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ABSTRACT: Developing nonenzymatic chemistry that is nontoxic to microbial
organisms creates the potential to integrate synthetic chemistry with metabolism and
offers new remediation strategies. Chlorinated organic compounds known to
bioaccumulate and cause harmful environmental impact can be converted into less
damaging derivatives through hydrodehalogenation. The hydrodechlorination of
substituted aryl chlorides using Pd/C and ammonium formate in biological media under physiological conditions (neutral pH,
moderate temperature, and ambient pressure) is reported. The reaction conditions were successful for a range of aryl chlorides with
electron-donating and -withdrawing groups, limited by the solubility of substrates in aqueous media. Soluble substrates gave good
yields (60−98%) of the reduction product within 48 h. The relative toxicities of each reaction component were tested separately and
together against bacteria, and the reaction proceeded in bacterial cultures containing an aryl chloride with robust cell growth. This
work offers an initial step toward the removal of aryl chlorides from waste streams that currently use bacterial degradation to remove
pollutants.

■ INTRODUCTION

Aryl chlorides are important synthetic intermediates,1−3

chemical products,4 and pharmaceutical compounds (Figure
1A).5 Given their bioactivity and relatively unreactive bond,6

these same compounds persist and bioaccumulate making
them priority pollutants that are hazardous to environmental
and human health.7−10

Environmentally persistent aryl chlorides are introduced by
pharmaceuticals, personal care products, and agriculture
(Figure 1A) and are harmful to biological systems. For
instance, environmental levels of diclofenac, a nonsteroidal
anti-inflammatory, have been shown to rapidly decline vulture
populations in India leading to the risk of extinction.11 A
broad-spectrum antimicrobial agent, triclosan, used as a
disinfectant in everything ranging from hand-soap to house-
hold items and medical devices, is known to persist in the
environment and aquatic systems. Triclosan is tied to many
negative health effects including carcinogenesis of the liver,
endocrine disruption, and developmental disorders. In the
environment, triclosan exerts selective pressure on micro-
organisms, altering the composition of bacterial commun-
ities.12 Aryl chlorides are also prevalent in agrochemicals. The
herbicide Agent Orange consists of the n-butyl esters of two
chlorinated phenoxyacetic acids: 2,4-D and 2,4,5-T (shown in
Figure 1) and a manufacturing byproduct, 2,3,7,8-tetrachlor-
odibenzodioxan (dioxin), which is associated with a large host
of environmental and human health concerns due to its toxicity
and persistence.13 While the health effects of environmental
levels of 2,4-D and 2,4,5-T are unknown, when these
compounds are processed in wastewater treatment facilities

(WWFTs), the ether bridge cleaves, leaving chlorophenols that
persist in the environment and have carcinogenic properties.14

WWTFs rely on microbes to degrade the majority of organic
pollutants to clean wastewater for reuse. Many microbes rely
on P450 enzymes for the breakdown of aromatic com-
pounds,15 but these enzymes are ineffective on aryl chlorides
and allow them to pass through WWTFs unchanged. This
ability to escape degradation in WWTFs results in the release
of active compounds into the environment where they cause
major ecological distress. We envision a biocompatible
hydrodechlorination integrating into microbial-based water
treatment methods to aid in the removal of aryl chloride
pollutants.
Several methods exist for the degradation and detoxification

of aryl chlorides. One method is aerobic biodegradation,
though it is shown to lead to higher complexity organic
chlorides that continue to persist in the environment.16 Other
methods include photochemical reactions17 and metal-
catalyzed hydroxylation that rely on the use of organic co-
solvents and the latter require high pH due to hydroxide
reagents.18 Metal-catalyzed oxidation is another exciting
method to degrade aryl chlorides but is not (yet)
biocompatible due to strong oxidants like hydrogen peroxide.19
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Transition-metal-mediated hydrodehalogenation20 has been
shown to occur readily in water and we were inspired by the
use of mild ammonium formate as a hydrogen source;
however, none of these methods has yet been shown to be
compatible with microbial growth.
In recent years, there has been great interest in running

