table 1).

Table 1. Ligand screening and optimgation in the PIFA-

mediated chlorination of 2-naphthol.
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7 AICl; (1.5) CHCl, 23 25 40™
8 AIC, (2.0) 411!
9 AIC; (1.0) golbcl
10 AICI, (1.5) 51l
1 AICI; (2.4) g3bel

N OH PIFA, LA
Pz Solvent, T(°C) ' XN H !
1 ' ___ notfound
A
Entry LA (Equiv) vent T(°C e (h) Yield %
\ 4
1 BF;-Et,0 (1.0) D -78 2 n.r.

2 BFg'Etz“ DCM ‘k 23 1 c.m.
—

3 GaCl; (1. —N 0.5 dec.
4 " AICl; (1.0) N DCM 23 3 60
6 ’—W‘ 23 3 30"

PIFA. The
omplicated
[c] 60% of starting
recovered; [d] 1.2
no reaction was
decomposition of

All the reactions were carrj
reported yields are the
chromatography purific
material recovered; [d]
equiv of PIFA were u
observed; c.m.= compl
starting materiaI.A

; [b] Isolated
% of starting mate
LA = Lews acid;
eaction mixture; d

reactions and testing different Lewis
desired 2-naphthol dimer. Instead,
we found 1 as the f the chlorination reaction at the a-
position (Table 1). The starting screening by using BF3-Et,O
ve a comp|@y mixture or the reaction did not proceed (Entries
nd 2). T@¥use of GaCl; only showed the decomposition of
tarting material (Entry 3). Surprisingly, by using AICl; at 23
e observed the formation of 1-chloro-2-naphthol 1 in a
0% as the main product (Entry 4). The formation of the
ing dimer was not observed.

e rationalized that the only source of chlorine
from the Lewis acid (AICI;). Thus, this necessarily
implicates the oxidation of CI" by the iodine (lll) reagent to give
an electrophilic “CI" ” equivalent. Subsequently, the 2-naphthol
reagted and led to 1. To the best of our knowledge, this is the

used our attention to develop a new procedure for direct
lorination of phenols by using this non-described PIFA-AICI;
system.

The next step consisted in testing two equivalents of AICI; to
increase the amount of chlorine atoms. We found a shorter
reaction time along with a slightly increased yield (Entry 5).
Nevertheless, a complex mixture of reaction was observed in
this solvent (dichloromethane). The use of chloroform for
screening different AICI; equivalents produced moderate yields
(30-41%) at 23 °C in 2.5-3 h (Entries 6-8). Finally, the screening
of 1, 1.5 and 2.4 equivalents of AICI; in acetonitrile (Entries 9-11),
gave the best yield (63%). Thus, the optimized conditions were
2.4 equivalents of AICI; at 23 °C in only 2 hours of reaction
(Entry 11). Additionally, this reaction works at room temperature,
in short reaction times (2-3 h) and open flask conditions.

With this new reagent for the chlorination of 2-naphthol and with
its optimized conditions, we proceed to test the scope of the
protocol over different phenols. We also decided to test the
procedure in some phenol-ethers (Scheme 2).

This article is protected by copyright. All rights reserved.
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Scheme 2. Scope for the chlorination of phenols, naphthols and naphthol-
ethers by using the PIFA-AICI; system.

R phiOTFA), - AlCI '
- 1 2(equiv a 2.4 eiquiv o Gl tam-2am
R!— : : R 5a/b - 7a/b
Sey- MeCN, 23 °C See 3-18
R=-H, -Me
cl cl cl cl ¢

sepoeN
Br 7

1a,63% (R=H)  2a, 83% (R=-H), NCS (0%) 3,66% 4, 42%2
1b, 77% (R= -Me) 86% (>1 g) gram scale NCS (0%) NCS (0%)
2b, 80% (R= -Me)
OR cl OMe
o OR @
OMe OMe &
Br Cl
5a, 73% (R=-H) 6a, 59% (R=-H) + 7a, 35% (R=-H) 8,25%
5b, 75% (R= -Me) 6b, 61% (R=-Me) +  7b, 17% (R=-Me)
NCS (0%) NCS (0%)
cl OMe
MeO
OH
9, 78%7 10, 58% 11, 63% 12, 24/0 13, 51%
NCS (0%)
OH OH OH OH OH
Cl Cl Cl OMe Cl O
cl OMe 1
Cl Cl Br Cl Cl
14, 62%2 15, 49%P 16, 52% 17, 72% 18, 60%°
NCS (0%) NCS (0%)

