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Herein, we report the visible-light-induced upcycling of environ-
mentally problematic perchloroethylene into valuable trichloro-
acetamides using chlorine dioxide (ClO,*). The reaction proceeds
with stoichiometric amounts of reagents; under mild conditions,
this enables broad applicability to the synthesis of aromatic tri-
chloroacetamides, carbamates, urea, and heterocycles, offering a
sustainable strategy for transforming an environmental pollutant
into useful building blocks.

Perchloroethylene (PCE) is a chlorinated solvent widely used in
industrial processes such as dry cleaning and metal degreasing.
Owing to its high stability and resistance to degradation,
PCE persists in the environment, raising concerns about its
potential mutagenicity and carcinogenicity.’™ In response, its
production and use have been progressively restricted by envir-
onmental regulations.? Nevertheless, PCE is still generated in
various industrial processes.” Accordingly, chemical upcycling
technologies that convert PCE into valuable organic molecules
represent a sustainable approach for reducing its environmen-
tal impact.®®

Furthermore, PCE decomposes upon photo-oxidation to
yield a complex mixture, including chlorine gas, carbon oxides
(CO and CO,), phosgene, epoxides, and trichloroacetyl chloride.”
Recently, photochemical oxidation of PCE was reported, wherein
irradiation with deep ultraviolet light (UV-C, 1 < 280 nm) under an
oxygen atmosphere produced trichloroacetyl chloride, which upon
addition of alcohols or amines afforded trichlorocarbonates or
trichloroacetamides.'®'” In 2024, a visible-light protocol using a
small amount of chlorine gas as a radical initiator was reported.'®
These methods have attracted considerable attention as chemical
upcycling strategies. However, the method using deep ultraviolet
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light generates large amounts of highly toxic byproducts, such as
phosgene, and requires a large amount of solvent for the substrate.
The visible-light protocol overcomes some of these drawbacks but
still requires chlorine gas, which presents safety and handling
challenges. By contrast, chlorine dioxide (ClO,*) can generate both
chlorine radicals and singlet oxygen under visible light irradiation;
hence, we have been working on developing oxidation reactions
utilizing this property.'>>* ClO,* can be used as an oxidant under
mild conditions, enabling improved reaction control and reducing
safety risks.

Herein, we report the visible light-induced photooxidation
of PCE using ClO,* and establish a one-pot method for the
synthesis of valuable trichloroacetamide®*™’ derivatives
(Scheme 1). The use of p-chlorobenzotrifluoride (PCBTF), which
is inert to chlorine radicals and exhibits high solubility, as a
solvent enables the reaction to be performed using stoichio-
metric amounts of PCE. The reaction proceeds under visible
light at room temperature (25 °C), which not only minimizes
the formation of highly toxic by-products such as phosgene but
also expands the reaction scope to include a variety of aromatic
trichloroacetamides.

An H-shaped reaction glass tube (COware) was employed as
a two-chamber system.”**° One side of the system (chamber A)
contained an aqueous ClO,* solution prepared by mixing
sodium chlorite (NaClO,) with HCI, and the other side

Amine o
Cl'| pyridine RLN/U\ﬁCI
|
Cl g2l Cl

(I Amine and base

——» Trichloroacetamide
(Product)

Clo," source
(NaCIO,+H*)

PCE
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Scheme 1 Visible-light-induced upcycling of PCE into trichloroaceta-
mides using ClO,*.
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Table 1 Optimization of the reaction conditions

N/
H

Cl

o
N&
o | Cl
)J\ﬁC\ cl
cl
al 3a
o

2a (1 equiv)
c _ cl CIO; (1.6 mmol) cl Base (3 equiv)
cl Cl Solvent (0.4 M) MeCN, 25°C,1h
1.PCE 25°C,2h N~
(0.2 mmol) E('Ll‘(')eSLnan) c|)l\c\ A‘a
Yield® (%)