transition-metal-mediated reactions in aqueous media and in
the presence of whole cells.21,22 Balskus and co-workers have
developed reactions that rely on microbial metabolites as
regents, therefore requiring growing cultures: Pd-catalysis to
hydrogenate alkenes within hydrogen-producing bacterial
culture23 as well as Ru- and Fe-catalysis to cyclopropanate
microbially produced styrene.24 More recently, metal-catalyzed
transfer reductions have been performed intracellularly
utilizing both Ru- and Os-catalysis, though the goal of these
studies was ultimately cell death for cancer treatment.25,26

Biocompatible reactions have also been developed for the
production of renewable feedstocks; Domaille developed a
biocompatible aldol reaction to minimize metabolite toxicity
and ease extraction of the product27 and recently interfaced

this reaction with whole-cell biocatalysis.28 Outside of
transition-metal catalysis, Wang and co-workers have used
Brønsted acid catalysts in conjunction with metabolite
production to produce pigments.29 Work is also being
conducted to streamline the process of screening for
biocompatible catalysts.30 These works show the feasibility
and application of modifying organic synthetic methods to be
compatible with microbial growth.
We set out to create a biocompatible chemical reaction to

reduce C−Cl bonds on aryl chlorides. We envisioned that such
a reaction would have applications in wastewater treatment,31

synthetic biology, semisynthesis,32 and green chemistry
methods. A biocompatible reaction is one that can be carried
out in the presence of living cells.33 To this end, we set out to
optimize our reactions to run (1) in aqueous media, (2) at
neutral pH, (3) at ambient pressure, (4) at moderate
temperature, and then (5) test for microbial growth (Figure
1B). These constraints also pose many challenges to cleaving a
C−Cl bond, as traditional methods rely on high temperatures,
strong bases, and organic solvents.20 Biocompatible chemistry

Figure 1. (A) Examples of environmentally persistent aryl chlorides found in pharmaceuticals (diclofenac), personal care products (triclosan), and
agrochemicals (2,4,5-T). (B) Our work is to create a biocompatible reaction to reduce aryl Cl bonds.

Table 1. Optimization of Hydrodechlorination in Bacterial Culture Media at Ambient Temperature and Pressure, Neutral pH

entrya solvent [1] mM catalyst NH4HCO2 (equiv) i-PrOH (equiv) time (h) %b

1 H2O 200 PdCl2 3 1.2 24 N.D.
2 H2O 200 PdCl2 9 1.2 24 76
3 9:1 H2O/PEG 200 PdCl2 9 1.2 24 85
4 9:1 M9MM/PEG 200 PdCl2 9 1.2 24 100
5 M9MM 200 PdCl2 9 1.2 48c 91
6 M9MM 200 Pd/C 9 1.2 24 66
7 M9MM 200 Pd/C 1.2 24 N.D.
8 M9MM 200 9 24 N.D.
9 M9MM 200 Pd/C 9 24 66
10d M9MM 20 Pd/C 12 24 26
11d M9MM 20 Pd/C 12 48c 100

aPEG (poly(ethylene glycol)-2000) and M9MM (M9 minimal media for bacterial growth, recipe in the Supporting Information). Catalyst loading:
PdCl2 is 0.5 mol %, Pd/C is 2 mg/mL unless noted. Ammonium formate 1.8 M unless noted. bConversion % determined by integration of the
product and the starting material on HPLC (high-performance liquid chromatography). N.D. is not detected. cAdditional portion of the catalyst
and ammonium formate spiked into reaction at 24 h. dInitial catalyst loading 0.2 mg/mL, ammonium formate 240 mM.
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offers a cost-effective solution to the removal of aryl chlorides
from waste streams that currently use bacterial degradation to
remove pollutants. Herein, we give the first report on
biocompatible hydrodehalogenation.

