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ABSTRACT: Herein, we report the reaction development and
mechanistic studies of visible-light-driven Cu-catalyzed dechlorina-
tion of trichloroacetic acid for the highly selective formation of
monochloroacetic acid. Visible-light-driven transition metal catal-
ysis via an inner-sphere pathway features the dual roles of transition
metal species in photoexcitation and substrate activation steps, and
a detailed mechanistic understanding of their roles is crucial for the
further development of light-driven catalysis. This catalytic method,
which features environmentally desired ascorbic acid as the
hydrogen atom source and water/ethanol as the solvent, can be
further applied to the dehalogenation of a variety of halocarboxylic
acids and amides. Spectroscopic, X-ray crystallographic, and kinetic
studies have revealed the detailed mechanism of the roles of copper
in photoexcitation, thermal activation of the first C−Cl bond, and excited-state activation of the second C−Cl bond via excited-state
chlorine atom transfer.
KEYWORDS: dechlorination, photocatalytic mechanisms, inner-sphere photochemistry, excited-state chlorine transfer, copper catalysis

■ INTRODUCTION
For the last two decades, the field of organic chemistry has
enjoyed remarkable advances in new synthetic methods
developed through visible-light-driven catalysis (e.g., photo-
redox catalysis, metallaphotoredox catalysis).1 The success of
this reaction class can be largely attributed to the efficient
harnessing of visible light energy for the activation of organic
substrates, which facilitates the generation of highly reactive
radical intermediates. This visible-light-driven activation leads
to unprecedented reactivity and selectivity, contrary to
thermal-driven reactions. Therefore, the exploration of new
reaction pathways to leverage visible light will likely lead to the
further development of new and improved catalytic processes.
The overwhelming majority of recent examples in visible-

light-driven catalysis operate through an outer-sphere mech-
anism, where the substrate undergoes activation via single
electron transfer or energy transfer with the photoexcited
species. In contrast, an inner-sphere mechanism, where the
excited-state species participates in bond-forming or bond-
breaking processes, has been relatively less explored. This
inner-sphere reaction paradigm allows for a catalytic process
where a single transition metal center participates in both
photoexcitation and substrate activation steps (Scheme 1A).
As such, an inner-sphere mechanism eliminates the need for an
exogenous photosensitizer and holds the potential for reactivity
and selectivity control through the metal center or ancillary
ligands.

Catalytic applications of the inner-sphere-based pathways
have seen recent growth and have demonstrated how the close
interplay between the transition metal and visible light can
benefit important mechanistic steps.2 Notable examples
include excited-state homolysis of M−R bond (e.g., M =
Ni,3 Cu,4 Mo,5 Pd,6 Ce7) to generate an R• (e.g., alkyl, aryl,
carboxylate, alkoxide, Cl) radical intermediate, activation of
alkyl halides by photoexcited Pd0,8 and ligand- or metal-based
control of enantioselectivity.9 Despite such advantages of
visible-light inner-sphere catalysis and its growing mechanistic
insights,3,7b,10 there are still numerous unanswered questions
regarding the complex roles of transition metal in these
reactions. Consequently, detailed characterization on the
catalytic mechanism, particularly on the photoexcitation and
substrate activation steps, will have important implications for
the field of visible-light transition metal catalysis.2

Our fundamental interest in the mechanistic understanding
and reaction development of light-driven inner-sphere catalysis
led us to investigate the catalytic dechlorination of trichloro-
acetic acid as the target transformation. Trichloroacetic acid
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(TCA) is a common disinfection byproduct detected in
drinking water11 that is suspected to cause carcinogenic,
mutagenic, and embryotoxic health effects.12 For these reasons,
efficient degradation of TCA is a highly desirable process and
has received considerable amount of research interest.13 TCA
dechlorination methods based on electroreduction,14 chemical
reductants,15 as well as UV-light-mediated examples16 have
been reported. While many of these examples show out-
standing efficiency in TCA consumption, a mixture of products
is often obtained. A visible-light-based catalytic dechlorination
method has yet to be reported but finds its basis in the
photoinduced cleavage of C−X (halogen) bonds in alkyl
halides,17 including C−X bonds in CX3 groups.18,19 Specifi-
cally, copper is well suited for light-driven C−X cleavage due
to its established success in halogen atom transfer20 and more
recently, visible light catalysis.4,21

In visible-light-driven Cu catalysis with carboxylic acids,
several recent reports have featured decarboxylative trans-
formations (Scheme 1B). The key step of the mechanism
involves the generation of a C-centered radical via CO2 loss
from the ligand-to-metal charge-transfer (LMCT) excited state
of CuII-carboxylate species.4b−d We hypothesized that this
potential side reaction could be mitigated under reductive
dechlorination conditions, where the CuII species is reduced to
CuI as the resting state, favoring C-halogen bond activation
over decarboxylation.