The reactions were carried out by using 1.2 equiv of PIFA and
AICI;. [a] 1.8 equiv of PIFA and 3.6 equiv of AICI; were used t

[b] 2.4 equiv of PIFA and 4.8 equiv of AICI; were use
compound since an o/p mixture was observed under the o]

naphthol and 4-bro
reaction proceeded

a good 66%
bichlorinated (
methoxy-2-naphth
mixture of mono an
(35%), in, that order.
7b (17

gave a separable
thols 6a (59%) and 7a
methyl-ether analogues 6b (61%) and
ined and separated without any
probl raphy. Some attempts to control
the mono- or bichlo esses led to complex reaction
mixtures. For completing the series of naphthols, 1-
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methoxynaphthalene was chlorinated in a modest 25% of yield
at para position respect to the methoxy group.

Regarding to the phenol derivativ, ose containing electron-
donating groups like phenyl (9), m 10) or methyl (11)
were ortho-chlorinated from good to exc s (58%-78%).
The presence of any halogen in th was well
tolerated by our procedure. 0-2-methoxyphenol and
4-fluorophenol were chlorina % and 51% of yield (12
and 13, respectively). The 4 and 15°" were also
lorophenol and 5-
The 4-bromo-3-
oI 16 in moderate 52%.
lorphenyl)phenol were
ielding 17 and 18 at

methoxyphenol ga
Finally, the 3-iod

rise to bromop
enol and 3-(
72% and 60%

exceptions to the general
tion observed for this series. All of the
ted under very mild conditions of
t periods of time and in open flask.

Thereby, the on is a remarkable aspect in our
method that we discuss as follows. The naphthols 1al/b, 2al/b,
5alb to 7a/wre obtained as regioselective ortho-chlorinated

ich match with those previously described.®
npound & shows a coupling of J=2.5 Hz at 7.22 and 7.24
consistent with meta coupling at the benzene ring which
s the chlorine atoms. Therefore, this suggessts an ortho-
ed structure as shown in Scheme 2. The compounds
a J=8.5 Hz at 7.06 and 6.62 ppm, which implies
pling as well as the chlorination for both arenes.
Aromatic cdmpounds 12 to 16 showed mono- or bichlorination
from 24% to 62% of yield. In a general way, all of these
ples were chlorinated in ortho and ortho, para positions
t to the hydroxyl group.

der to support the ortho-selectivity in our protocol is
ortant to mention that: 1) compound 9 showed a mixture of
ho and para regioisomers in 3:1“% (see Sl for full details). The
para product was observed as the minor regioisomer. Then, an
additional optimization was carried out to get a single
bichlorinated product (Scheme 2); 2) the bis-ortho-substituted
naphthols with the hydroxyl group in the middle of both
substituents did not react even when heating at 80 °C for 12 h
(see Scheme 3). The former observation alludes to an initial
ortho-chlorination instead to the known para reactivity, which
fully supports the ortho-regioselectivity observed in our protocol.
However, compounds 17 and 18 were exceptions to the
aforementioned regioselectivity.

A broad set of experiments in synergy with theoretical
calculations is necessary to generalize our protocol and find out
a detailed mechanism of reaction, which fully explain the
ortholpara ratios. At this point, the series of examples herein
described demonstrated a reaction with initial ortho-selectivity.
One notable aspect in our work is the remarkable reactivity of
our in situ formed reagent. It was effective in the chlorination of
some naphthols and phenols randomly chose like 2a, 3, 4, 6b,
7b, 11, 15 and 16 for which NCS totally failed. This observation
broadly supports the advantage of our procedure over those
NCS-based methodologies.

Also, we found that after storing our chlorinating reagent by two
weeks at 4 °C,*" it essentially did not lose its reactivity (Ec 1).

This article is protected by copyright. All rights reserved.
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PhI(OTFA), / AICI, ¢l
synthesized and stored OH 1) @—/7 NH,
MeCN, 23 °C, 0.5h 24
1a MeOH, 23 °C, 2 h

same day: 61%
next week: 59%
two weeks: 55%

(2)

On the other hand, for testing additional functional group-
tolerance and limitations in our protocol, we set up some more
elaborated phenols and a heterocycle (Scheme 3).

ized in 45% of yield

ntal observations we
es like IV to explain the
on reaction. Thus, we

Finally,

rationalize a plaus
Scheme 3. Scope and limitations in the arene chlorination by using the PIFA-

