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Halogenated organic pollutants (HOPs) are causing a significant
environmental and human health crisis due to their high levels of toxicity,

persistence and bioaccumulation. Urgent action is required to develop
effective approaches for the reduction and reuse of HOPs. Whereas current
strategies focus primarily on the degradation of HOPs, repurposing them
isan alternative approach, albeit a challenging task. Here we discover that
alkyl bromide can act as a catalyst for the transfer of chlorine using alkyl
chloride as the chlorine source. We demonstrate that this approach has
awide substrate scope, and we successfully apply it to reuse HOPs that
include dichlorodiphenyltrichloroethane, hexabromocyclododecane,
chlorinated paraffins, chloromethyl polystyrene and poly(vinyl

chloride) (PVC). Moreover, we show that the synthesis of essential
non-steroidal anti-inflammatory drugs can be achieved using PVC and
hexabromocyclododecane, and we demonstrate that PVC waste can be
used directly as a chlorinating agent. Overall, this methodology offers a
promising strategy for repurposing HOPs.

Besidesbeing used as basic building blocks insynthesis, organic halides
arewidely used as pharmaceuticals, agrochemicals and materials'. How-
ever, extensive use of these compounds has led to the release of large
quantities of halogenated organic pollutants (HOPs) into the environ-
ment, resulting in progressively severe environmental damage. Com-
pounds of major concern comprise organochlorine insecticides, flame
retardants, plasticizers and polymers? (Fig. 1a). Notable examples of
these HOPs include dichlorodiphenyltrichloroethane (DDT), hexachlo-
rocyclohexane (HCH), hexabromocyclododecane (HBCD), chlorinated
paraffins (CPs), chloromethyl polystyrene (CMPS) and poly(vinyl chlo-
ride) (PVC). Although DDT (global consumption, 400,000 tons annually
from1945t01972)°, HCH (4-7 million tons presentin the environment)**
and HBCD (global market demand, 31,000 tons annually in 2011)° are
included as persistent organic pollutants (or POPs) in the Stockholm Con-
vention and their use has been limited because of their toxic, persistent
and bioaccumulative properties, large amounts of them have already

accumulated in the environment. In addition, CPs (global production,
2 million tons annually)’, PVC (global consumption, >50 million tons
annually)® and CMPS are still being used on a large scale and with alow
recycling rate, which has the potential to cause significant damage to
boththe environment and human health. Inresponse to thisimpending
environmental crisis, extensive effortshave been devoted to eliminating
stockpiles of HOPs from the environment, involving various strategies
such as biological or microbial’, chemical®", photochemical>*, elec-
trochemical', thermal” and mechanochemical' means. However, most
of the research on HOP remediation has focused on either the direct or
mediated degradation of these pollutants. The repurposing (reusing) of
HOPs is undoubtedly a more desirable approach, as it not only offers a
means of pollution abatementbutalso has the potential to reduce green-
house gas emissions associated with the production of virgin materials''®.

Despite the abundance of halogens in HOPs, their utility in the
synthesis of other halides remains limited. Traditional methods for
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Fig.1|HOPs and their repurposing. a, Representative HOPs include
insecticides, flame retardants, plasticizers and polymers. These contaminants
pose athreat to the environment due to their bioaccumulation, toxicity and
persistence, as well as their high production and low recovery rate. b, Traditional
methods for the chlorination of C-H bonds using CI¥*-containing reagents.
Using CI®"-containing compounds (the major forms of chloride in nature and the

living world) as chlorinating agents is a better choice because they are cheap,
readily available and more stable. ¢, A strategy for repurposing HOPs using alkyl
bromide-catalysed transfer chlorination enables the production of versatile
a-chloroketones. Using this approach, various non-steroidal anti-inflammatory
drugs, including naproxen, ibuprofen and firocoxib, were successfully
synthesized utilizing PVC and HBCD.

