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Abstract: An efficient, photocatalytic chlorination of alkylarene a-H groups using NaCI/HCI as chlorine source has been developed involving a radical
mechanism under visible light (including sunlight) conditions. A chlorine radical is proposed to be formed by an electron transfer from chloride ion to O, in
air via the band gap hole of the semiconductor AgCl. The chlorination protocol is characterized by its use of natural sunlight or other visible light, mild

conditions, cheap source of chlorine, green solvent and high selectivity. The yield of benzylchloride is 95% with a t e conversion as high as 40%,

which rivals traditional chlorination methods.

Most current chlorination processes are performed by making use of either chlorine gas or expens lorosuccinimide (NCS).
Although chlorine gas is cheaper, its production by the chlor-alkali process involves high ene
chlorination reagent, however, it is prepared from chlorine gas, making it more expensiv; in. It i ; t goal therefore, to
deed, inorganic chloride
aqueous solution would be an ideal and cheap reagent, however, it is difficult to use dire i rt it to a reactive reagent

Recently, the use of visible-light-mediated photoredox catalysis to generate radica i popular [3-12]. Among the
inorganic photocatalysts employed to date, semiconductors are common, however, these rials cannot effectively absorb visible light
t and Pd exhibit characteristic bands of
. Ag@wAgX (X is a halogen) and

ty for degrading organic waste [19],

due to a rather large band gap (>3.2 eV). Nanoparticles of noble metal, such as Ag, A

optical attenuation at visible wavelengths due to localized surface plas,

Ag@AgX/GO as novel plasmonic composite catalysts are prepared [18] and exhibits g

and H» production from a mixture of CH3;OH and H,O [20], however, there has been no report of Ag@AgX as a visible light catalyst to

carry out chlorination with aqueous inorganic chloride as chlorinating ggent The mglhanism of degrading organic compounds involves
s’;s [21].

chloride ion, but also its substitution characteristics.

chloride free radicals, formed from the AgCl semiconductor as the ke idation

We were interested to not only study the formation of chlorine radicals
Herein, we report that Ag@AgCl acts as an efficient photocatalyst for the\g@lective chlorination of a-Hs on alkylarenes, converting them
to the corresponding a-Cl compounds with aqueous NaCl/HCl source.

Ag@AgCl, nano-Ag was loaded onto the surface of AgCl wa he reaction of AgCl in the presence of methyl orange
in the Ag@AgCl of 3.2 mol% [22]. Although the

photocatalyst exhibited enhanced photocatalytic activity for the degradation of orBanic contaminants, the catalyst activity was not high

dye using visible light irradiation [21] to give an average

enough to efficiently achieve the photocatalytic chlori

on of o-H at alkylarene to give the corresponding a-Cl compounds with

aqueous NaCl/HCI as the chlorine source, either up€r sunlight or visible light conditions in air. The method of preparation of

considerably improved results; the resulting co tained 8.7 mol% nano Ag. EDX and X-ray diffraction of the
catalyst are shown in ESI. SEM of the composite phot that the resulting Ag/AgCl had silver particles with a diameter

Under visible light irradiatio is expected that the nano Ag/AgCl composite catalyst absorbs photons to produce an excited state
valence electro ys in the Ag@AgCl. Ag atoms with empty orbitals (holes) on the catalyst surface accept an electron
from Cl ion on t the formation of CI" atoms, which cause radical chlorination reactions. In a saturated solution of
NaCl/HCl, CI ions 3 uously into chlorine radicals and driving the chloride substitution reaction. According to this
strategy, we realized o-H chlorination of alkylarenes with NaCI/HCI solution as the chlorinating agent under the irradiation of
sunligh nixture of toluene, NaClI/HCI solution and TBAC was reacted in the presence of the Ag/AgCl catalyst under

the irg visible light in air at room temperature. The reaction was monitored by GC and after 5-9 h, the
conversation was g 9-41%.