Herein, we report a Cu-catalyzed, visible-light-driven
dechlorination method of trichoroacetic acid that selectively
forms monochloroacetic acid (Scheme 1C). The catalytic
method can be further applied to other α-halocarboxylic acids
and amides. Mechanistic studies have revealed the multiple
roles of Cu in three key steps of the reaction: (i)
photoexcitation; (ii) excited-state chlorine transfer; and (iii)
thermal activation of C−Cl bond.

■ MATERIALS AND METHODS
Our initial optimization efforts on light-driven, Cu-catalyzed
dechlorination of trichloroacetic acid (TCA, 1a) revealed
bipyridine ligands as the most effective ligand class, and its
high modularity and easy access set an important foundation
for conducting systematic mechanistic studies. Upon further
screening, selective formation of monochloroacetic acid
(MCA, 3a) was observed under the optimal conditions
featuring 4,4′-di-tert-butyl-2,2′-bipyridine (tBu2bpy) as the
ancillary ligand, ascorbic acid (AscH2) as the hydrogen atom
source, and Na2CO3 as the base (Table 1). Control
experiments indicate that Cu, light, and base were all essential
for MCA formation (Table 1, entries 6, 8, and 10). The high
selectivity for C−Cl bond cleavage in TCA contrasts with
many recent examples of light-driven, Cu-catalyzed decarbox-
ylative reactions,4b−d which was attributed to the fact that CuII
carboxylate, the major species responsible for decarboxylation,

Scheme 1. General Reaction Schemes for Visible-Light Transition Metal Catalysis via an Inner-Sphere Mechanism and
Previous Examples on Light-Driven Cu Catalysis with Carboxylic Acids
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was not formed under the reductive dechlorination conditions.
The requirement of a relatively high tBu2bpy-to-Cu ratio
(≥5:1) (Figure S1) was attributed to the formation of
[(tBu2bpy)2Cu]+ as the active species, and its presence was
later supported by results from UV/vis studies (vide inf ra).
The excess amount of tBu2bpy drives the complete formation
of [(tBu2bpy)2Cu]+ in the presence of other potential ligands,
such as carboxylate or ascorbate. The dehydroascorbic acid
byproduct likely underwent further degradation to form
compounds such as oxalates,22 which was supported through
the isolation of a Cu-oxalate compound (7, Figure 1)
characterized by X-ray crystallography (CCDC 2409532).
Finally, the optimized reaction conditions feature a mixture of
water/ethanol, an environmentally preferred green solvent
system.23

We then went on to investigate the generality of the
developed dechlorination method and whether the observed
selectivity with 1a is retained with other substrates (Table 2).
A range of carboxylic acids, esters, and amides (including
primary, secondary, and tertiary) underwent efficient dechlori-
nation under the optimized condition. The selective formation
of monohalogenated product was observed with the ester,
primary amide, and tribromoacetic acid substrate (1b-1d),
achieving high-yielding conversion of pollutant molecules into
synthetically useful α-halocarbonyl compounds.24 Intrigued by
the origin of the selectivity, we hypothesized that the third C−
halogen bond cleavage may be sluggish due to the formation of

an unstable primary C-centered radical, and such a challenge
can be addressed if a secondary or a benzylic radical is formed
instead. Indeed, chlorocarbonyl compounds containing an α-
alkyl or α-phenyl substituent underwent successful dechlori-
nation, and moderate to good yields were obtained for
carboxylic acids (3e, 3f), secondary amides (3g−3n), and
tertiary amides (3o, 3p), including N-pyridyl (3l) and cyclic
(3n) amides. Notably, the dechlorination was selective for
C(sp3)−Cl bonds, as the chlorophenyl group in 1m remained
intact under the reaction condition. The reaction yields are
generally higher with N-aryl-substituted amides (3m), which
may originate from further stabilization of the radical
intermediate through conjugation. The successful dechlorina-
tion of amides containing a secondary or benzylic C−Cl bond
not only supports the intermediacy of the α-carbonyl radical in
the reaction mechanism but also represents an efficient method
for the degradation of α-chloroamides, a related class of
organic halide pollutants.25