the chlorination of C-H bonds often utilize reagents that can provide
Cl* species either directly or in situ’ ¢, such as N-chlorosuccinimide,
trichloroisocyanuricacid, tert-butyl hypochlorite and chlorine (Fig. 1b).
Nevertheless, these chlorinating agents are relatively expensive, toxic,
hazardous and difficult to store compared with CI%-containing rea-
gents. Furthermore, owing to the strong oxidizing properties of CI*,
many unwanted side reactions frequently occur during chlorination
reactions” . Innature and the living world, the major forms of chloride
are CI%-containing species, particularly HOPs. However, there have
beenfewreportsonthe use of alkyl chlorides as chlorinating agents® >,
andthe direct chlorination of C-Hbonds using HOPs presents greater
difficulties: (1) the C-Cl bonds of HOPs need to be broken first; (2) it
is problematic to use the free chloride anion and C-H bonds to form
new C-Clbonds without strong oxidants; and (3) the rupture of newly
formed C-Cl bonds needs to be avoided. This transfer chlorination
process poses a formidable challenge but is crucial for the repurpos-
ing of HOPs.

Here we have developed a strategy for the repurposing of HOPs
viaalkyl bromide-catalysed transfer chlorination (Fig. 1c). Our strategy

exhibits versatility with respect to substrate scope, and both the chlo-
rine-transfer reagents and catalysts canbe HOPs. This method not only
enables the chlorination of ketones but also facilitates the chlorohy-
droxylation of olefins via the chlorine-transfer reaction. The resulting
a-chloroketones serve as important intermediates for the synthesis
of various medicines, including naproxen, ibuprofen and firocoxib.
Moreover, PVC waste can be reused through transfer chlorination.
Thus, this approach offers the potential for transforming HOPs into
high-value products and holds considerable promise for practical
applications.

Results and discussion

Scope of organic halides

After the evaluation of various reaction parameters, we established
thatalkyl bromide canact as acatalystinthe transfer of chlorine from
an alkyl chloride to the a-position of the carbonyl moiety when in
dimethyl sulfoxide (DMSO) (Supplementary Fig. 1). Considering the
diversity of HOP structures, alibrary of these halogenated compounds
was established. It shows that several variations of alkyl bromide can
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4k, trace 41, ND
2,4,6-trimethylphenol (10 mol%), DMSO (1.0 ml), 80 °C, under air.*100 °C.
®Solvent is DMSO/CH;CN (v/v, 1:1). “Determined using 'H NMR. “From
hydrocinnamaldehyde.

serve as a catalyst for this reaction, resulting in satisfactory yields of
the corresponding products (45-87%). However, the catalytic effi-
ciency of alkyl bromide was found to be influenced by its structure,

with primary, secondary and benzylic alkyl bromide performing bet-
ter (80, 85 and 87%, respectively) than tertiary (58%) and cyclic alkyl
bromide (45%). Regrettably, aryl bromide was found to be ineffective
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for catalysing this reaction. Subsequently, the scope of this transfer
chlorination was explored using 2-bromopropane as the catalyst. It was
found that primary, secondary and tertiary alkyl chloride functioned
wellas chlorine-transfer reagents (54, 50 and 54% yield, respectively),
with benzyl chloride producing the best result (85%). Furthermore,
dichloride and trichloride compounds were also found to be effective
for transfer chlorination (41and 56% yield, respectively). These results
demonstrate that alkyl bromide-catalysed transfer chlorination has
abroad substrate scope and possesses immense potential for the
repurposing of HOPs.

Chlorination of ketones

Encouraged by the above results, we investigated the scope of
ketones using 2-bromopropane as a catalyst and benzyl chloride as
the chlorine-transfer reagent (Fig. 2a). In general, steric hindrance has
adetrimental effect on the transfer reaction. However, it isinteresting
tonote that aketone with abulky group afforded the productin high
yield (2b, 88%). Both electron-donating and electron-withdrawing
ketones afforded the target productsin good yields (2¢-2j, 67-86%),
indicating that the electronic variations did not influence the reac-
tions obviously. In addition, the reactions were compatible with vari-
ous polar functional groups, such as ester (2d), alcohol (2e), sulfoxide
(2i) and sulfone (2j). Furthermore, these conversions were applicable
to cyclic ketones, such as 2-methyl-1-indanone (2k) and 1-tetralone
(21). Notably, substrates bearing four- or five-membered rings were
chlorinated in good yields (2m and 2n, 53% and 67%). It should be
noted that 2n was accompanied by inseparable brominated prod-
ucts, butinotherreactions, brominated products were not obtained
after thereaction, which may be due to the oxidation of brominated
by-products by DMSO. Interestingly, ketones that contain heterocy-
clessuch asthiophene, furanand pyridine were also able to undergo
the desired transformation to a-chloroketones (20-2q, 36-67%).
Ketones containing groups with lower steric hindrance exhibited good
tolerance andyielded the corresponding products (2r-2t,40-60%).
The reaction of acetophenone produced the dichloride product 2u
in 20% yield. In addition, a ketone without an aryl group can still
undergo transfer (2v, 34%), but D(+)-camphor did not generate the
target product (2w). It was observed that using phenylacetaldehyde
didnot give the desired target product 2x. Intriguingly, the synthesis
of the chlorinated olefin 2y (48%) can be achieved through using
hydrocinnamaldehyde.