Entry Solvent  Base 3a  4a’
1 Neat Pyridine 18 1 . c@
2 MeCN Pyridine 22 2 3
3 Toluene  Pyridine 25 2 ® BT_E o)
4 BTF Pyridine 63 4 enzotrifluoride
5 PBTFB Pyridine 65 4
6 PCBTF Pyridine 68 4 FscOCF3
7 PCBTF NEt;3 36 2 PBTFB
8 PCBTF DIPEA 54 9 (p-Bis(trifluoromethyl)benzene)
9 PCBTF Cs,CO3 40 3
10 PCBTF 2,6-Lutidine 51 6
11° PCBTF Pyridine 55 3 FSCOC'
124 PCBTF  Pyridine 76 4 PCBTF
135 PCBTF Pyridine 80 4 (p-Chlorobenzotrifluoride)

“ NMR yield based on PCE.” Yield was calculated based on two
molecules of phosgene per 1.°PCE (0.5 mmol), amine (1 equiv.),
pyridine (2 equiv.).  PCE (0.5 mmol), amine (1.2 equiv.), pyridine
(2 equiv.). © PCE (0.5 mmol), amine (1.2 equiv.), pyridine (2 equiv.),
PCBTF (0.2 M).

(chamber B) was filled with a solution containing PCE. Upon
irradiation of the entire vessel with a blue LED, ClO,* in
chamber A was activated, resulting in gas formation. The gases
passed through the glass-tube bridge connecting the two
chambers and dissolved in the PCE-containing solution in
chamber B. Subsequent treatment of chamber B with an amine
and base afforded trichloroacetamide as the major product,
which is regarded as a valuable intermediate for the synthesis
of pharmaceuticals and agrochemicals.”*>”

We conducted optimization studies of the visible-light-
induced upcycling of PCE 1 to trichloroacetamide 3a (Table 1).
PCE 1 was treated with ClO,* (8.0 equiv. relative to PCE),*" amine
(1.0 equiv.), and a base (3.0 equiv.) under irradiation with a 405-nm
blue LED. Under solvent-free conditions, using pyridine as a base,
3a and the phosgene-derived by-product 4a were obtained in a
combined yield of 19% at an 18:1 ratio (entry 1).

Using acetonitrile as the solvent afforded a combined yield
of 24% in a 11:1 ratio (entry 2), and toluene afforded a
combined yield of 27% in a 12.5:1 ratio (entry 3). However,
the reactions between the solvent and ClO,* also yielded side
products. To suppress such the side reactions, benzotrifluoride
(BTF)*** was employed as a solvent that is less reactive toward
chlorine radicals; this improved the combined yield to 67%
with a 15.8:1 ratio (entry 4). Further improvement was
achieved using p-bis(trifluoromethyl)benzene (PBTFB), afford-
ing a 69% combined yield in 16.3:1 ratio (entry 5). The best
result was achieved with p-chlorobenzotrifluoride (PCBTF),
which afforded a combined yield of 72% in a 17:1 ratio (entry
6). A screening of green solvents and other electron-deficient
aromatic solvents was conducted (Table S1). However, these
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alternative solvents resulted in significantly lower yields than
PCBTF. Subsequently, we examined the effects of the base.
When the base was changed to triethylamine, 3a and 4a were
obtained in a combined yield of 38% in an 18:1 ratio (entry 7).
Using diisopropylethylamine as the base gave a combined yield
of 63% in a 6:1 ratio (entry 8). Changing the base to Cs,CO3
afforded a combined yield of 43% in a 13.3:1 ratio (entry 9).
The use of 2,6-lutidine afforded a combined yield of 57% at an
8.5:1 ratio (entry 10). Subsequently, on using PCBTF as a
solvent and pyridine as a base, the reaction of PCE (0.5 mmol)
with amine (1.0 equiv.) and pyridine (2.0 equiv.) provided 3a
and 4a in a combined yield of 58% in an 18.3: 1 ratio (entry 11).
When the amine loading was increased to 1.2 equiv. under
identical conditions, the combined yield improved to 80% in a
19:1 ratio (entry 12). Further improvement was achieved when
twice the amount of PCBTF was used, giving a combined yield
of 84% and a 20: 1 ratio (entry 13). Therefore, the conditions in
entry 13 were identified as optimal.