AICl; system. propose the fojowin ction (Scheme 4).
OAc OAc O o cl <} cl
cl CFy4 cl CFy (© CFs
H (
e P
COCT S - A
OAc MeO o | PATH A | |
Cl Ph /Al
19, 51% 20, 20% 21, 88% 22, 63% m ° c
i NOREACTION [ CFs CFs
“5e¢ o 5@ ¢ o o Ve | PATH B w O%ACA’? — 6)O/Ao
ool O A
2 ' ClI™ cl
Br & Br N Cl : = —0 , x @ X ¢
23, 72%0 24, 790 Me {R=ClBrF, e Ao I
25, 619%[b] ' Me, Bu CFs T “ F¢ RO g
R'=H, Me
7777777777777777777777 o%\of@/—m\—%le—m E—— o;\om |h cl
The reactions were carried out by using 1.2 equiv of PIFA and 2.4 equiv,of F‘,h l oh
AICI;. [a] 2.4 equiv of PIFA and 4.8 equiv of AICI; were used. [b] 4 equj i il v
PIFA and 6 equiv of AICI; were used; the tetra chlorinated derivatiy, ""*:‘:;ﬁ
F4CCOO
obtained in 13% (see Sl for full details). [c] The chlorination reaction did not al i oo
proceed neither at 23 °C nor 80 °C for 12 h. The new carbon-chl W R OR ~ X C(;)H
o . Plausible chlorinating R=-H, -Me, Ac . - ‘ o]
formed is highlighted in blue color. LS ENE
Vi v

The 3-hydroxy-2-phenylnaphthalen-1-yl

. . . me 4. Mechanistic proposal for the ortho-chlorination reaction observed
regioselectively ortho-chlorinated to the hydrox

ur developed method.

PIFA coordinates to AICI; to get I, which is in resonance with II.
Two possible pathways are envisioned. The pathway A implies
the release of a chloride anion giving rise to Ill. Thus the
released chloride attacks to the electrophilic iodine center to
produce aluminate X and the intermediate IV. This is in fact, the
plausible reagent, proposed as the in situ formed chlorinating
species. Afterwards, the naphthol carries out a regioselective
ortho attack to the chlorine atom producing the intermediate V.
Finally, the loss of a proton aromatizes the arene and yields the

Even though this example is o
for our developed procedure, 4
heterocyclic systems.

toward bichlorination,
napthol, we found a very
which yields gem-chloro
proceeds in excellent yields
Finally the sco
trichlorination of !
of yield.

According to the litera
starting
Thus,
compounds

e, giving rise to 25 in 61%

ortho-chlorinated phenol. On the other hand, pathway B starts
with dissociation of Il giving rise to VII and VIII. This is in
equilibrium with IX by chloride anion loose which attacks to VII
producing the proposed chlorinating species IV. The rest of the
mechanism proceeds as previously described by generation of
intermediate V and final phenol VI.

earomatization,
This reaction

1“2l compounds such as 23 and 24 are
thesis of highly substituted anilines.

application of the synthesized
we decide to use 24 in the

synthesis of a highly functionalized aniline 26 (Ec 2).
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Conclusions

In summary, we have developed a new procedure for the ortho-
selective chlorination of phenols and phenol-ethers. Our protocol
takes place under very mild conditions, short reaction times, in
good to excellent yields and in open flask. The method scope
includes the methyl and acetyl groups at the oxygen of the
phenol and was applied to the chlorination of the dibenzofuran
and N-methylcarbazole. This novel protocol has an I(lll)-based
reagent which is formed in situ and contains the chlorine atom
attached to the hypervalent iodine center. Our theoretical
calculations support the formation of the structure IV (scheme 3)
as the plausible chlorinating species. Finally, to the best of our
knowledge, this is the first method that oxidizes the chlorine
atoms coming from AICI; and they are used as an electrophilic
source of chlorine in the chlorination of phenols. All of the
previous features described in our protocol represent an
important advantage over the rest of chlorination procedures
that have been previously described.

Experimental Section

General procedure for chlorination: A 25 ml dry round bottom flask
was charged with PIFA (1.2 equiv) and dry acetonitrile [0.33 M] at 25 °C.
Afterwards, AICl; (2.4 equiv) was suspended and the mixture was stirred
for 10 min. A yellowish precipitate appears and then the correspondj
phenol derivative (1 equiv) was added to the mixture. The reaction g
proceeding for 2-12 h following the advance until fully starting
consumption judging by TLC. The reaction mixture was extracted with

179.0185, found 179.0111. The spectrosco
previously described. %

58.23 (d, J=8.5Hz, 1H), 7.
7.42 (t, J = 8.0 Hz 1H), 7.32 (
(126 MHz, CDCl3): & 152.5, 131}
123.4, 116.9, 11
193.0342, found 1
previously described.