Chlorohydroxylation of olefins

It was proposed that the ketones will undergo isomerization to
enols before chlorination. We wondered whether olefins could also
undergo chlorination (Fig. 2b). To our delight, after careful evalu-
ation of the reaction parameters, it was found that the chlorohy-
droxylation of olefins can be achieved using HBr (40 wt% in water)
asthe catalyst and benzyl chloride as the chlorine-transfer reagent.
Control experiments (Supplementary Table 5) demonstrated that
water plays a crucial role in the reaction. To avoid polymerization
ofthe olefins, aradical inhibitor (2,4,6-trimethylphenol) was added.
Having established the optimized conditions, the scope of HBr-cat-
alysed chlorohydroxylation was explored (Fig. 2b). The compound
2-vinylnaphthalene delivered the target product 4a well, in 83%
yield. The chlorohydroxylation of styrene and phenyl-substituted
styrene proceeded smoothly, yielding 4b and 4cin 68% and 73%
yield, respectively. However, the yields of products with electron-
withdrawing groups (4e and 4f, 57% and 58%, respectively) were
slightly lower than that of the product with an electron-donating
group (4d, 92%). In addition, amides (4g), alcohols (4h) and esters
(4i) were well tolerated in this transformation. Moreover, the target
product (4j) was also obtained via this reaction when starting with
1,2-dihydronaphthalene. However, olefins that are not conjugated
with aryl groups did not work (4k and 41).

Mechanisticinvestigations

To explain the mechanistic details of the process, several control experi-
mentswere conducted. The bromination of 1awas achieved in 69% yield
(Fig. 3a, reaction (1)) in the presence of 2-bromopropane and DMSO
at100 °C (72% yield was achieved using HBr; Supplementary Table 6).
This indicates that the brominated ketone 5a may serve as a crucial
intermediate for the transfer chlorination reaction. The reaction of
5a and benzyl chloride yielded 2ain 49% yield (reaction (2)), further
substantiating therole of 5aas anintermediateinthe reaction.InDMSO,
5ais capable of undergoing halogen-exchange reactions with LiCl, NaCl
or KCltoyield product 2a (Supplementary Table 8). Moreover, it was
observed that 5a exhibited catalytic activity for transfer chlorination
(reaction (3)), whereas the reaction did not proceed in the absence of
bromide (reaction (4)). These findings demonstrate that bromide plays
acatalyticrole in the reaction. The transfer chlorination reaction did
not occur without DMSO (reaction (3)) or in CH,CN (Supplementary
Table 9), which suggests that DMSO is also involved in the reaction.
Furthermore, under acidic conditions, chloride products can also be
obtained when inorganic bromides and chlorides are used (Supple-
mentary Table 11).

To determine the generation pathway of transfer bromination
for various alkyl bromides, related experiments were conducted. As
the reaction proceeded, formation of the brominated product 5a was
observed, accompanied by the consumption of primary alkyl bromide
6a (Extended Data Fig. 1a, I). Furthermore, a comparable amount of
primary alcohol 7a was generated alongside the brominated prod-
uct, while the olefin 8a generated by the elimination reaction was
not detected. These findings suggest that primary alkyl bromide 6a
undergoes transformation to the corresponding alcohol. In the case
of secondary alkyl bromide 6b (Extended Data Fig. 1a, I), the reaction
mechanism was similar to that of the primary alkyl bromide. The sec-
ondary alkyl bromide 6b was converted to the corresponding alcohol
7b rather than olefin 8b. When the transfer bromination was carried
out with tertiary alkyl bromine 6c, the kinetic curve showed a distinct
reaction pathway. Specifically, alkyl bromide 6¢c was rapidly consumed
to generate the corresponding olefins 8c and 8c’, with the corre-
sponding tertiary alcohol being almost undetectable (Extended Data
Fig.1a,Ill). These resultsindicate that debromination of the tertiary alkyl
bromide is an elimination reaction. With respect to chlorine-transfer
reactions (Extended DataFig. 1b), the trend of feedstock consumption
and product formation is similar to that of the bromination reactions
(Extended Data Fig. 1a), albeit with a lower reaction rate. In addition,
the formation of brominated products was observed first, providing
further confirmation that brominated products serve asintermediates
in transfer chlorination reactions.