WILEY-VCH

visible
CH, light CH,C1
+ NaCl —_—

Ag/AgCl

HCl(aq)

Scheme 1. Reaction of toluene with NaCI/HCI by photocatalysis

conversion (A in Figure 2 a) using 0.25 g Ag@AgCl with 6.8 mol% of nano-Ag as catalyst over 7 irradjgti sible light. However,
aqueous HCI reacts with toluene to give 32% conversion under the same conditions (F in Figu . i ionization of both chloride

ion pH constant. effect was confirmed by

using a mixture of NaCl and H,SO, for the same reaction which resulted in an increased reaction version as a fung®n of the acid concentration,
urce for the chlorination of
in the Scheme 2, i.e. the acidic
conditions are responsible for producing Cl, through the reaction of chlorion with hydrogen per

It is clear that the reaction is a heterogeneous photocatalysis reaction, with the efficien raction between the phases being a key
factor. Hence, good phase transfer catalysis is required for this purpose, a were selected to realize this purpose.
Either quaternary ammonium salts or acetic acid were added as PTCs to the reaction mixtures, case, the product benzyl chloride was
obtained, with the effects of each of the different PTC on the reaction shown in Figure 2b. Clearly, TBAC exhibits highest activity with the
conversion is as high as 26% over 7 h using Ag@AgCl photocatalyst with 345 mol% lo? of nano-Ag under the irradiation of a 300 W Xe arc

lamp.

Catalyst loading levels and dosing of the nano Ag@AgCl are also iN@ortant for the conversion of toluene in NaCI/HCI solution to

benzylchloride. Figure 2¢ shows that the conversion increases with the amourNgf catalyst used under the irradiation conditions; 26% conversion
being obtained in the presence of 0.3 g of the Ag@AgCl photocatalyst with a 01% of loaded nano-Ag. Furthermore, the relationship of the
nano-Ag loading level to toluene conversion was examined. As s conversion of toluene was just 26% using 3.5 mol% of
creased to 32%. Indeed, the highest conversion (40%)

(which is near to the traditional method [23]) was obtained usigg 9 mol% of the nano Ag®AgCl.

loaded nano-Ag. However, when the reaction was repeated usi

[ A NaCl -

65 B NaCl+2ml HCI b »
60] C NaCl+4mI HCI
5] a D NaCl+6ml HCI 2 I 0.5mmol
E NaCl+8ml HCI
07 F 8ml HCI %
® 5] G NaCi+2ml H,SO, | ® 2
»
§ HNaCl+4miH,80, | £
£ %] 515
g o 2
2 2] 3
g § 104
° 204 e
£ 1] =
104 51
5]
ol od
A B c D E F G H Acetic acid CTAB CTAC TBAC
Chiorinating agent composition Phase transfer catalyst
%] . A -~
M — 40 ~
ol e o — a =
= "
22 _— 35 !
20 s T
e 30 it
18 - =

The conversion rate %
The conversion rate %

T T T T T T T
015 020 025 030 035 4 5 6 7 H

Ag/AQCI dose /g

The loading level of nano Ag at AgCl mol%

Figure 2 a. Effect of NaCI/HCI ra
Relationship of the the loading level o

n the conversion. b. Effect of PTC on the conversion; c. Effect of Ag@AgCl dose on the conversation of toluene; d.
o Ag at AgCl with the conversion rates

Under irradiation us other conditions the same), the chlorination of toluene with NaCl/HCI also took place, and importantly
in standard glassware. photocatalytic cCMorination conversion of toluene was as high as 23% using 0.3 g Ag@AgCl using the 6 mol% nano-Ag
as catalysg over 7 h. The N@rage intensity of the sunlight was measured at only 40 mw/cm’, compared with the average visible light intensity of
the 300, mw/cm’. Hence, although the lower light intensity of the sunlight is clearly one of the reasons for the lower
conv tion proceeded perfectly well under ambient sunlight and normal glassware highlights the potential for this
process.
The mechanism of the photocatalytic chlorination reaction is most probably quite complex and to date, there has been no report of this process.
Although chlorine radical is probably formed during the decomposition of organic contaminants using photocatalysis with Ag/AgCl under visible

light, this radical only triggers oxidation reactions [19]. Chlorination needs enough chlorine radical, and in particular, dichlorine to achieve a
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successful chlorination reaction. In order for the radical to be formed continually, the photocatalytic reaction is carried out in a saturated sodium
chloride solution of muriatic acid, resulting in the Ag@AgCl surface being fully saturated by chloride ion.