= 9.0 Hz, 1H,) 4.05 (s, 3H). °C NMR
129.5, 128.0, 127.9, 127.4, 124.3,
+) calcd. for Cy1HgCIO, [M+H]:
copic data match with those

-2-ol (2a). The following compound was
al procedure for chlorination by using 6-
withe solid. m.p. 84-86 °C. IR (KBr,
cm™) 3423, 1621, : 8, 1464, 1404, 1381, 1353, 1338,
1198, 1183, 1148, 1132, 1066, 1000, 938, 897, 805, 556, 514. '"H NMR

10.1002/ejoc.201701399
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(400 MHz, CDCl3): 8 7.81 (d, J = 9.9 Hz, 2H), 7.51 (d, J = 8.7 Hz, 2H),
7.17 (d, J = 7.4 Hz, 1H), 5.84 (s, 1H). ®C NMR (101 MHz, CDCls): &
149.7, 130.9, 130.5, 130.2, 129.7, 1 124.7, 118.5, 118.1, 113.6.
HRMS (ESI-): calcd. for C1oHsBrCI,0 [ 19291, found 254.1203.
Gram scale reaction. This scalable reactio
PIFA (2.45 g, 1.2 euqiv), AICl; (1.52 g, 2.4 e
(1.06 g, 1 equiv). The reaction_was com
column chromatography to yiel
data match with those previously

6-bromo-1-chloro-2-me;
compound was obtaj

chlorination by usin
white solid. m.p. 76-
Hz, 1H), 7.88 (d, J =

The  following
the general procedure for
hthalene in 80% yield as
, CDCl3): 6 8.02 (d, J = 9.1
9.0 Hz, 1H), 7.55 (dd, J =
3.97 (s, 3H). *C NMR (126
%6, 130.0, 127.1, 125.5, 118.3,

according
bromo-6-methox
. "H NMR (500
Hz, 1H), 7.62 (d,

MHz, CDCls):
117.3, 114.8, 57.
described. ¢!

n-2-ol (3). The following compound was
obtained accordi | procedure for chlorination by using 7-
methoxy-2-napthol in 66% yield as a withe solid. m.p. 68-70 °C. IR (KBr,
cm™) 3391, 2934, 1517, 1623, 1427, 1443, 1400, 1280, 1249, 1123,
88, 1023, 1 837, 803, 603, 548, 523. '"H NMR (400 MHz, CDCl3): &
(d,J= z, 1H), 7.62 (d, J = 8.7 Hz, 1H), 7.33 (s, 1H), 7.11 (d, J
Hz, 1H), 7.05 (d, J = 8.9 Hz, 1H), 5.90 (s, 1H), 3.97 (s, 1H).
R (126 MHz, CDCls): 8 159.4, 150.0, 132.6, 130.0, 128.2, 124.8,
114.6, 112.6, 101.7, 55.5. The spectroscopic data match with
iously described. "}

1,8-dichlo ethoxynaphthalen-2-ol (4). The following compound
was obtained according to the general procedure for chlorination by
using 7-methoxy-2-napthol in 42% yield as a dark red solid. m.p. 84-86°C.
IR (KBr, cm™): 3474, 1618, 1514, 1462, 1438, 1358, 1325, 1285, 1246,
1138, 1093, 963, 894, 830, 794, 761, 729, 553, 529, 453. "H NMR
Hz, CDCl;): & 7.67 (d, J = 9.0 Hz, 1H), 7.61 (d, J = 8.8 Hz, 1H),
(d, J = 9.0 Hz, 2H), 6.44 (s, 1H), 4.01 (s, 3H). *C NMR (126 MHz,
3): 0 155.3, 152.2, 129.6, 129.2, 128.9, 126.6, 115.5, 111.5, 111.4,
.1. The spectroscopic data match with those previously described. 48]

4-bromo-2-chloronaphthalen-1-ol (5a). The following compound was
obtained according to the general procedure for chlorination by using 4-
bromo-1-naphtol in 73% yield as withe solid. m.p. 90-92 °C. IR (KBr cm’
"): 3360, 2923, 1716, 1518, 851,753. 'H NMR (500 MHz, CDCls): 5 8.26
(dd, J=8.2,7.8 Hz, 1H), 8.17 (dd, J = 8.5, 8.2 Hz, 1H), 7.71-7.51 (m, 3H),
6.0 (s, 1H). "*C NMR (126 MHz, CDCls): 5 128.9, 128.0, 127.7, 127.0,
126.9, 126.8, 125.5, 124.4, 122.5, 122.5. HRMS (ESI+) calcd. for
C10HeBrCIO [M+H]: 256.9108, found 256.5110. The spectroscopic data
match with those previously described. 1!