Proposed mechanism

In light of the above results, a proposed mechanism is described in
detail in Fig. 3b. Initially, the primary or secondary halogenated com-
pound 6/9 undergoes a nucleophilic substitution reaction with DMSO
to afford alkoxysulfonium salt A, which produces the corresponding
alcohol 7and the hydrogen halide through hydrolysis***. Conversely,
the tertiary halide 6/9 yields hydrogen halide and an olefin through an
elimination reaction under heating. Subsequently, under acidic condi-
tions, the bromide anion s oxidized to Br' by DMSO**”’. Following this,
ketonelundergoes enolisomerizationand reacts with Br toformthe
brominated product 5. Finally, the free chloride ion and brominated
product 5 undergo a halogen-exchange reaction to form the chlorin-
ated product 2, and the bromide ion is regenerated.

Repurposing of HOPs

Next, we extended the protocol to encompass the repurposing of vari-
ous HOPs (Fig. 4). HBCD is persistent, bioaccumulative and globally
distributed, and as such, many countries have begun to limit its pro-
ductionand use dueto the potential threat it poses tothe environment
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and human health’. Therefore, there is an urgent need to mitigate
HBCD risks. Mechanistic studies showed that alkyl bromides can be
used as transfer bromination reagents, enabling the repurposing of
this pollutant through reaction with ketones in mixed solvents of
DMSO and 1,4-dioxane (Fig. 4a). The resulting brominated products
(5a-5c) were obtained in good yields (71-90%) with 1.0 equivalent of
HBCD. Even at astoichiometric ratio of 0.2 equiv. HBCD, compound 5a
canstill be synthesized in 59% yield. Structural analysis of the reacted
HBCD (Supplementary Fig. 8) showed that bromine transfer dur-
ing the reaction is primarily accomplished through the elimination
of hydrogen bromide. In addition, HBCD can serve as a catalyst for
transfer chlorination reactions. As shown in Fig. 4a, using 10 mol%
of HBCD as the catalyst, ketones 1 were transformed to 2 (2a, 2b and
2s) in good yields (69-91%). Using 2 mol% of HBCD also exhibited a
decent catalyticefficiency (2a, 56%). The mechanism shows that alkyl
bromideis oxidized to Br*, which can be utilized for the bromination
of aromatic hydrocarbons (10). By simply switching the dosage of
HBCD, monobromo (11a) and dibromo (11a’) products can be selec-
tively generated in moderate yields (51and 57%, respectively). Aniline
(11b), whichis easily brominated, requires a relatively small amount
of brominating agent (0.3 equiv. HBCD). Furthermore, the indole
(11c) substrate is suitable for this reaction.

Although there have been few studies on the toxicity of CPs, extant
research posits that protracted exposure to this chemical may cause
deleteriousimpacts on the human endocrine system”*. Inaddition, CPs
areknownto be highly persistent and readily disseminated within the

environment, with detectable levels even presentin humanblood’. Con-
sequently, there has arisen a palpable and highly warranted concern
regarding the potential for CPs to engender environmental pollution.
However, transfer chlorination reactions offer asolution to thisissue,
as they enable the synthesis of value-added chlorinated products (2a
and2b, 57 and 64%yields, respectively) that can mitigate CP emissions
inthe environment (Fig. 4b). In addition, a33% yield of 2a was achiev-
ableusing1equiv. CPs.