Next, the substrate scope with respect to the amines was
investigated under the optimized conditions (Table 2). The
reaction with methylbenzylamine afforded 3a in 72% yield.
With an aliphatic heterocycle piperidine, 3b was obtained
in 61% yield, whereas an aromatic heterocyclic tetrahydroiso-
quinoline gave 3¢ in 56% yield and dihydroindole provided 3d
in 73% yield. In the case of primary amines, benzylamine
furnished 3e in 69% yield, and aniline gave 3f in 80% yield.
Additionally, the reaction with dichloroaniline afforded 3g,
which is useful as an intermediate in the synthesis of phar-
maceuticals and agrochemicals, in 79% yield. This reaction
was also applicable to 4-methoxy aniline, affording 3h in 68%
yield. Furthermore, long-chain aliphatic diamines underwent
a smooth transformation to give 3i in 74% yield, and aromatic
diamines afforded 3j in 65% yield. Notably, the reaction
proceeded efficiently with a wide variety of aromatic amines
under mild conditions, which was challenging in previous
reports.

Table 2 Substrate scope for the visible-light-induced upcycling of PCE
into trichloroacetamides

. Amine 2
o o ClO, o) (1.2 equiv) o
(1.6 mmol) )J\KCI Pyridine (2 equiv)  R'. J\ﬂcw
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PCBTF (0.2 M) Cl | MeCN,25°C,1h b cl
c c 25°C,2h Cl R2 Cl
1 Blue LED 3
(0.5 mmol) (405 nm)
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2
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Scheme 2 Visible-light-induced upcycling of PCE into carbamate and

urea.
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Scheme 3 Visible-light-induced upcycling of PCE into heterocyclic
compounds.

After the photooxidation of PCE 1 with ClO,°, the addition of
amine 2f and subsequent heating with benzyl alcohol in the
presence of DBU afforded carbamate 5 without the isolation of
trichloroacetamide (Scheme 2). Similarly, the reaction with
amine 2g, followed by heating with dimethylamine and DBU,
furnished herbicide DCMU 6.

Additionally, when an amino alcohol was used as the sub-
strate, the formation of trichloroacetamide, followed by intra-
molecular cyclization accompanied by the elimination of the
trichloro group, occurred sequentially, affording valuable het-
erocyclic scaffolds 7 and 8 for drug synthesis in 71% and 70%
yields, respectively (Scheme 3).

Furthermore, trichloroethylene 9 was converted to dichlor-
oacetamide 10 under the optimized conditions (Scheme 4).
In this reaction, two types of intermediates were considered;
however, the product derived from the other possible inter-
mediate was not observed, which was likely due to the higher
stability of the radical intermediate, leading to 10.*®

We conducted the reaction using 1.1 g (6.5 mmol) of PCE 1
under the optimized conditions, affording the corresponding
amide product 3a in 75% isolated yield (Scheme 5A). This result
suggests that the reaction efficiency is maintained upon scale-
up to the gram scale. Furthermore, when the reaction was

CIoz o) 2a (1.2 equiv) o
C H (1.6 mmo &H Pyridine (2 equiv) &H
C|: - /\CI PCBTF (02M) | " Toci | MeCN,25°C, Th gT al
25°C,2h cl 44 % 10 cl
Blue LED
(0.5 mmol) (405 nm)

Scheme 4 Visible-light-induced upcycling of trichloroethylene.
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CIOy e} 2a (1.2 equiv) (o}
o O (ymmo) )j\KCI Pyridine (2 equiv) J\ﬁc'
Cll - Cl PCBTF (0.2 M) el Cl MeCN, 25 °C, 1 h gw Cl
25°C,2h cl i cl
Blue LED
(Xmmol) (405 nm) A. gram-scale process: 75% (X =6.5,Y = 13.0)