4-bromo-2-chloro-1-methoxynaphthalene  (5b). The following
compound was obtained according to the general procedure for
chlorination by using 4-bromo-1-methoxynaphtalene in 75% vyield as a
colourless solid. m.p. 53- 56 °C. IR (KBr cm'ﬂ): 2917, 2849, 1578, 1449,
1365, 1247, 1211, 979, 691. 'H NMR (500 MHz, CDCl5): 5 8.17 (m, 2H),
7.78 (s, 1H), 7.62(m, 2H), 4.03 (s, 3H). '*C NMR (126 MHz, CDCl;): &
151.7, 131.8, 130.7, 129.7, 127.5, 127.7, 127.5, 122.9, 122.4, 117.7,
61.5. HRMS (ESI+) calcd. for C41HgBrCIO [M+K]: 310.5380, found
310.1464.

1,4-dichloro-3-methoxynaphthalen-2-ol (6a). The following compound
was obtained according to the general procedure for chlorination by
using 3-methoxy-2-napthol in 59% vyield as withe solid. m.p. 128-130 °C.
"H NMR (500 MHz, CDCls): 5 8.19 (d, J = 8.4 Hz, 1H), 8.12 (d, J = 8.4 Hz,

This article is protected by copyright. All rights reserved.
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2H), 7.58 (dd, J = 10.7, 0.9 Hz, 1H), 7.51 (dd, J = 10.7, 0.9 Hz, 1H), 6.29
(s, 1H), 4.07 (s, 3H). °C NMR (126 MHz, CDCl;): 5 144.8, 144.2, 128.6,
127.3,126.3, 125.6, 124.2, 123.2, 122.3, 113.1, 61.4. HRMS (ESI-) calcd.
for C11HsCl,0, [M-H]: 240.9901, found 240.9703.

1,4-dichloro-2,3-dimethoxynaphthalene (6b).The following compound
was obtained according to the general procedure for chlorination by
using 2,3-dimethoxynaphtalene in 61% yield as a colourless solid.
m.p. 48-50 °C. IR (KBr cm™): 3051, 2975, 1625, 1504, 1269, 1067, 801.
"H NMR (500 MHz, CDCls): 5 8.24 (d, J = 4.4 Hz, 2H), 7.59 (d, J = 4.4 Hz,
2H), 4.03 (s, 6H). *C NMR (126 MHz, CDCly): 5 149.2, 128.7, 126.9,
124.4, 123.2, 61.3. HRMS (ESI+) calcd. for C42H1oCl,0, [M+H]: 257.0058,
found 257.0151. The spectroscopic data match with those previously
described.

1-chloro-3-methoxynaphthalen-2-ol (7a). The following compound was
obtained according to the general procedure for chlorination by using 3-
methoxy-2-naphtol in 35% yield as a colourless solid. m.p. 62-64 °C. IR
(KBr cm™): 3415, 2920, 1633, 1462, 1017, 820. '"H NMR (500 MHz,
CDCl3): 6 8.09 (d, J = 7.6 Hz, 1H), 7.71 (d, J = 7.2 Hz, 1H), 7.47 (dd, J =
13.7,1.2 Hz, 1H), 7.40 (dd, J = 12.2, 1.1 Hz, 1H), 7.09 (s, 1H), 6.24 (s,
1H), 4.05 (s, 3H). °C NMR (126 MHz, CDCl3): & 147.1, 142.1, 128.6,
126.9, 126.8, 125.2, 124.7, 122.9, 113.5, 104.8, 56.1. HRMS (ESI+)
calcd. for C41HgCIlO, [M+H]: 209.0291, found 209.0383.