visible
light ©
AgALC] 85 Ag*+ A§+ Cl + n's &

e +
Cl + p* — -Cl

ALY + NaCl — > AgCl + Na® CH,

-Cl

_—

&4 0O — >0,

CH,
HO-ONa + HCl —H,0, + NaCl

‘05, +HO 4+ Na® + € — > HO-ONa

2HC1+H,0, — Cl,+2H,0

Scheme 2 Proposed reaction mechanism

When visible light irradiates the nano Ag, a photon is absorbed producinglan excited f valence electron from an Ag atom on the Ag@AgCl

catalyst. The Ag atom has an empty orbital (hole) on the catalyst surfac d accepts' an electron from Cl ion on the AgCl resulting in the
formation of a CI” atom. The loss of chloride ion from the catalyst is comp ted immediately by chloride from the solution, resulting in the
continual production of chlorine radicals under the reaction conditions. The radi&@ll production occurs over the whole surface of the catalyst, and is
released into the reaction solution to react with toluene with the ai the process of transfer off the surface, the chlorine radicals

can react with each other to form dichlorine. The photogenerated

that different circular cavitations appeared on the e photocatalytic reaction 5 times. The formation of these
cavitations was caused by the disappearance of { nano Ag, which absorbs the photons leading to the oxidation

time.

After examining the chlorination reaction e with NaCI/HCl in the presence of Ag@AgCl and sunlight or visible light, we
then examined the chlorination of other alkylarene bstituted toluene, ethylbenzene, isopropylbenzene and methylnaphthalene in order
to confirm the scope and utility offde method. As show able 1, the conversion of the different alkylarenes depends on the starting material

chlorination technology# is ble advantages (vide infra). Also, the yield for this level of conversion reaches up to 95%
(Entry 1) for toluene and p- ears to give similar results (Entry 5). However, the reaction of iso-propylbenzene resulted in

£
—¢-R

AgAgl b

alystic chlorination of the alkylarene with NaClI/HCl

Conversion  Yield Light

(%)* (%)° source*
1 Ph H H 40 95 lamp
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23 94 sunlight
2 Ph Me H 38 92 lamp

20 85 sunlight
3 Ph Me Me 31 42 lamp

8 38 sunlight
4 p-Cl-Ph H H 27 87 lamp
5 p-NO»-Ph  H H 41 93 lamp

20 90 sunlight
6 p-t-Bu-Ph  H H 29 88 lamp

17 85 sunlight

a: Gas chromatography data using 6 mol% nano Ag@AgCl; b: Isolated yield. *:300 W xenon lamp eq traviolet ff filter.

Conclusions We have developed an efficient photocatalytic chlorination of the a-H of alkylal using NaCl/HCI as the chlorine source, which

occurs via a radical mechanism under either sunlight or visible light conditions. The chlorine ra is formed by electron transfer from chloride
ion to O; in air via the band gap hole of the AgCl semiconductor. This chlorination, i ed not only by the use of natural sunlight
or visible light, but also by mild conditions, cheap and sustainable chlorine source, green so and high selectivity. The conversion of
toluene is the highest of the substrates examined at 40%, which almost equals traditional chlorination methods but has the major advantage of
being cheaper, cleaner, more sustainable and higher selection. In addition, the catalyst can e re-used with little impact upon reactivity four times,

and the subsequent yield of benzyl chloride is 95%. This novel reaction p,

ss perhapgiifso possibly provides a new insight into understanding
the formation of organo-chlorine-containing compounds in Nature. Further k to this heterogeneous catalyst system, especially applied to the
e reported, and the TON of the photocatalyst will be further

examined and improved by changing the preparation method and optimizing the ponents.

halogenation of different substrates including alkanes and cycloalkanes wi

Experimental Section

In a typical case, AgNO; (0.51 g) and polyvinyl pyrroldne (PVP, K30) (0.625 g) were dissolved in 1.4 M nitric acid solution (50 mL)

with stirring at RT. Aqueous KCl1 solution (50 mL, the mixture. After 30 min, the mixture was heated at 80 °C
for 3 h. The resulting precipitate was collected by in a solution deionized water (50 mL) and AgNO; (0.10 g)
and was irradiated with UV irradiation for 20 odium formate (1 mL, 0.02 M). The resulting product was

reaction vessel (PLS-SXE300CUV) and 'S mol), with stirring. Saturated sodium chloride solution (120 ml) containing
conc. hydrochloric acid (6ml) was adde X

The phase transfer catalyst ontaining 3.5-8.7 mol% nano Ag photocatalyst, 0.60 g) were added to a three-neck flask
charged alkylarene (0.5 mol) stirring. Saturated sodium chloride (120 ml) and conc. hydrochloric acid (6 ml) was added to the solution. At

to give the chloride product.
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