The extensive utilization of DDT as an insecticide has resulted in
severe environmental contamination. Despite this, in certain areas,
itis still being manufactured for the purpose of malaria control®. The
repurposing of DDT presents a promising solution for mitigating its
adverse environmental impact. In addition, the catalytic reaction of
alkyl bromide can facilitate an efficient transfer chlorination process
leading to the production of the corresponding chlorinated products
(Fig. 4¢). In this reaction, DDT is converted to dichlorodiphenyldi-
chloroethylene (Supplementary Section 7.3), which exhibits lower
toxicity than DDT*. Given that DDT is frequently detected in soil as a
contaminant, a DDT/soil mixture was used as a chlorinating reagent.
Gratifyingly, the soil component did not exhibit any clear influence
onthereaction.

Theproliferation of waste plastics, particularly those that contain
chlorine, hasled to analarmingincrease in environmental contami-
nation. Inresponse to this, we have identified the chlorine-containing
polymer CMPS as a promising candidate for repurposing. Our inves-
tigations showed that CMPS is capable of effectively transferring
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Fig. 4 |HOP valorization. a, HBCD can serve not only as a catalyst for transfer
chlorination reactions but also as abromination reagent to achieve the
bromination of ketones and arenes. b, CPs can be reconsidered as chlorinating
reagents utilizing the chloride-transfer reaction. c, The catalytic reaction

of alkyl bromide enables efficient chlorine transfer from DDT to ketones. In
addition, soil has little impact on this reaction. d, Experiments show that CMPS
effectively transfers chlorine to ketones in DMSO and DMF, but solubility issues
resultin low product yield. Adjusting solvent ratio and increasing the amount of

CMPS enhance the product yield significantly. e, Using PVC as the chlorinating
reagent, the chlorinated product was synthesized successfully. Increasing the
PVC dosage and temperature can enhance the reaction efficiency. For detailed
optimization, see Supplementary Tables 26-30.*HBCD (0.2 equiv.), H,0

(6.0 equiv.), DMSO (0.25 ml), 120 °C, then 1a (1.0 equiv.), 80 °C."HBCD (2 mol%),
48 h.“DMSO/CH,CN (v/v, 1:1). “1a (2.0 equiv.), CPs (1.0 equiv.). SDMSO/DMF
(v/v,1:9),120 °C.
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chlorine toketonesin DMSO and N,N-dimethylformamide (DMF) mix-
tures (Fig. 4d). However, probably because of solubility problems,
the yield of the product was low with 1 equiv. repeat unit of CMPS.
By optimizing the DMSO-to-DMF ratio and increasing the amount of
CMPS, theyield of the target product was improved greatly. Accord-
ing to estimates, the annual global consumption of PVC exceeds 50
million tons®. Owing to the low recycling rate, a significant amount
of PVC is disposed of in the environment, leading to severe pollu-
tion*"*2, Nonetheless, transfer chlorination reactions offer a viable
solutionfor the repurposing of PVC (Fig. 4e). Suchreactions canyield
chlorinated products atamoderate level using only one repeat unit of
PVC.By increasing the amount of PVC used, thereaction yield canbe
enhanced while shortening the reaction time. A significantimprove-
ment in the reaction efficiency can be achieved by increasing the
temperature (condition G). These findings demonstrate that the alkyl
bromide-catalysed transfer chlorination reaction can effectively
facilitate the repurposing of HOPs. After the reaction, the resulting
polymers (dCMPS and dPVC) were characterized using infrared

spectroscopy (Supplementary Figs. 9 and 10), thermogravimetric
analysis (TGA; Supplementary Figs. 11 and 12) and differential scan-
ning calorimetry (DSC; Supplementary Figs.13 and 14) to determine
any new structural features. Briefly, the properties of the polymers
have all changed, especially dPVC, which has properties that are
completely distinct from PVC (alower decomposition temperature,
the generation of unsaturated bonds and so on).