1-chloro-2,3-dimethoxynaphthalene (7b). The following compound was
obtained according to the general procedure for chlorination by using 2,3-
dimethoxynaphtalene in 17% yield as a yellowish liquid. IR (KBr cm™):
3068, 2941, 1588, 1456, 1396, 1244, 994, 746. '"H NMR (500 MHz,
CDCl3): 6 8.16 (d, J = 4.0 Hz, 1H), 7.72 (d, J = 6.7 Hz, 1H), 7.47 (d
4.6 Hz, 2H), 7.13 (s, 1H), 4.0 (s, 3H), 3.98 (s, 3H). *C NMR (126
CDCl3): & 152.4, 145.8, 131.1, 126.7, 126.6, 126.1, 124.8, 124.3,124.0,
106.0, 60.9, 55.9. HRMS (ESI+) calcd. for C1,H11CIO2 [M+H]:
found 223.0544.

1-chloro-4-methoxynaphthalene (8). The following c
obtained according to the general procedure for chlorin
methoxynaphtalene in 25% yield as slightly yellow oil. '
CDCl3): 8 8.29 (d, J = 8.4 Hz, 2H), 8.20 (d, J = 8.5 Hz,
7.1 Hz, 2H), 7.54 (t, J = 7.6 Hz, 2H), 7.46 (d, J = 8.2 Hz, 2H), 6%
8.2 Hz, 2H), 4.00 (s, 6H). *C RMN (126 MHz, CDCls): & 154.8,
127.6, 126.8, 126.1, 125.9, 124.4, 123.4, 122.6, 104.0, 55.8. Th
spectroscopic data match with those previously described. 51

3,5-dichloro-[1,1'-biphenyl]-2-ol (9).
obtained according to the general proc
7 yield
1(d,J=
1H), 7.34
NMR (126

125.5, 121.3. HRMS (E
236.9629.

1,2,3-trimethoxybe

2942, 2836, 1594, 1
7.05(d, J =8.8 Hz, 1
3H), 3.85 (s, 3H). *C
123.9,

NMR (500 MHz, CDCls): 3
62(d, J=8 1H), 3.92 (s, 3H), 3.90 (s,
(126 MHz, CDCly): & 152.7, 150.0, 143.6,
61.11, 56.2. HRMS (ESI+) calcd. for

nd 203.0488. The spectroscopic data
d.k2
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4-chloro-2-methylbenzene-1,3-diol (11). The following compound was
obtained according to the general procedure for chlorination by using 2-
methylbenzene-1,3-diol in 63% yield ithe solid. m.p. 34-36 °C. 'H
NMR (500 MHz, CDCls): 6 7.01 (d, J = 1H), 6.39 (d, J = 8.7 Hz,
1H), 5.66 (s, 1H), 5.31 (s, 1H), 2.19 (s, 3H). (126 MHz, CDCls5):
5 153.6, 150.0, 125.5, 112.0, 111.6, 108.0, 8.

2,5-dichloro-3-fluoro-6-meth
was obtained according to the g
using 3-fluoro-6-methoxyphegalda 24%

. The following compound
ocedure for chlorination by
olourless liquid. IR (KBr
9, 1050, 833, 853.
(s, 1H), 3.92 (s, 3H).
123.7, 123.6, 119.8, 110.7,
> [M+]: 209.9651, found

3C NMR (126 MHz,
56.6. HRMS (ESI+
209.9085

2-chloro-4-fluo
according to the
phenol in 51% yield

wing compound was obtained
for chlorination by using 4-fluoro-
ith solid. m.p. 51-53° C. IR (KBr, cm'1): 3515,
21, 1259, 1203, 1070, 906, 861, 829, 783,
): 8 7.08 (dd, J = 7.9, 2.9 Hz, 1H), 6.97
(dd, J = 9.0, 5.1 T8 dd, J = 9.0, 7.9, 2.9 Hz, 1H). *C NMR
(126 MHz, CDCl3): 6 156.4 (d, J = 241.7 Hz), 148.0 (d, J = 2.8 Hz), 119.9
(d, J=10.9 Hz),116.7 (d, J = 8.4 Hz), 116.0 (d, J = 26.4 Hz), 115.4 (d, J
spectroscopic data match with those previously

A and 3.6 equiv of AICI; in 62% yield as a withe solid. m.p.
R (500 MHz, CDCls): & 7.26 (s, 2H), 5.80 (s, 1H). "*C
, CDClg): 121.7, 125.5, 128.2, 147.0. The spectroscopic
h those previously described.®*