Spectroscopic studies were carried out to gain insights into
the ground-state speciation of Cu before light irradiation
(Scheme 2). The UV/vis spectrum of the reaction mixture,
obtained under N2, features a dominant band at ∼440 nm
(Scheme 2B, 0 h). The position of this band is at a similar
region to the one reported for Cu(bpy)2+ (437 nm, EtOH/
MeOH 4:1), which was assigned to CuI to bpy charge
transfer.26 During optimization studies, a higher yield of 3a was
observed with light irradiation at 440 nm than at 390 nm
(Table S2). Along with the beneficial effect of high ligand
loading (cf. Table 1, and Figure S1), we propose
[(tBu2bpy)2Cu]+ (4) as the major Cu species in the system
and the photoactive species. The presence of [(tBu2bpy)2Cu]+
was further confirmed by X-ray crystallographic character-
ization of a red-brown crystal formed from the reaction
condition (Scheme 2A), and the structure was determined as
[(tBu2bpy)2Cu][CuCl2] (4a) by X-ray crystallography
(CCDC 2409530).27

Further insights into the Cu speciation under the reaction
conditions have been obtained from UV/vis studies of the
reaction mixture after light irradiation (Scheme 2B). The
spectra indicate that the species at ∼440 nm, [(tBu2bpy)2Cu]+
(4), persisted as the major species after 2−10 h irradiation. In
addition, the concentration of this species gradually decreased
over time, while a new band at ∼750 nm concomitantly arose,
suggesting the formation of a new Cu species during the
reaction. The position of the new band was consistent with the
d-d transition commonly observed for CuII species. This was
tentatively assigned as a (tBu2bpy)2CuIIXn species (n = 1 or 2,
X = Cl or carboxylate) formed from excited-state chlorine
atom transfer, based on the similar position of the absorbance
reported for (bpy)2CuIIX2 (740 nm).20 Once a Cu−Cl bond is
formed, the chloride may undergo facile exchange with

Table 1. Reaction Optimization for Light-Driven
Dechlorination of TCAa

entry change to standard condition 3a (%)

1 - >99
2 CuCl instead of Cu(OAc)2 <1
3 bpy as ligand 62
4 10% tBu2bpy 77
5 iPrOH/H2O (3:1) as solvent 72
6 no Cu(OAc)2 <1
7 no tBu2bpy <1
8 no light <1
9 no AscH2 <1
10 no Na2CO3 <1

aConditions beyond those indicated in the scheme: 1a (0.12 mmol),
1 mL solvent, under N2 with irradiation from one 40 W Kessil lamp.
Yields were determined by 1H NMR analysis (relative to an internal
standard). tBu2bpy: 4,4′-di-tert-butyl-2,2′-bipyridine. AscH2: L-ascor-
bic acid. bpy: 2,2′-bipyridine.

Figure 1. Structure of Cu-oxalate isolated from light-driven dechlorination.
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carboxylate (e.g., dichloroacetate).28 Further evidence for
chlorine transfer to CuI was obtained by isolation of a blue
compound from the reaction mixture, and its structure was
subsequently established by X-ray crystallography as
[(tBu2bpy)CuCl][CuCl2] (5a, CCDC 2409531).27 While we
cannot rule out the possibility that the new UV/vis band arises
from a different CuII species, the characterization of
[(tBu2bpy)2CuI]+ and [(tBu2bpy)2CuIICl]+ under the reaction
conditions provided strong evidence for a Cu-based excited-
state chlorine transfer step in the catalytic mechanism.
Next, we probed whether excited-state chlorine transfer was

the mechanism for both C−Cl cleavage steps from TCA. While
conducting optimization studies, we noted that the dichloro-
acetic acid (DCA, 2a) was formed even in the absence of
visible light irradiation (Table S1). This observation was
consistent with our later discovery that mixing Cu(OAc)2,
ligand, and TCA under ambient conditions yielded a new Cu
species, and the structure was determined as (tBu2bpy)-
CuII(Cl)(dichloroacetate) (6) by X-ray crystallography
(Scheme 3, CCDC 2409529). While the detailed mechanism
of its formation is still under investigation, the observation of
such species provided evidence for a ground-state cleavage of
the first C−Cl bond in TCA. Collectively, the speciation
studies described above suggested that the first C−Cl cleavage
in TCA was thermally driven, while the second C−Cl cleavage
was through a light-driven chlorine atom transfer with
[(tBu2bpy)CuI]+.