Application to the synthesis of anti-inflammatory drugs

To further demonstrate the value of this chlorine-transfer strategy,
our focus was directed towards using HBCD as a catalyst and PVC as a
chlorinating reagent for the synthesis of crucial drugs such as naproxen
(13a), ibuprofen (13b) and firocoxib (15; Fig. 5). Naproxen and ibuprofen
arewidely used non-steroidal anti-inflammatory drugs that possess an
aromatic propionicacid framework***. Owing to the prevalent use of
non-steroidal anti-inflammatory drugs as antipyretic analgesics, they
have emerged as popular drugsin the pharmaceutical market, particu-
larly during the COVID-19 pandemic**¢, Consequently, research efforts
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b
[¢]
[-PrBr (20 mol%) Q
PVC waste (100 mg)
DMSO/DMF (3:7), 100 °C, 24 h al
1a 2a

PVC waste PVC content (wt%) Plasticizer Use of repeat unit (equiv.) 2a (%)
PVCiyping 63 DEHP (35 wt%) 5.0 70
PVCypre 57 DOTP (41 wt%) 46 69
PVC, ., 66 DPHP (34 wt%) 53 72

Fig. 6 | Repurposing of waste PVC through the transfer chlorination reaction.
a, Discarded PVC-containing plastic waste items were used for the reaction
directly by cutting theminto pieces. b, Apart from PVC, the discarded PVC waste
items also contain substantial amounts of plasticizers. The plasticizers, including

DEHP, DOTP and DPHP, were found to have no significantimpact on the transfer
chlorination reactions. Using these materials with <6 equiv. chlorine can yield
the chlorination products in good yields. Conditions:1a (0.20 mmol), i-PrBr

(20 mol%), PVC waste (100 mg), DMSO (0.3 ml), DMF (0.7 ml), 100 °C, 24 h.

are still underway to devise novel methods for their synthesis*. The
proposed methodology is demonstrated to be a successful approach
for the synthesis of naproxen and ibuprofen.

Through a transfer chlorination reaction, ketone 1z was readily
transformed to 2z in 53% yield in the presence of HBCD and PVC on a
10 mmol scale. As 2z was accompanied by inseparable unreacted 1z,
the yield was determined via HPLC using naphthalene as the internal
standard. The resulting mixture was subjected to reaction with neo-
pentyl glycol to produce a ketal, which then underwent a rearrange-
ment reaction catalysed by zinc chloride to provide 12ain 74% yield*®.
Hydrolysis of12a under alkaline conditions and subsequent acidifica-
tionyielded naproxen (13a) in 88%yield. Through transfer chlorination
facilitated by the use of HBCD and PVC, ketone 1z underwent a series
of sequential transformations, ultimately yielding naproxen (13a)
with anotable total yield of 34%. Using a similar reaction process, the
gram-scale production of ibuprofen (13b) was achieved without the
needtoisolateintermediate 12b. Notably, theyield of ibuprofen (13b)
from ketone 1aa was 29%.

Firocoxib, a commercial veterinary drug with proven anti-
inflammatory activity*’, can be synthesized using a-chloroketone 2j
as an intermediate, which can be obtained in 61% yield on a 10 mmol
scale using HBCD and PVC. Under alkaline conditions, 2j underwent
reaction with 2-(cyclopropylmethoxy)acetic acid to afford ester 14
in 42% yield, which was ultimately transformed to firocoxib (15) viaa
condensationreactionin71%yield*™°. In other words, commencing with
ketone1j, following a three-step reaction, firocoxib (15) was obtained
in 18% yield. The above results show that transfer chlorination can
facilitate the synthesis of drugs with substantial therapeutic value
from HOPs.

Reuse of PVC waste

Toinvestigate whether or not this approach could be directly applied
fortherepurposing of HOPs from waste sources, PVC-containing waste
tubing, a waste glove and waste table mat were used as chlorinating

agents (Fig. 6a). It was found that these materials, besides PVC (tub-
ing, 63 wt%; glove, 57 wt%; mat, 66 wt%), also contained plasticizers.
However, these plasticizers, including di(2-ethylhexyl) phthalate
(DEHP), di(2-ethylhexyl) terephthalate (DOTP) and di(2-propylheptyl)
phthalate (DPHP), have no significant effect on the transfer chlo-
rination reaction. Using these waste plastics directly, with less than
6 equiv. chlorine, can yield chlorination products in good yields
(69-72%) (Fig. 6b). These results suggest that the transfer chlorina-
tion reaction can be effectively applied in the repurposing of waste
PVC plastics.