NMR (12
data match

2,3,4-trichloro-6-methoxyphenol (15). The following compound was
d according to the general procedure for chlorination by using 4-
6-methoxyphenol 2.4 equiv of PIFA and 4.6 equiv of AICI; in 49%
as a brownish solid. m.p. 30-32 °C. "H NMR (500 MHz, CDCl3): &
(s, 1H), 5.92 (s, 1H), 3.92 (s, 3H). *C NMR (126 MHz, CDCls): &
45.7, 142.1, 123.7, 123.6, 119.7, 110.7, 56.6. The spectroscopic data
match with those previously described.®

4-bromo-2-chloro-5-methoxyphenol (16). The following compound was
obtained according to the general procedure for chlorination by using 4-
bromo-5-methoxyphenol in 52% yield as a brownish solid. m.p. 41-43 °C.
"H NMR (500 MHz, CDCls): & 7.47 (s, 1H), 6.62 (s, 1H), 3.86 (s, 3H). *C
NMR (126 MHz, CDCls): & 155.9, 151.6, 131.9, 111.4, 102.0, 100.4, 56.5.

2-Chloro 3-iodophenol (17). This compound was synthesized according
to the general procedure for chlorination by using 3-iodophenol in 72%
yield as white solid. m.p. 78-80 °C. 'H NMR (500 MHz, CDCls): & 7.36 (d,
J=28Hz 1H), 7.24 (d, J = 2.0 Hz, 1H), 6.79 (dd, J = 8.7, 2.8 Hz, 1H).
®C NMR (126 MHz, CDCl3): 5 154.5, 130.1, 129.6, 127.0, 117.0, 98.0.
The spectroscopic data match with those previously described.®

4-chloro-3-(4-chlorophenyl)phenol  (18). This compound was
synthesized according to the general procedure for chlorination by using
3-(4-chlorophenyl)phenol in 60% yield as yellow oil. '"H NMR (500 MHz,
CDCl3):  7.40 (d, J = 9.0 Hz, 2H), 7.36 (d, J = 9.0 Hz, 2H), 7.32 (d, J =
9.0 Hz, 2H), 6.79 (s, 1H), 6.78 (d, J = 9.0 Hz, 2H), 4.96 (bs, 1H). "°C
NMR (126 MHz, CDCl3): 6 154.5, 140.6, 137.7, 134.0, 131.2, 130.9,
128.5,124.1, 118.2, 116.1.
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4-chloro-3-hydroxy-2-phenylnaphthalen-1-yl acetate (19). The
following compound was obtained according to the general procedure for
chlorination by using 3-hydroxy-2-phenylnaphthalen-1-yl acetate in 51%
yield as slightly yellow oil. 'H NMR (400 MHz, CDCl;): & 8.16 (d, J = 8.5
Hz, 1H), 7.79 (d, J = 8.4 Hz, 1H), 7.63 (t, J = 7.7 Hz, 1H). °C NMR (101
MHz, CDCl3): & 169.1, 147.5, 143.9, 132.3, 130.8, 130.1, 128.6, 128.5,
128.3, 125.1, 123.6, 123.3, 123.2, 122.1, 112.1, 20.47. HRMS (ESI+)
calcd. for C1gH14CIO3 [M+H]: 311.0480, found 311.0553.

4-chloro-2-phenylnaphtalene-1,3-diyl acetate (20). The following
compound was obtained according to the general procedure for
chlorination by using 2-phenylnaphtalene-1,3-diyl acetate in 20% yield as
pale yellow oil. "H RMN (500 MHz, CDCl3): d 8.32 (d, J = 8.5 Hz, 2H),
7.84 (d, J = 8.4 Hz, 2H), 7.67 (t, J = 7.1 Hz, 2H), 7.59 (t, J = 7.1 Hz, 2H),
7.45 —7.37 (m, 6H), 7.32 (d, J = 8.2 Hz, 4H), 2.07 (s, 6H), 2.03 (s, 6H).
®C RMN (126 MHz, CDCly): 5 168.7, 168.2, 143.81, 143.3, 132.6, 130.9,
130.0, 129.9, 128.3, 128.2, 127.4, 126.5, 124.9, 122.3, 122.2, 115.5,
29.9, 20.4. HRMS (ESI+) calcd. for CyoH16ClIO4 [M+H]: 355.0737, found
355.0726.