The characterization of Cu speciation in the reaction
mixture led us to further probe the nature of the turnover-
limiting steps in the catalytic mechanism. The reaction time
course of product 3a formation was monitored by NMR at 30
min intervals after the start of light irradiation. Catalytic
dechlorination of TCA showed near-quantitative formation of
DCA within 30 min in the absence of light, consistent with
thermally driven first C−Cl cleavage as suggested by the
stoichiometric studies (cf. Scheme 3). Upon light irradiation,
DCA consumption was observed concurrently with MCA
formation at a similar rate. Notably, the time courses and
reaction rates were nearly identical to those obtained using
DCA directly as the substrate (Figure S6). These observations
suggested that under the catalytic conditions, the first C−Cl
cleavage took place in the absence of light and formed DCA,
which exhibited a much higher rate than the second C−Cl
cleavage for MCA formation.
To gain deeper insights into the excited-state C−Cl cleavage

step, the rate of catalytic dechlorination of DCA was
determined using different bipyridine ligands bearing electroni-
cally varied 4,4′-substituent (R). Plotting the reaction rate
against the Hammett parameter of R29 (Figure 2A) revealed
similar performance with electron-rich bipyridines (R = OMe,
tBu) but significantly decreased rates with the unsubstituted
and brominated bipyridine, suggesting that an electron-rich Cu
is crucial for efficient catalytic dechlorination. The origin of the
H atoms in the MCA product was probed through a deuterium

Table 2. Substrate Scope of Light-Driven Dehalogenationa

aStandard reaction conditions: Halogenated substrate (0.12 mmol), ascorbic acid (4.0 equiv), Na2CO3 (1.2 equiv), Cu(OAc)2(H2O) (3 mol %),
4,4′-di-tert-butyl-2,2′-bipyridine (15 mol %), EtOH/H2O (3:1 v/v, 1.0 mL), N2, 440 nm LED, room temperature, 22 h. Isolated yields. bYields are
calculated from 1H NMR analysis with DMF as the internal standard. cCu(OAc)2·H2O (20 mol %), 4,4′-di-tert-butyl-2,2′-bipyridine (100 mol %).
dSubstrate (0.24 M). eNa2CO3 (2.5 equiv).
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incorporation experiment. Catalytic dechlorination with
ascorbic acid-d4 led to the formation of deuterated DCA and
MCA, determined by 2H NMR spectroscopy (Figure 2B and
Table S6, deuterated solvents were used to prevent rapid
proton exchange between ascorbic acid enol OH and
solvents).30 These results, combined with thermodynamic
data that the O−H bonds in AscH2, are significantly weaker
(69−75 kcal/mol) than those in alcohol or water (>100 kcal/
mol),31,32 provided strong support that the C−H bonds in the
MCA product were formed through hydrogen atom transfer
from AscH2.
The mechanistic studies described above allowed us to

propose a mechanism for the Cu-catalyzed, visible-light-driven
dechlorination reaction (Figure 3). Under the optimized
reaction conditions (TCA/Na2CO3/AscH2 ∼1:1:4), both TCA

(pKa = 0.65)33 and 1 equiv of AscH2 (pKa = 4.0, 11.3)31 are
deprotonated by Na2CO3 (pKa = 6.35, 10.33)33 to form
trichloroacetate and AscH− (O−H bond dissociation free
energy = 68.6 kcal/mol), a more potent hydrogen atom donor
than AscH2 (O−H BDFE = 74.9 kcal/mol).31 Based on
literature data with similar chlorinated organic compounds34

and reported trend for CCl4, CHCl3, and CH2Cl2,
35 we expect

the BDFE of the C−Cl bonds in TCA to be ∼70 kcal/mol and
those in DCA and MCA to be 5−10 kcal/mol higher. The
trend here is consistent with the observed reactivity difference,
where light irradiation is only essential for the second C−Cl
cleavage of TCA.
The mechanism of light-driven dechlorination [Figure 3,

part (ii)] starts with the formation of [(tBu2bpy)CuI]+ (4) as
the photoactive species. Upon irradiation at 440 nm, species 4

Scheme 2. Characterization of [(tBu2bpy)2CuI] and [(tBu2bpy)2CuIICl] Species
a

aConditions: (A) Formation of 4a: Cu(OAc)2, tBu2bpy (2.5 equiv), TCA (4 equiv), then ascH2 (16 equiv), Na2CO3 (4 equiv), N2, 2 d; 5a:
Cu(OAc)2, tBu2bpy (2.5 equiv), TCA (4 equiv), then ascH2 (16 equiv), Na2CO3 (4 equiv), 440 nm LED, N2, 30 min, then light off, 2 d; the
CuCl2− counterion in 4a and 5a is not shown. (B) TCA (0.03 M), Cu(OAc)2 (2 mol %), tBu2bpy (14 mol %), Na2CO3 (1 equiv), ascH2 (4 equiv),
EtOH/H2O (3:1) (4 mL), N2, 440 nm LED.