■ RESULTS AND DISCUSSION
The chemical literature is rich with aryl chloride reduction
methods,30,34 but none fulfilled all five of our criteria. To find
and develop a biocompatible hydrodehalogenation, we began
by exploring the efficiency of catalytic reductions in water as
the sole solvent before moving into more complex aqueous
solutions capable of supporting microbial growth (culture
media). For ease of analysis, we chose 2,5-dichloroaniline (1,
Table 1) to be the test substrate due to its similarity to the
chlorinated aryl ring of diclofenac (Figure 1A), a nonsteroidal
anti-inflammatory drug known to persist in the environment
and has negative effects on wildlife populations.35

Inspired by Uozumi et al.’s work with palladium nano-
particles in aqueous solution at ambient temperature and
pressure,36 we began exploring ligand-free Pd-catalyzed
hydrodehalogenations in water using PdCl2 with ammonium
formate and isopropanol but found no conversion (Table 1,
entry 1). Tripling the equivalents of ammonium formate from
those reported36 and adding a biocompatible co-solvent,
poly(ethylene glycol)-2000 (PEG), to help solubilize 1,

increased conversion to the product from 0 to 85% (entries
2−3). Increasing aqueous complexity from water to M9
minimal media, a common Escherichia coli growth media
buffered at pH 7.1 that consists of glucose and salts (sodium
and potassium phosphate, calcium and sodium chloride,
magnesium sulfate, ammonium chloride), gave full conversion
(entry 4). The reaction proceeds well without PEG as a co-
solvent with a longer reaction time and additional catalyst
(entry 5).
These reaction conditions were tested for toxicity to E. coli

to ensure biocompatibility. Unfortunately, we found that PdCl2
caused total cell death even at low concentrations. Exploring a
heterogeneous catalyst seemed attractive to allow for catalyst
recycling and lower cell uptake leading to less toxicity. Pd/C
was screened for toxicity and found to be much less prohibitive
of cell growth than PdCl2. We optimized the hydro-
dehalogenation reaction in M9 minimal media using Pd/C
as the catalyst (Table 1, entries 6−11). The change in the
catalyst also allowed for the removal of isopropanol from the
reaction,37 while the catalyst and ammonium formate remained
essential (entries 5−9). With an eye toward toxicity, we
wanted to decrease the overall concentration of all components
of the reaction mixture while maintaining efficacy. After a 10-
fold dilution, the conversion initially dropped (entry 10);
however, with an increased reaction time and a supplemental

Table 2. Substrate Scope of Hydrodehalogenation in Bacterial Culture Media and Growth Conditions

a% conversion determined by integration of peaks on HPLC traces. bNo starting material or other products were detected by HPLC or NMR data.
cMixture of the mono- and nonchlorinated compound, the monochlorinated compound in parentheses.
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addition of ammonium formate and catalyst, the reaction went
to completion (entry 11).
With optimized reaction conditions in hand, we looked at a

variety of aryl chloride substrates to better understand the
reaction (Table 2). We found that more soluble compounds,
anilines and phenols, gave better conversion (entries 1, 3, 4)
than the less soluble N,N-dimethylaniline (entry 2), and the
addition of PEG-2000 as a 10% co-solvent to M9 minimal
media had a minimal effect on conversion, increasing
conversion by 2% for N,N-dimethylaniline. Distal carboxylic
acids gave moderate to full conversion (entries 5 and 6),
whereas dichlorobenzoic acid gave a mixture of monochlori-
nated and fully dechlorinated products (entry 7). Screening of
different carbonyl groups found that conversion tracked with
the solubility of substrates with the methyl ester giving greater
conversion than the aldehyde and methyl ketone analogues
(entries 8−10). Of note, when entries 8−10 were run under
more concentrated conditions (0.2 M substrate), the solubility
trend was much starker, with 30, 15, and 0% conversion,
respectively. The reaction conditions reduced nitro groups to
primary amines, increasing the solubility and resulting in loss
of the chloride (entries 11 and 12).
Initial attempts to move the reaction from M9 minimal