Conclusions

Insummary, wedeveloped analkyl bromide-catalysed chlorine-transfer
reaction for repurposing HOPs, using readily operable conditions and
inexpensive reagents. In contrast to degradation, the repurposing of
pollutants via chlorine-transfer reactions not only mitigates environ-
mental pollution but also yields products of substantial economic
worth. In addition, the chlorine-transfer reaction can achieve the
chlorination of ketones and the chlorohydroxylation of olefins, both
of which are compatible with a diverse array of functional groups.
Mechanistic investigations have shown that the reaction proceeds
through a halogen-exchange process, thereby facilitating the transfer
of chlorine between distinct molecules. Guided by the mechanism,
diversified use of the brominated pollutant HBCD has been realized.
Inaddition, this strategy enables the repurposing of a variety of chlo-
rinated organic pollutants, including CPs, DDT, CMPS and PVC. The
practical value of this reaction is further shown by the successful syn-
thesis of three pharmaceuticals and reusing PVC waste. This study
presents ademonstration of transfer chlorination facilitated by alkyl
bromide catalysis, which has broad applicability for the remediation
of environmental pollutants, including brominated and chlorinated
compounds. The findings of this study have implications for the
development of pollutant-recycling methods aimed at mitigating
environmental pollution.
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Methods

General procedure for alkyl bromide-catalysed transfer
chlorination

To asealed tube were added 1 (0.40 mmol), BnCI (92.1 pl, 0.80 mmol,
2.0 equiv.), i-PrBr (7.6 pl, 0.08 mmol, 20 mol%) and DMSO (0.5 ml) at
room temperature. The reaction tube was sealed with a Teflon screw
cap. Then, thereaction mixture was stirred at 80 °C for 12 h. After cool-
ing toroom temperature, the reaction mixture was diluted with ethyl
acetate (EA) (5 ml) and washed with water (5 ml), extracted with EA
(3 x5ml), dried over anhydrous Na,SO, and evaporated under vacuum.
The crude reaction mixture was purified viacolumn chromatography
on silica gel using EA and petroleum ether (PE) to afford the corre-
sponding product 2. The experimental procedure for the treatment of
HOPs follows asimilar approach as described above, with reaction con-
dition adjustments based on the specific type of HOPs used. Detailed
values are available within the article and Supplementary Information.

General procedure for the chlorohydroxylation of olefins

To asealed tube were added HBr (11.4 pl, 0.08 mmol, 40 wt% in water,
20 mol%), 3 (0.40 mmol, 1.0 equiv.), BnCI (92.1 pl, 0.80 mmol, 2.0
equiv.),2,4,6-trimethylphenol (5.4 mg, 0.04 mmol, 10 mol%) and DMSO
(1.0 ml) at room temperature. The reaction tube was sealed with a Tef-
lonscrew cap. Then, the reaction mixture was stirred at 80 °Cfor18 h.
After cooling to room temperature, the reaction mixture was diluted
with EA (5 ml) and washed with water (5 ml), extracted with EA (3 x S5ml),
dried over anhydrous Na,SO, and evaporated under vacuum. The crude
reaction mixture was purified via column chromatography onsilica gel
using EA and PE to afford the corresponding product 4.

General procedure for bromination

To a sealed tube were added 1 (0.20 mmol), HBCD (128.3 mg,
0.20 mmol, 1.0 equiv.), DMSO (0.25 ml) and 1,4-dioxane (0.25 ml) at
room temperature. The reaction tube was sealed with a Teflon screw
cap. Then, the reaction mixture was stirred at 100 °C for 5 h. After
cooling to room temperature, the reaction mixture was diluted with
EA (5 ml) and washed with water (5 ml), extracted with EA (3 x 5ml),
dried over anhydrous Na,SO, and evaporated under vacuum. The crude
reaction mixture was purified via column chromatography onsilicagel
using EA and PE to afford the corresponding product 5. The experimen-
tal procedure for the bromination of arenes follows asimilar approach
as described above. The type and amount of the respective reagents
were simply modified, and the reaction time was adjusted. Detailed
values are available within the article and Supplementary Information.

Allmethods are included in the Supplementary Information.
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https://doi.org/10.6084/m9.figshare.25406248 (ref. 51). Source data
are provided with this paper.

References
51. Liu, H. TGA and DSC data. Figshare https://doi.org/10.6084/
m9.figshare.25406248 (2024).