Scheme 3. Cu-Mediated First C−Cl Cleavage in TCA
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reaches the metal-to-ligand charge-transfer (MLCT) state 4*26
and undergoes subsequent chlorine transfer with deprotonated
DCA (pKa = 1.29)33 to form the CuII−Cl intermediate 5 and a
C-centered α radical.36 We propose chlorine transfer as the
turnover-limiting step. This may occur either as a direct
chlorine atom transfer10b or as a single electron reduction of
dichloroacetate (ERX/R• ∼ − 0.6 V vs SCE)37 by excited-state
[(tBu2bpy)CuI]+ (EII/I* ∼ − 1.23 V vs SCE)21b followed by
Cl− binding to CuII. Both the concerted and stepwise pathways
could benefit from a more electron-rich Cu center, with the
same electronic dependence as the observed Hammett
correlation (cf. Figure 2A). In addition, radical formation as
the turnover-limiting step is consistent with the higher yields
obtained with benzylic and secondary alkyl substrates in the
scope studies (cf. Table 2). The subsequent HAT step between
ascorbate (O−H BDFE = 68.6 kcal/mol) and α radical (C−H
BDFE ∼ 90−100 kcal/mol)35,38 is largely exergonic and
should be relatively facile. Finally, the CuII intermediate is
reduced by the ascorbate radical anion to form the CuI active
catalyst and the dehydroascorbic acid byproduct.

■ CONCLUSIONS
In conclusion, we have developed a visible-light-driven, Cu-
catalyzed dehalogenation method for halocarboxylic acids and
amides. This catalytic reaction employs ascorbic acid and
ethanol/water as environmentally friendly stoichiometric
reductant and solvent that selectively converts trichloroacetic

acid, a pollutant molecule, into synthetically useful mono-
chloroacetic acid. Efficient dehalogenation of a wide range of
α-halocarboxylic acids and amides has also been achieved using
the catalytic method. Combined spectroscopic and kinetic
studies have provided mechanistic insights into the catalytic
reaction, which disclosed the multiple roles of copper in
photoexcitation, thermal activation of the first C−Cl bond, and
excited-state chlorine transfer with the second C−Cl bond.
The catalytic dehalogenation method exhibits orthogonal
chemoselectivity to several recent reports on Cu-catalyzed,
visible-light-driven decarboxylative reactions,4b−d which is
attributed to CuI as the resting state under reductive
conditions. Further studies on dehalogenative reactions are
currently being conducted in our laboratory to extend the
synthetic utility and mechanistic understanding of the complex
roles of transition metal in visible-light-driven, inner-sphere
catalysis.
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Figure 2. Mechanistic studies: (A) Dependence of the reaction rate
on bipyridine ligands. Conditions: DCA (0.23 M), Cu(OAc)2·H2O (3
mol %), 4,4′-disubsitituted-2,2′-bipyridine (15 mol %, R = OMe, tBu,
H, or Br), ascorbic acid (4 equiv), Na2CO3 (1.2 equiv), EtOH/H2O
(3:1 v/v, 1 mL), DMF (5.0 μL, internal standard), 440 nm LED, N2.
(B) Deuterium incorporation studies. Conditions: TCA (0.12 M),
Cu(OAc)2 (3 mol %), 4,4′-dimethoxy-2,2′-bipyridine (15 mol %),
ascorbic acid-d4 (4 equiv), Na2CO3 (1.2 equiv), CD3OD/D2O (3:1
v/v, 1 mL), C6D6 (5.0 μL, internal standard), 440 nm LED, N2.

Figure 3. Proposed mechanism for the catalytic dechlorination of
TCA to MCA. AscH2: ascorbic acid; AscH−: ascorbate; Asc•−:
ascorbate radical anion; Ascox: dehydroascorbic acid; HAT: hydrogen
atom transfer; SET: single electron transfer; T.L.S.: turnover-limiting
step.
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