3-chloro-4-methoxybenzaldehyde (21) The following compound was
obtained according to the general procedure for chlorination by using 4-
methoxybenzaldehyde in 88% yield as faint yellow solid. m.p. 42-44 °C.
IR (KBr, cm™) 1697, 1597, 1568, 1504, 1315, 1276, 1256, 1199, 1059,
1013, 894, 818, 714, 687, 638, 616. 556. 'H NMR (500 MHz, CDCl3): &
9.85 (s, 1H), 7.91 (d, J = 2.0 Hz, 1H), 7.78 (dd, J = 8.5, 2.0 Hz, 1H), 7.05
(d, J = 8.5 Hz, 1H), 4.00 (s, 1H). "*C NMR (126 MHz, CDCl;): 5 189.8,
160.0, 131.4, 130.6 130.5, 123.9, 111.8, 56.6. The spectroscopic data
match with those previously described.®”)

2-chlorodibenzo[b, d]furan (22). The following compound was ob
according to the general procedure for chlorination by using dibenzofuran
in 63% yield as withe solid. m.p. 99-101 °C. "H NMR (500 MH
57.94 -7.89 (m, 4H), 7.57 (d, J = 8.3 Hz, 2H), 7.51 — 7.47
(dd, J = 8.3, 1.7 Hz, 2H), 7.36 (t, J = 7.5 Hz, 2H). *C NM
CDCl3): 6 156.9, 154.6, 128.4, 128.1, 128.0, 127.30, 123.2
113.1, 112.8, 112.0. The spectroscopic data match with
described.®®

6-bromo-1,1-dichloronaphthalen-2(1H)-one  (23).
compound was obtained according to the general procedur
chlorination by using 6-Bromo-2-napthol in 72% yield as orange solid?
m.p. 40-42 °C. IR (KBr, cm™") 1688, 1582, 1553, 1481, 1308, 1281,
1198, 1080, 926, 890, 792, 790, 693, 646 563. 'H NMR (400

3-bromo-1,1-dichloronapjithalen-2 . The following
procedure for
chlorination by using 6-Bro
m.p. 46-48 °C. IR (KBr, cm™)
923, 826, 813, 759, 746, 681,
CDCl3): 6 8.05 (d, J = 7.6 Hz, 1H),
746 (t, J=T72H
CDCl5): 5 180.5, 14
80.6. HRMS (ESI-):
288.2921.

(s, 1H), 7.56 (d, J = 14.3 Hz, 1H),
Hz, 1H). *C NMR (101 MHz,
,129.7, 129.2, 127.1, 118.4,
[M-H]: 288.8823, found

1,3,6-t azole (25). The following compound
was neral procedure for chlorination by
using N-methylcarbazole, 4 equi PIFA and 6 equiv of AICI; in 61%

yield as white solid. m.p. 136-138 °C. IR (KBr, cm'1) 2921, 1315, 1448,
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1279, 1077, 844, 791, 697. '"H NMR (500 MHz, CDCl5) & 7.95 (s, 1H),
7.87 (s, 1H), 7.47 (d, J = 8.7 Hz, 1H), 7.41 (s, 1H), 7.33 (d, J = 8.7 Hz,
1H), 4.19 (s, 1H). *C NMR (126 MH DCl;) & 140.7, 135.3, 127.8,
127.4, 125.64, 125.60, 124.7, 122.7, 8.9, 116.8, 110.3, 32.3.
The spectroscopic data match with those pre escribed.®

. cm™) 2922,
00 MHz, CDCl3) 6 7.81 (s,
(126 MHz, CDCl;) & 136.8,
ectroscopic data match

1,3,6,8-tetrachloro-9-methyl-9
1556, 1453, 1264, 1043, 835,
1H), 7.42 (s, 1H), 4.49 (s, 1H);
129.0, 125.7, 125.6, 118.7,

thalen-2-ol (26). A 25 ml
ompound 23 (1.0 equiv),
in methanol [0.3 M]. The
ixture was evaporated and
g ethylacetate/hexane to yield
P 06-68°C. IR (KBr, cm™) 3496, 2926,
1344, 1217, 1145, 1105, 1029, 942, 813, 755,
Cl3): 6 8.04 (d, J=8.2Hz, 1H), 7.98 (d, J =
1H), 7.35 (d, J=8.9 Hz, 1H), 7.31 (d, J =
7.1 Hz, 2H), 7. ¢ ) 6.16 (s, 1H), 3.51 (t, J = 6.9 Hz, 2H),
2.98 (t, J = 6.6 Hz, 2H). °C NMR (101 MHz, CDCls): 5 146.0, 144.3,
139.0, 130.7, 128.9, 128.7, 128.0, 126.6, 124.6, 124.2, 124.0, 123.5,
8.3, 105.3, , 37.4.

dry round bottom fl
phenylethylamine (1.
reaction was sti
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