Acknowledgements

We thank Z.-S. Ye (Dalian University of Technology) for helpful
discussions and manuscript revisions. Financial support from the
National Natural Science Foundation of China (22071239 to Q.-A.C.)
and Dalian Outstanding Young Scientific Talent (2020RJ05 to Q.-A.C.)
is acknowledged.

Author contributions

Q.-A.C. conceived and supervised the project. Q.-A.C. and H.L.
designed the experiments. H.L. performed the experiments and
analysed the data. Y.-K.M., Y.L. and X.-Y.W. assisted with the materials
synthesis. D.-W.J. and C.-H.L. reviewed and edited the paper. All
authors discussed the results and commented on the manuscript.

Competinginterests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at https://doi.org/10.1038/
s41557-024-01551-8.

Supplementary information The online version contains
supplementary material available at https://doi.org/10.1038/s41557-
024-01551-8.

Correspondence and requests for materials should be addressed to
Qing-An Chen.

Peer review information Nature Chemistry thanks Rongbiao Tong and
the other, anonymous, reviewer(s) for their contribution to the peer
review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Chemistry


http://www.nature.com/naturechemistry
https://doi.org/10.6084/m9.figshare.25406248
https://doi.org/10.6084/m9.figshare.25406248
https://doi.org/10.6084/m9.figshare.25406248
https://doi.org/10.1038/s41557-024-01551-8
https://doi.org/10.1038/s41557-024-01551-8
https://doi.org/10.1038/s41557-024-01551-8
https://doi.org/10.1038/s41557-024-01551-8
http://www.nature.com/reprints

Article https://doi.org/10.1038/s41557-024-01551-8

o]
a o] . "
M + ---+—Br - o +  --s—OH or p=
Ph . DMSO, 100 °C . J
Br
1a, 0.20 mmol 6, 0.20 mmol 5a 7 8
L - S Br Br
! Bn\/ Br 2 fa L " 5EI I Bn\/l\ e [ ] 53‘! n Bn\k ‘ se |[—l—5al
020 = B gy Ta 0.20 4 0204 e
. B v 8a * Bn . : Bn
015 " 0.15 . s 0.15
= . e — . N - — v Bn__= 8c
g . 3 . A 3
Eo.104 e E0.10 BNz gb E0.10 N
- M £ s ~F Y " Bn 8¢’
= A . c " 3 &n - 4 pt Y-y vy,
0.05 1 " s 0.05 | N T8y 0.051 B e
& . - . - *
. )
" - " o,
0004 #vv—v—v—v—v—v—v—v 0.00{ s v-v-v—v—v v v 0004 KAdssssbss o & . -
00 05 10 15 20 25 30 5 ] H 3 4 5 o 1 2 3 4 5 @
Time (h) Time (h) Time (h)
b
o]
] N -PrBr (20 mol%) N
M " e ™ fn + o OH o /
Ph - DMSOQ, 100 °C . K
cl
1a, 0.20 mmol 9, 0.40 mmol 2a 7 8
1 <« 2a cl <2 | m < 2
I cl -
{ = Bn —=—5a + 8b |["5a \/k 9c
040y - ~ e e 8 e Y L Bk o 0404 - Bn 5
*s - ' *
‘e, v—8a T ——, j 8b+b + +— 8c+c'
0.301 e, 0.30 ¢ 0.304 ‘
s i . = 3 ’
E 0.20- g £ 520 *
£° < i Eozo E£020
c o e a 4 c - e
0.10 4T = 0.10 0.10 T P
- < y—" Y A
a1 D o S 1 ¢ v—,
At g _n- > — ——a— - .
0.00] atbf¥d-Tr—r—ror———a——u T e & & 2 & e —- 0.00] WAEmaa u u aa s
0 4 6 8 10 12 0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8
Time (h) Time (h) Time (h)

Extended Data Fig. 1| Kinetic studies. (a) Kinetic studies of bromination

were similar to those of bromination reactions, indicating that primary and
secondary chlorides undergo dehalogenation via substitution reactions, whereas
tertiary chlorides undergo dehalogenation through elimination reactions.

reactions indicate that primary and secondary bromides undergo
dehalogenation via substitution reactions, whereas tertiary bromides undergo
dehalogenation through elimination reactions. (b) The trends of kinetic curves
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