media to that inoculated with E. coli resulted in conversion to

the product but was accompanied by total cell death,
determined by the serial dilution plate assay. To gain insight
into the toxicity, we calculated IC50 values for each reaction
component and substrate in Table 2 (representative data are
shown in Figure 2, comprehensive data are found in the
Supporting Information). We used the IC50 values as a
guidepost for concentrations of each reaction component to
use in the E. coli culture. Most substrates had IC50 values in the
low mM, potentially due to the small aryl rings passing through
the cell wall and interfering with the DNA double helix.38 3-
Chloro-L-tyrosine (4), however, had an IC50 value of 180 mM,
about a 10-fold higher concentration than the optimized
reaction conditions of the 20 mM substrate (Table 1).
Therefore, 4 was chosen as the substrate to test the bacterial
compatibility of the overall reaction.
From the IC50 determinations, we discovered that

ammonium formate was the culprit causing cell death in our
optimized conditions (134 mM vs 480 mM). We adjusted the
amount of ammonium formate to 140 mM and scaled the
amount of the substrate so the ratio between ammonium
formate and the substrate remained consistent. A similar
adjustment to the amount of Pd/C from 0.2 to 0.07 mg/mL
unfortunately led to a decrease in conversion to 5, from >99%
to 25% over 48 h. Upon increasing the amount of Pd/C to the

Figure 2. Representative IC50 plots for the reaction component needed for dehalogenation: the (A) substrate, 3-chloro-L-tyrosine (4), (B) catalyst,
Pd/C, and (C) hydrogen source, ammonium formate.

Figure 3. (A) Efficiency of hydrodehalogenation reaction in conditions compatible with bacterial growth and survival, (B) HPLC traces for
monitoring reaction in the E. coli culture at 24 and 48 h, and (C) cell viability of the E. coli with each reaction component at reaction concentration
(0.5 mg/mL Pd/C, 140 mM NH4HCO2, 11 mM 4), the overall reaction, and M9 minimal media control.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01204
ACS Omega 2022, 7, 16028−16034

16031

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01204/suppl_file/ao2c01204_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01204?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01204?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01204?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01204?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01204?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01204?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01204?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01204?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


IC50 value (0.5 mg/mL), full conversion to dechlorinated
product 5 (Figure 3A,B) was restored.
Cell viability and health assays showed growth in the overall

reaction as well as in each control culture of the individual
reaction component. No cell growth was observed in the M9
minimal media control without addition of E. coli starter
culture (Figure 3C). To our knowledge, this is the first
biocompatible hydrodechlorination reaction reported.
The relatively low toxicity of solid-supported catalyst Pd/C

over homogeneous PdCl2 allows for additional catalyst loading
to maintain efficiency at low substrate levels; this is important
as chlorinated pollutants, like those shown in Figure 1A, exist
in low concentrations in both wastewater influent and our
water supply (ranging up to 6 μg/L).39 Initial experiments
decreasing substrate concentration have been successful and
have only been restricted by the lower detection limits of our
current instrumentation. Compared to 4, 2,6-dichlorophenol is
more toxic with an IC50 value of 1.2 mM (194 mg/L). When
2,6-dichlorophenol was subjected to the optimized biocompat-
ible reaction conditions (Figure 3) but at 1.2 mM of the
substrate, 10-fold less than the concentration of 4, conversion
to the dechlorinated product was maintained.
In some WWTFs, aryl chlorides are removed by absorption

onto activated carbon and/or degradation through ozonol-
ysis.40 However, the energy requirements for these processes,
in addition to operating costs and facilities, are prohibitive for
communities with fewer resources.41 Many WWTFs rely solely
on microbial degradation to remove small-molecule pollutants.
Aerobic microbial degradation takes place over an optimal
timespan of 18 h, though can range from 6 to 24 h,42 with a
reaction time of 48 h; we are near a time range for these
reactions to be utilized in these systems. By developing a
biocompatible hydrodehalogenation reaction, we are one step
closer to increasing the degradation efficiency of aryl chlorides
by integrating the reaction into facilities that rely on microbial
degradation.