B. radical-chain process: 68% (X = 0.5, Y =0.25)

Scheme 5 Gram-scale experiment and verification of the radical-chain
mechanism in the visible-light-induced upcycling of PCE.

clo;
o)
>—< hv
cxst\m
// \Q)ute A (Major)
cl Route B
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cl CI )
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O,

2
Scheme 6 Plausible mechanism for the visible-light-induced upcycling
of PCE.

performed with 0.5 equivalents of ClO,* relative to 1, 3a was
obtained in 68% yield (Scheme 5B). This result indicates that
the reaction proceeded via a radical-chain process.

The proposed reaction mechanism is illustrated in Scheme 6.
First, a chlorine radical generated by the photoirradiation of ClO,*
adds to PCE to form radical intermediate I. Oxygen is added to this
radical to afford peroxyl radical intermediate II, which is subse-
quently converted into alkoxyl radical intermediate III. From
intermediate III, two pathways are possible: cleavage of the C-Cl
bond affords the desired trichloroacetyl chloride (route A), whereas
cleavage of the C-C bond yields the byproduct phosgene (route B).

A radical intermediate was detected by electron spin reso-
nance (ESR) analysis performed at —120 °C. (Fig. $1).%® In dark,
the ESR spectrum showed an anisotropic signal with four
hyperfine lines owing to a chlorine nucleus (I = 3/2) corres-
ponding to the ClO,*. The average g value (gav) Was consistent
with the reported value of 2.014.%” After light irradiation and
rapid freezing, a new signal was observed at g, = 2.0337, with
the disappearance of the signal owing to ClO,*. A large g,,
value was assigned to the corresponding peroxyl radical inter-
mediate IL>®

To elucidate the mechanistic origin of the observed selectivity,
density functional theory (DFT) calculations were performed at
the B3LYP/6-311+(2d) level, using the pentachloroethoxy radical as
the reference state (0 kJ mol ') (Fig. 1). Along route A, a transition
state corresponding to chlorine radical dissociation was observed
at a low activation free energy of 2.87 k] mol . Structural analyses
revealed substantial elongation of the cleaving C-Cl bond from
1.85 A in the reactant to 2.07 A at the transition state, consistent
with a homolytic bond-cleavage process. The resulting product
was significantly stable, lying 90.2 k] mol " lower in energy than
the reference state. By contrast, route B proceeded via C-C bond
scission and exhibited a markedly higher activation barrier of
8.91 k] mol . In the corresponding transition state, the C-C bond
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Fig. 1 Transition states and energy profiles of the two competing
pathways.

is elongated from 1.58 A to 1.77 A, accompanied by contraction of
the adjacent C-O bond from 1.30 A to 1.25 A, indicating sub-
stantial bond reorganization and the development of carbonyl
character. Although the product formed via route B is thermo-
dynamically more stable (—163 kJ mol ), the significantly lower
activation barrier associated with route A clearly indicates that
chlorine-radical dissociation is kinetically favored. This kinetic
preference is fully consistent with the experimentally observed
high selectivity toward the products derived from route A.

We developed a sustainable and environmentally friendly
upcycling strategy that transforms PCE, a harmful pollutant,
into valuable trichloroacetamides under visible-light irradia-
tion with ClO,*. Trichloroacetamides can be used directly in
subsequent reactions without isolation, allowing for the effi-
cient synthesis of various derivatives such as carbamate, urea,
and heterocyclic compounds. When PCBTF was used as the
solvent, the reaction proceeded with stoichiometric amounts of
reagent. Under mild conditions, the formation of highly toxic
byproducts such as phosgene was minimized. This protocol
provides access to valuable trichloroacetamides, including
challenging aromatic products and heterocycles. The reaction
mechanism was clarified by DFT calculations and ESR mea-
surements. These results demonstrate that our method is a
practical strategy for the chemical upcycling of PCE and pro-
vides fundamental insights that can support the design of
future transformations.
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