■ CONCLUSIONS

We have reported the first known biocompatible hydro-
dechlorination reaction that gives complete conversion of
chlorinated aryl compound, 3-chloro-L-tyrosine 4 to the
dechlorinated derivative, L-tyrosine 5, with conditions that
allow for bacterial growth and survival. This reaction was
optimized by determining the toxicity of each reaction
component to E. coli and scaling the reaction near or under
the IC50 value of each. By designing the reaction to be
compatible with bacterial growth and survival, we designed a
reaction with an aqueous solvent, at ambient pressure,
moderate temperature, neutral pH, and without toxic by-
products.
Future studies include recycling the catalyst, using earth-

abundant metal catalysts in place of palladium, and working
with a more complex microbial community to track the
decomposition of environmentally persistent aryl halides after
the hydrohalogenation reaction.

■ EXPERIMENTAL SECTION

General Procedure for Hydrodehalogenation in
Aqueous Media. Under a sterile field, a 10 mL culture
tube was charged with M9 minimal media (5 mL), substrate
(0.10 mmol, 1.0 equiv), ammonium formate (63 mg, 1.2
mmol, 12 equiv), and 5 wt % Pd/C (1 mg, 0.2 mg/mL). After

addition, the culture tube was capped and the mixture was
shaken at a 60° angle in an aerated incubator at 37 °C and 210
rpm. After 24 h, an additional aliquot of Pd/C (1 mg, 0.2 mg/
mL) and ammonium formate (63 mg, 1.2 mmol) was added to
the reaction mixture under a sterile field. The reaction tube was
placed back in the incubator to shake for additional 24 h. At
various timepoints, an aliquot (100 μL) of the resulting
mixture was added to an Eppendorf tube, with a 1:1 mixture of
acetonitrile and water (900 μL), vortexed, and filtered (0.2
μm) into a vial for HPLC analysis to determine percent
conversion.

Dehalogenation Procedure in the Presence of E. coli.
Into a sterile 10 mL polystyrene culture tube were added M9
minimal media (2.5 mL) and starter culture of E. coli (2.5 mL,
OD 1.0). To the resulting culture, were added 5 wt % Pd/C
(1.75 mg, 2.5 mg/mL), ammonium formate (56.5 mg, 0.90
mmol, 6 equiv), and 3-chloro-L-tyrosine (4, 32 mg, 0.15 mmol,
1.0 equiv). The culture tube was capped to allow oxygen
exchange for aerobic growth of E. coli and placed into an
orbital shaker incubator at 37 °C, shaking at 210 rpm. After 24
h, an additional aliquot of Pd/C (1.75 mg, 2.5 mg/mL) and
ammonium formate (56.5 mg, 0.9 mmol) was added to the
reaction mixture under sterile field. The reaction tube was
placed back in the incubator to shake for an additional 24 h.
HPLC timepoints were made at 24, 26, and 48 h to determine
percent conversions. Cell plate assays were done at 24 and 48 h
to determine toxicity. After a total reaction time of 48 h, the
culture was cooled to room temperature and 6 M NaOH was
added until pH >10. The solution was then filtered through a
0.2 μm filter. The filtrate was stirred and 6 M HCl was added
dropwise until pH <4. The acidified solution was concentrated
in vacuo. The resulting residue contained products and M9
salts. To the resulting residue was added 20% NaOD in D2O.
The solution was transferred to a conical tube, centrifuged at
13.4 rpm for 10 min, and the supernatant was transferred to
the NMR tube for analysis. Both 1H NMR and HPLC analyses
showed complete conversion to L-tyrosine (5) at 48 h.
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